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For so many years ever since the invention of the laser technology in 1960s, laser welding/
processing started its debut in various industries and has progressed to be one of the most 
useful techniques in high-speed, automated welding. 

This book is entitled to laser welding processes. The objective is to introduce relatively 
established methodologies and techniques which have been studied, developed and applied 
either in industries or researches. State-of-the art developments aimed at improving or next 
generation technologies will be presented covering topics such as monitoring, modelling, 
control, and industrial application. This book is to provide effective solutions to various 
applications for field engineers and researchers who are interested in laser material processing. 
This book is divided into 10 independent chapters corresponding to recent advances in the 
field.
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1. Introduction 

Just after the introduction of the first laser by Maiman, in 1960, there has been a very fast 
evolution of this new technology characterized by the constant progression about 
techniques and applications, devices ever more efficient, smaller and cheaper, and the 
introduction of ever-new wavelengths. 
One interesting application of this new technology was the possibility to weld many kinds 
of metals and, in industrial fields, this procedure spread in a very short time. 
Laser welding was firstly introduced in jewellery during years 70 and, just after, it was 
successfully used also by dental technicians (Maddox, 1970). 
Initially, CO2 and Nd:YAG were used but, finally, the second one rapidly conquered the 
market due to the results obtained (Shinoda et al, 1991- Yamagishi et al, 1993) 
Laser welding, in fact, gives a greater number of advantages than traditional welding. 
First of all laser device saves time in commercial laboratory because welding is completely 
done directly on the master cast. Inaccuracies of assembly caused by transfers from the 
master cast along with investment are reduced. (Berg et al, 1995) 
Then, the heat source is a concentrated and high power light beam able to minimize 
distortion problems on the prosthetic pieces. (Santos et al, 2003) 
Another interesting aspect is the possibility to weld very close to acrylic resin or ceramic 
parts without physical (cracking) or colour damage (Bertrand et al, 1995)): this means to 
save time and money during the restoration of broken prosthetics or orthodontics 
appliances because of the possibility to avoid the remaking of the non-metallic portions. 
This welding technique may be used on every kind of metal but the property to be very 
active on titanium makes it very interesting and specific for the prosthetics over endosseous 
implants. (Walter et al, 1999) 
Many laboratory tests have demonstrated laser welding joints have a high reproducible 
strength for all metals, consistent with that of the substrate alloy. (Bertrand et al, 2004) 
All these advantages gave to this procedure a great diffusion in the technician laboratories 
and stimulated the companies to put in the market more and more upgraded appliances. 
Some aspects, such great dimensions, high costs and delivery system by fixed lenses today 
still characterize these machines,  strictly limiting their use only to technician laboratories. 
Moreover, the management  of this appliance is very difficult, due to the  number of the 
parameters involved and  the factors related to the welding process. For these reasons, it 
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results strictly dependent by operator and influenced by the duration of the training period  
(Bertrand & Poulon-Quintin, 2009). 
The first aim of this study was to value the possibility to utilize, for laser welding, the same 
device normally used in dental office. This gives the advantage to be used by dentist 
himself, being easier and with few parameters to adjust, and to avoid costs for the appliance, 
because it is the same of dental cares. 
Moreover the dentist may avoid to send prosthetics to the lab and,  sometimes, to take 
impressions, with patient receiving his repaired prosthetics  after a  very short waiting. 
The second aim was to reach the result to weld directly into the mouth by means of the 
utilisation of a fibber-delivered laser after a careful valuation of the biologically 
compatibility of the procedure. 
The advantages of this technique, defined Intraoral Laser Welding (ILW), consist in the 
possibility to fix the position of the different parts of the prosthetics without utilisation of 
acrylic resins and/or silicon impressions, and to repair damaged fixed prosthetics without 
their removal from the mouth. 

 
2. Materials and Methods 

The first step of our research was to determine what wavelength, among these normally utilised 
by dentist in  his office and  also in industrial field to make a real welding process  ( CO2 -10600 
nm, Diode laser -810 nm and Nd:YAG -1064 nm.) was able  for our work.  Some tests have been 
realized with metallic plates showing that proper wavelength was the Nd:YAG laser. 
In fact, in dental CO2 laser the pulse durations are too short  (microseconds) and cannot give the 
thermal elevation necessary to obtain a fusion of metal while in Diode dental laser output power 
is too low (from 5 to 10 watt) and cannot  give the Energy necessary to make a real welding 
process. 
We decided so to use the appliance FIDELIS PLUS III (FOTONA, Slovenia) (Fig. 1) which is a 
combination of two different wavelengths, Er:YAG (λ=2940 nm) and Nd:YAG (λ=1064 nm). 

 
Fig. 1. The utilized appliance Fidelis Plus III 

 

 

The first allows to the dentist to treat hard tissues (enamel, dentin and bone) by a 
mechanism, which, utilizing the affinity of this laser with water and hydroxyapatite, 
induces the explosion of intracellular water molecules and so causes the ablation of the 
tissues. (Keller & Hibst, 1989) 
Its utilisation may be extended also to the dermatology, where it can be employed, in 
addition to the elimination, by vaporizing them, of lesions such condyloma, naevi, warts, 
mollusca contagiosa, to the treatment of cheloid scars and wrinkles with the so-called 
“resurfacing”. (Khatri, 2003) 
Nd:YAG laser allows to the dentist to make surgery with complete emosthasis, thanks to the 
affinity of this wavelength with haemoglobin, and so to avoid the use of sutures. (White et 
al, 1992). 
The delivery system, in this laser, consists of optical fibres of different sizes, chosen in 
conformity with the kind of application; the dimension go from 200 μm (endodontics) to 900 
μm  (bleaching). 
The peculiarity of the appliance FIDELIS PLUS III is given by the possibility to have, in 
addition to pulse duration of microsecond which are necessary during dental interventions, 
even pulse durations of millisecond (15 or 25). This gives the possibility to use it also in 
flebology, in the treatment of inestethisms of vascular origin, thanks to the affinity of this 
wavelength for haemoglobin. (Scherer & Waner, 2007) 
The optical fibre delivery system is a very important advantage of this device, by the point 
of view of the intraoral welding, because it is a very flexible and ergonomic, able to 
penetrate into the oral cavity. 
We decided to use a fibre of 900 μm of diameter, normally used for bleaching and 
biostimulation. 
Initially  a handpiece with a 2 mm-spot (Fotona R 30), normally used in dermatology,  was 
chosen and, by reducing the working distance, a spot of 1mm was obtained. Manufacturer 
took part in the first experimental step of our work by the realization of an handpiece able to 
generate a 0.6 mm spot. The aim was to increase the Fluence (J/cm2) which is the most 
important parameter determining the quantity of energy delivered to a surface, by a factor 
of 10, while also utilizing the device’s maximum energy output (9.90J). 
 

 
Fig. 2. The metallic support used in order to put firmly handpiece 
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Before each test we evaluated the output power with a powermeter (Ophir Nova II with 
thermal head F150A, Ophir, Jerusalem, Israel) in order to verify the stability of the laser’s 
energy delivered. 
A metal support, in which the handpiece was securely placed, was developed to maintain 
the correct working distance and to obtain a better management  of the welding process 
(Fig.2). 
To determine the proper parameters of the device, in order to obtain a real welding process 
causing the minimal thermal damage to the matter, several tests were performed. 
A CrCoMo plate (25X50X10 mm) (Fig.3) was cast, sandblasted with alumina powder          
(50-mm), rinsed and degreased with acetone. 
 

 
Fig. 3. The CrCoMo plate shot with different  parameters. 
 
Various combinations of welding parameters were tested on this alloy plate. The tests 
consisted of shooting the plate’s surface with the laser: the spot’s configuration was then  
analyzed using an interferometric technique. Interferometry is a non-contact optical 
technique for measuring surface height and shape with great speed and accuracy. 
Interferometry makes it possible to precisely measure, in three dimensions, shape and size 
of the laser’s crater in the metal surface and allowed us to choose the laser parameters that 
well welded with minimal collateral damage to the surrounding area.  
Interferometric analysis were performed by Prof. Caroline Bertrand at CNRS Laboratory of 
Bordeaux (France). 
The following parameters were selected:  
Output Power= 9.85 W, Frequency= 1 Hz, Pulse Duration= 150 msec, Working Distance 40 
mm, Energy= 9.85 J, Fluence= 3300 J/cm2. 
Best results were obtained by using the maximum power output and the minimum 
frequency of the device and at a pulse duration of 25 msec we noted cracks and fissurations 
(Fig 4) while, at a pulse duration of 15 msec, we did not observe these features (Fig. 5). 

 

 

 
Fig. 4. 15 msec  shot: no evidence of fissurations. 
 

 
Fig. 5. 25 msec  shot:  presence of fissurations. 
 
Other tests were then realized in order to compare the quality of welding process obtained 
with the office laser vs. that obtained by  a technician laboratory welding laser. 
We compared, by optical microscope, using laser beam over different Co-Cr-Mo plates, the 
welding process obtained by dental office Nd:YAG laser (Fidelis Plus III, Fotona), with the 
parameters previously described,  and dental technician laboratory Nd:YAG laser (Rofin, 
Germany). This device was used with these parameters: 
Volt 310, Energy/Pulse 3.0 J, 4.5 Hz Frequency, Pulse Duration 
1.9 msec, Output Power 2.6 KW, Fluence 1516 J/cm2 
We appreciated that they were very similar, except for the dimension of the welded bead, that 
was smaller in dental laser tested plates, due to the different spots used. (Figure 6) 
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Fig. 6. Comparison between  office and laboratory laser welding beads  
 
Then we made other tests to see  ultrastructural  aspects  and strength of the laser welding  
joints. 
Sixteen Argeloy NP Special® (Argen Corporation, Dusseldorf, Germany) (composition: 
31.5%Cr, 5%Mo, 59.5%Co, 2%Si, 1%Mn, 1%Other) plates of the dimension of 15mm x 15mm 
x 0.15mm were divided in four groups. 
In each group the plates were welded to obtain two samples of two plates welded in the 
median portion on the two sides. 
The plates of the first group were welded by a Nd:Yag laser device normally used in dental 
office  (Fidelis Plus III, Fotona, Ljubljana, Slovenia) without metal filler. 
The plates of the second group were welded by the same device but with the apposition of a 
metal filler  (CoCr- Schweissdraht, Dentaurum, Ispringen, Germany) (Co 65%, Cr 28%, Mo 
5.5%). 
The plates of the third group were welded by a Nd:YAG laser device normally used in 
dental technician laboratory (Rofin, Hamburg, Germany) without metal filler. 
The plates of the fourth group were welded by the same device but with the apposition of a 
metal filler  (CoCr- Schweissdraht, Dentaurum, Ispringen, Germany) (Co 65%, Cr 28%, Mo 
5.5%). 
The parameters used were the same as previously described. 
In samples where filler was added, three passages were done: the first passage was realized 
without metal apposition to fix the position, the second one with filler and the third one 
without metal to regularize the welded fillet. In the other samples only the first and the 
third passes were done. 
We used the described parameters, even if very different, because they are the ones 
currently used in dental laboratory by Rofin and in dental office by Fidelis. 
Every plate was marked with an alphanumeric code and sent to the laboratory for the 
analysis with optical microscope, SEM and EDS: the analyst knew only the code but not the 
type of the samples in order to realize a blind study. 

 

 

The samples were firstly englobed in epoxydic resin and then polished by abrasive papers 
and diamond pastes to 1 μm and observed by optical microscope, then chemical attack by 
HCl + H2O2 solution, and observations by SEM were realized. 
SEM and EDS analysis was performed by Prof. Francesca Passaretti at CNR-IENI 
Laboratory in Lecco (ITALY) and mechanical tests were performed by Dr.Elena Villa in the 
same Laboratory. 
In scanning electron microscopy (SEM), an electron beam is scanned across a sample's 
surface. When the electrons strike the sample, a variety of signals are generated and it is the 
detection of specific signals which produces an image or a sample's elemental composition. 
The three signals which provide the greatest amount of informations in SEM are the 
secondary electrons, backscattered electrons, and X-rays. (Goodhew et al, 2001)  
Secondary electrons are emitted from the atoms occupying the top surface and produce a 
readily interpretable image of the surface. The contrast in the image is determined by the 
sample morphology. A high resolution image can be obtained because of the small diameter 
of the primary electron beam (Bozzola et al, 1999).  
Backscattered electrons are primary beam electrons which are 'reflected' from atoms in the 
solid. The contrast in the image produced is determined by the atomic number of the 
elements in the sample. The image will therefore show the distribution of different chemical 
phases in the sample. As these electrons are emitted from a depth in the sample, the 
resolution in the image is not as good as for secondary electrons. (Julian, 2005) 
Interaction of the primary beam with atoms in the sample causes shell transitions which 
result in the emission of an X-ray. The emitted X-ray has an energy characteristic of the 
parent element. Detection and measurement of the energy permit elemental analysis 
(Energy Dispersive X-ray Spectroscopy or EDS). EDS can provide rapid qualitative, with 
adequate standards, and quantitative analysis of elemental composition with a sampling 
depth of 1-2 microns. X-rays may also be used to form maps or line profiles, showing the 
elemental distribution in a sample surface. (Goldstein et al, 2003) 
Twenty steel round orthodontic wires ( Filo Tondo Duro Leone .030 C8080-30, Leone, 
Firenze, Italia and  14’’ Straight Wire, ortho Organizer Inc, San Marcos, Ca, USA)  were also 
prepared as reported: 
2 wires 0.75 mm not welded  
2 wires 0.50 mm not welded 
2 wires 0.75 mm welded by Rofin without metal filler  
2 wires 0.50 mm welded by Rofin without metal filler  
2 wires 0.75 mm welded by Rofin with metal filler  
2 wires 0.50 mm welded by Rofin with metal filler  
2 wires 0.75 mm welded by Fidelis without metal filler  
2 wires 0.50 mm welded by Fidelis without metal filler  
2 wires 0.75 mm welded by Fidelis with metal filler  
2 wires 0.50 mm welded by Fidelis with metal filler  
Metal filler, parameters and steps of the welding process were the same of these used for the 
plates. 
The samples were analyzed by the Dynamic Mechanical Analysis (DMA) which can be 
simply described  as the application of an oscillating force (stress) to a sample and the 
analysis of the material’s response to that force (Menard KP, 2008). 
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The appliance used was the Dynamic Mechanical Analyzer Q800 (TA Instruments, New 
Castle, Delaware, USA) which makes the tests in single cantilever configuration, under static 
or dynamic conditions and up to a maximum force of 18 N. 
The limitation of this device is  that it can analyse only samples of little dimensions and this 
was the reason why we used orthodontic wires.  
 

 
Fig. 7. Sample of laser welding by Fidelis without filler observed by optical microscope. 
 

 
Fig. 8. Sample of laser welding by Rofin without filler observed by optical microscope. 
 

 
Fig. 9. Sample of laser welding by Fidelis with filler observed by optical microscope. 
 
By optical microscope observation, the only significant difference between the groups 
regarded those welded without filler metal, in which it was seen a greater number of 

 

 

fissuration in the plates welded by Fidelis plus III ( Figg. 7 and 8) while in the groups with 
filler the differences were minimal (Figg. 9 and 10). 
These aspects were confirmed by the observations of the samples after chemical attack by 
HCl and H2O2 and SEM observation (Figg. . 11-12-13 and 14). 
 

 
Fig. 10. Sample of laser welding by Rofin with filler observed by optical microscope. 
 

 
Fig. 11. Sample of laser welding by Fidelis without filler chemically attacked 
 

 
Fig. 12. Sample of laser welding by Rofin without filler chemically attacked 
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Fig. 13. Sample of laser welding by Fidelis with filler chemically attacked 
 

 
Fig. 14. Sample of laser welding by Rofin with filler chemically attacked 
 
The EDS analysis in the welding zone showed an homogeneous composition of the CoCrMo 
alloy with no significant differences in the groups (Tabb. 1-2-3-4, results in %). 
 

 
Table 1. EDS analysis of plates welded by Fidelis without metal apposition 

 

 

 
Table 2. EDS analysis of plates welded by Rofin without metal apposition 
 

 
Table 3. EDS analysis of plates welded by Fidelis with metal apposition 
 

 
Table 4. EDS analysis of plates welded by Rofin with metal apposition 
 
The mechanical tests done on orthodontic wires showed an elastic behaviour of the samples 
very similar (Tabb.5-6-7-8: green=not welded, red=Fidelis, Blue=Rofin)) with minimal 
differences between the samples. 
 

 
Table 5. Mechanical tests of wires up to 2 N  
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Table 6. Mechanical tests of wires up to 4 N  

 
Table 7. Mechanical tests of wires up to 10 N  

 
Table 8. Mechanical tests of wires up to 17 N  

 

 

The residual deformation seen  in the arches of  0.5 diameter was greater than in the arches 
0.75 and in the arches welded with filler was greater than in those without  and, in every 
case, no wire was broken  even under the maximum strength. 
The optical microscope observation of the wires after the mechanical tests didn’t show 
significant differences between the samples. (Figg. 15 and 16) 
 

 
Fig. 15. Sample of laser welding by Fidelis 
 

 
Fig. 16. Sample of laser welding by Rofin 
 
Firstly it is necessary to do some general considerations about laser welding process to help 
the interpretation of these results 
Laser technology is the most efficient method for applying thermal energy to small areas 
and, according to many Authors (Daves, 1992 and  Ream, 1988),  it is one of the best fusion 
welding techniques for dissimilar metals.  This depends from the possibilty, by modern 
laser appliances to focus ligth beam to a fine focal point. This beam imparts  energy into the 
metal causing to heat up locally to a temperature above the liquidus. The metal evaporates 
and a cavity is formed immediately under the heat source and a reservoir of  molten metal is 
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produced around it. As the heat source moves forward, the hole is filled with the molten 
metal from the reservoir and this solidifies to form the weld bead. (Baba et al, 2004) 
The presence of cracks on the fracture surfaces of the specimans  were evident in several 
studies made on laser-welded  Co-Cr-Co, while they were not reported on the fracture 
surface of the laser-welded titanium.(Watanabe et al, 2002) 
This is due to the different values of thermal conductivity among metals: that of CoCrMo is 
higher than of the titanium. 
After welding, the solidification of the molten CoCrMo alloy may occur more quickly, if 
compared with titanium: in fact the heat generated by the laser energy rapidly diffuses to 
the surrounding solid metal. 
This rapid solidification causes a drastic constriction  of the welded region at the same time. 
Thus, a concentration of stress occurs at the laser-welded region , and so cracks are created. 
(Duhamel and Banas, 1983) 
Also in the samples analysed in this study, fissurations and cracks were observed into the 
welded zone. 
The greater differences between the plates welded by laboratory laser and these welded by 
dental office laser regarded the group without filler where these belonging to the second 
group had a greater number of cracks than these of the first group. 
This difference was significantly reduced by the use of filler metal, and this is an important 
indication for our clinical practice where we decided to use always a filler metal.  
The mechanical tests of this study hold an importance by the clinical point of view; in fact in 
all the tests with all the samples, the elastic module of the orthodontic wires was very high, 
and this means that our technique may be used intraorally as an aid to the orthodontic 
therapy. 
We must emphasize that dental laboratory laser operates under an atmosphere of shielding 
gas, in this particular case argon, and this might be an important aspect regarding to the 
differences of the “without filler welded samples” two groups. 
It’ll be interesting to observe if, comparing the same appliances utilised in this work, by 
using both of them under an atmosphere of shielding gas, the differences between the 
groups will be the same. 
In order to make these tests and also to have the possibility to weld titanium we added to 
the appliance a gas cylinder connected  to a pipe spreading to the laser impact beam.  
 

 
Fig. 17. Laser welded bid in titanium plate under argon atmosphere 

 

 

In fact, shielding gas, is necessary to protect the weld area from atmospheric gases, such as 
oxygen, nitrogen, carbon dioxide, and water vapour that can reduce the quality of the weld 
or make the welding process more difficult to be used. (Watanabe & Topham, 2006) 
Argon provides greater cleaning action than other gases, and, because it is heavier than air, 
it blankets the weld from contamination. For these reasons we decided to use argon, 
according to most of the Authors. (Yamagishi et al, 1993- Taylor et al, 1998) 
So, we made some tests with Fidelis Plus III under an argon gas atmosphere on titanium 
plates, with and without apport metal, and we appreciated the absence of oxidation in the 
welded area. (Fig. 17) 
In order to define thermal increase in the biological structures (sulcus, pulp chamber, bone 
and root) close to the thermal affected zone during the welding process, we made another in 
region and vitro study. 
Two calf jaws freshly sacrificed were kept at room temperature and in six molars of each 
one a hole was made by a micromotor drill, in the distal- labial area.  
Then, with the drill inserted into the tooth, its exact location into pulp chamber was checked 
by X-Rays (Fig. 18 and 19). 

 

 
Fig. 18. Drill inserted into the tooth to evaluate the exact location of the drill in pulp 
chamber. 
 
In each tooth, two further holes were made by a micromotor, one into the bone and one into 
the root. 
Then, four thermocouples k-type were connected to every tooth and fixed with 
thermoplastic paste (Impression Compound Red Sticks, Kerr) into pulp chamber, sulcus, 
bone and root. 
The thermocouples were then connected to a 4 channels Thermometer (LUTRON TM-946) 
PC-integrated in order to record and save data. (Fig. 20) 
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Fig. 18. Drill inserted into the tooth to evaluate the exact location of the drill in pulp 
chamber. 
 
In each tooth, two further holes were made by a micromotor, one into the bone and one into 
the root. 
Then, four thermocouples k-type were connected to every tooth and fixed with 
thermoplastic paste (Impression Compound Red Sticks, Kerr) into pulp chamber, sulcus, 
bone and root. 
The thermocouples were then connected to a 4 channels Thermometer (LUTRON TM-946) 
PC-integrated in order to record and save data. (Fig. 20) 
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Fig. 19. Rx Check to evaluate the exact location of the drill in pulp chamber. 
 

 
Fig. 20. 4-channel Thermometer (LUTRON TM-946) device. 
 
Twenty-four metallic plates in ARGELOY NP SPECIAL (31.5% Cr, 5% Mo, 59.5 Cr, Co 2%, 
Si 1%, Mn 1%, others 1%),  sized 5x35 mm and 0.5 mm thick,  were curved to hemispherical 
shape (15 mm ray) and a couple of them was placed on each tooth previously prepared. 
(Fig. 21 and 22) 
 

 
Fig. 21. Metallic plates in ARGELOY NP SPECIAL curved to hemispherical shape 

 

 

 
Fig. 22. The couple of metallic plates placed on every previously prepared tooth 
 
Every plate couple was welded, by Nd:YAG Laser Fidelis Plus III, in three points (occlusal, 
vestibular and lingual) to fix the position and the thermal rise was recorded by the four 
thermocouples. (Fig.23) 
 

 
Fig. 23. Metallic plates welded, by Nd:YAG Laser, in three points (occlusal, vestibular and 
lingual). 
 
The parameters were: 
OUTPUT POWER   9.85 W, FREQUENCY  1 Hz, PULSE DURATION  15 msec, SPOT 
DIAMETER    0.6 mm, WORKING DISTANCE  40 mm, ENERGY  9.85 J,  FLUENCE 3480 
J/cm2. 
We have not taken into consideration the Rayleigh length which is the distance from the 
focus at which the cross-sectional area of the beam is doubled.  That is very important in 
laser welding procedure and we believe this might be the spotlight of a next in vitro study 
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even if we think that it’s very difficult to keep a constant focal distance during intraoral 
welding procedure. 
The recorded values were integrated by PC software (LUTRON SW-U801-WIN) in order to 
have an image of the highest, lowest and mean values . 
The higher thermal elevation was pointed out by thermocouples inserted  into the  pulp 
chamber  while the lowest regarded the bone. 
The standard deviation (SD) was under  0.5. 
The Mean values of temperature increase  were as follows:  
Pulp chamber: Mean value: 0.714 ± 0.45 °C (Max: 1.5 °C; Min. 0.1 °C). 
Bone: Mean value: 0.100 ± 0.1 °C (Max: 0.3 °C; Min. 0.0 °C). 
Sulcus: Mean value: 0.442 ± 0.43 °C (Max: 0.7 °C; Min. 0.1 °C). 
Root: Mean value: 0.231 ± 0.24 °C (Max: 0.3 °C; Min. 0.0 °C). 
We have made the first examination of this work with thermal camera by recording the 
metal welding processes: the limit of this device lies in the possibility of getting only a jaws 
surface evaluation. This is the reason for using the four thermocouples system which, even if 
more difficult and longer to perform, allows checking internal temperature of the structures. 
Higher thermal rise was recorded in the pulp chamber; however, for all the twelve samples 
tested, the maximum temperature rise was lower than 5.5°C, which is considered as critical 
value for pulp vitality (Oelgiesser et al, 2003- Martins et al, 2006- Sulieman et al, 2006) and, 
in any case, it was lower than in the other studies regarding brazing process through an 
electric arc between two electrodes . (Shibuya et al, 2004 and Haney et al, 1996) 
In the sulcus, too, the temperature increase was very low and yet lower than 1 degree. In 
bone and roots, the temperature increase was practically absent and this is particularly 
interesting because it allows expecting an in vivo clinical use in order to connect titanium 
bars to fixtures without damaging bone and compromising the Osseo-integration of 
implants. 
Probably, the low number of shots (4 to 5) sufficient to fix the two metallic parts and the low 
Fluence transferred to the biological structures (Fluence= J/cm2; J=W/s) explain these 
interesting results for low temperature rise and so the temperature increase values in tissues 
keep below dangerous limit for integrity.  
Laser welding process in metallic structures applied to mandibular molars causes a very low 
thermal rise in surrounding areas. This technique can be considered as biologically 
compatible and without the risk of necrosis. 
 
Clinical Cases 
 

1) Extraorals 
Case 1 
Patient TC, male 8 years old, in treatment in our office with a removable orthodontics 
appliance of Schwartz, came to us for the periodic check of the appliance and we saw that 
one of the Adam’s hooks was broken (Figure 24). 
We welded it without filler metal  (Figure 25) and the plastic shield, even if very close to the 
welded zone, did not result damaged or modified.(Figure 26) 
We could re-apply the repaired appliance to the patient only after some minutes.(Figure 27) 
 

 

 

 
Fig. 24. Appliance with Adam’s hook broken.  
 

 
Fig. 25. Laser welding process without filler metal 
 

 
Fig. 26. Hook repaired without damaging acrylic portion close 
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Fig. 27. Appliance replaced into the mouth 
 
Case 2 
Patient RK, 49 years old female came to our office with her removable prosthesis broken in 
the metallic portion. (Figure 28) Due of the impossibility to determine the exact position of 
the two fragments, we took an impression with the prosthesis inserted into the mouth and 
we prepared a stone model. (Figure 29) 
 

 
Fig. 28. Broken removable appliance: Impression 
 

 

 

 
Fig. 29. Laser Welding 
 
Then, we welded the two parts by Fidelis Plus III directly in our office utilizing filler metal 
without damaging or destroying the acrylic parts. (Figures 30) 
After polishing the prosthesis, we applied it into the patient mouth just after half an hour. 
(Figure 31) 
 

 
Fig. 30. Prosthesis re-applied into the mouth 
 
Case 3 
Patient ML, male, 43 years old, came urgently to our office with acute hypersensitivity, 
particularly from cold drinks, localized to the left mandibular area.  The clinical examination 
showed that the lower left bridge was damaged in the occlusal surface of the crown of 37 (fig. 31). 
The problem was that the patient had to go on a three-weeks business trip the day after. So, we 
decided to remove the bridge, control the vitality of the tooth 37 and being sure it was free of any 
decay we repaired the crown directly in our office with the laser( fig. 32 ). Then, the crown 
surface was polished and the bridge re-cemented onto the teeth (fig. 33). 
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Fig. 31. The damaged bridge  
 

 
Fig. 32. Bridge repaired by laser welding in dental office 
 

 
Fig. 33. The repaired bridge replaced into the mouth 

 

 

2) Intraorals 
 
Case 1:  
Patient 59 years old male  with fixed prosthetics placed in to the upper arch, with two 
crowns and five bone implants. (Fig. 34) 
After the crowns preparation and the taking of the impressions, dental technician 
constructed the metallic structure of the bridge in two sections to assure fit. 
In order to protect the soft tissues from the ejection of warm metal splinters, we made a sort 
of mask by silicon normally used to take prosthetic impressions with a little hole 
corresponding to the contact of the two portions of prosthesis. (Fig. 35) 
Then we started to weld the bridge with the apposition of filler metal on the two parts. Filler 
material used was Bego WiroWeld  2 mm diameter, (Co 65%, Cr 28%, Mo 3.5%, others 3.5%)        
After removing the bridge from the mouth, it was sent to the laboratory to complete its 
realization. (Fig.36) 
During and after welding process patient said he did not feel any discomforts. 
After three weeks we could  seal the bridge and finish the rehabilitation of the patient. (Fig. 37) 
 

 
Fig. 34. Patient with preparation of two crowns and five bone implants 
 

 
Fig. 35. Intraoral laser welding of the two portions 



Intraoral laser welding 23
 

 

 
Fig. 31. The damaged bridge  
 

 
Fig. 32. Bridge repaired by laser welding in dental office 
 

 
Fig. 33. The repaired bridge replaced into the mouth 

 

 

2) Intraorals 
 
Case 1:  
Patient 59 years old male  with fixed prosthetics placed in to the upper arch, with two 
crowns and five bone implants. (Fig. 34) 
After the crowns preparation and the taking of the impressions, dental technician 
constructed the metallic structure of the bridge in two sections to assure fit. 
In order to protect the soft tissues from the ejection of warm metal splinters, we made a sort 
of mask by silicon normally used to take prosthetic impressions with a little hole 
corresponding to the contact of the two portions of prosthesis. (Fig. 35) 
Then we started to weld the bridge with the apposition of filler metal on the two parts. Filler 
material used was Bego WiroWeld  2 mm diameter, (Co 65%, Cr 28%, Mo 3.5%, others 3.5%)        
After removing the bridge from the mouth, it was sent to the laboratory to complete its 
realization. (Fig.36) 
During and after welding process patient said he did not feel any discomforts. 
After three weeks we could  seal the bridge and finish the rehabilitation of the patient. (Fig. 37) 
 

 
Fig. 34. Patient with preparation of two crowns and five bone implants 
 

 
Fig. 35. Intraoral laser welding of the two portions 
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Fig. 36. Bridge ready to be sent to the dental lab 
 

 
Fig. 37. Completed prosthesis placed into the mouth 
 
Case 2: 
Patient SV fourteen years old male come to the office with the lingual wire of the appliance 
broken. It was an orthodontic appliance called Delaire which consists of two wires, one 
vestibular and one lingual, connected to two braces on first upper molars. (Fig. 38) 
We made the screen in silicon in order to protect soft tissues and we welded the appliance 
without filler metal.  
Laser device, fiber, handpiece and parameters were the same as before, and the entire 
operation had a duration of four minutes, the welding time was 75 sec. (Fig. 39) 
So, after few minutes and without sending the appliance to the dental laboratory  and 
without discomfort for patient, we could repair it. (Fig. 40) 
The follow-up, made monthly for six months, demonstrated that the appliance was active 
and strength-proof. 
 

 

 

 
Fig. 38. Broken orthodontics appliance 
 

 
Fig. 39. Intraoral laser welding 
 

 
Fig. 40. Appliance repaired 
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Case 3: 
 Patient CV 45  male old come to our office to made a prosthetic rehabilitation of lower arch. 
In upper arch he had a gold-resin fixed prosthetics broken in the middle, between the two 
central incisors. (Fig. 41) 
 So, we decided to use our new technique to repair the bridge intraorally. We removed a 
little portion of resin by the two incisors with a bur and we welded by Fidelis III with filler 
metal.  In this case the protection of soft tissues was done by a plastic cylinder. (Fig. 42) 
After welding, we put a layer of composite resin to complete, by an aesthetically point of 
view, the restoration. (Fig. 43) 
During welding process, which had a duration of seven minutes, the patient did not feel any 
discomfort. 
Subsequent checks, made after one, two and six months did not evidence any kind of 
problems. 
 

 
Fig. 41. Fixed prosthesis broken between the central incisors 
 

 
Fig. 42. Intraoral laser welding 

 

 

 
Fig. 43. Prosthesis repaired 
 
Discussion and Conclusion 
We have described, in every aspect,  the use of Nd:YAG laser to weld appliances, extra- and 
intra-orally, directly in dental office by dentist himself. 
Tests we made seem to demonstrate that Fidelis plus III is able to make a real welding process on 
different kinds of metal, with and without apport metal, with and without shielding gas and 
with good strength of the joints, even after months. 
This gives the possibility both to repair broken prosthesis without their deplacement from the 
oral cavity, both the fixation of the position during the process of fabrication, avoiding the 
necessity of the use of silicon impression and/or resin and so reducing the possibility of 
inaccuracies due to the transfer of the impression to the laboratory. 
During this study we had to solve different problems related to the fact that the appliance used 
was not projected to weld. So, our aim was to find technical solutions about parameters and 
device modifications in order to reach a good result, by a point of view of the quality of process 
welding, and also by the patient safety aspects. 
Several problems remain unsolved but, with the help of manufacturer, this may be the aim of 
future studies. 
The first unsolved problem is concerning the possibility to have special chemical glasses, 
connected with laser, with the possibility to obscure for a very short time during the shot, such in 
industrial field and in laboratory welding laser. 
In fact, the shining of the interaction between the beam and metal is very troublesome for the 
operator. 
The second one is linked to the opportunity to have a contra-angle handpiece in order to weld 
also in posterior areas of the mouth.  
But the most interesting result is that patients, during intraoral welding and in the following 
days, has not shown trouble, pain and problem to the dental and periodontium structures of the 
support elements and the vitality tests performed are regular. 
This first in vivo tests proved that using the laser technique to get the intraoral welding of metal 
prostheses can be possible with neither particular problems nor risks for the biological structures 
close to the welding zone. 
Further tests will surely be necessary to confirm our work; however, we may say that it opens a 
new interesting perspective in modern dentistry.   
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welding, and also by the patient safety aspects. 
Several problems remain unsolved but, with the help of manufacturer, this may be the aim of 
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The first unsolved problem is concerning the possibility to have special chemical glasses, 
connected with laser, with the possibility to obscure for a very short time during the shot, such in 
industrial field and in laboratory welding laser. 
In fact, the shining of the interaction between the beam and metal is very troublesome for the 
operator. 
The second one is linked to the opportunity to have a contra-angle handpiece in order to weld 
also in posterior areas of the mouth.  
But the most interesting result is that patients, during intraoral welding and in the following 
days, has not shown trouble, pain and problem to the dental and periodontium structures of the 
support elements and the vitality tests performed are regular. 
This first in vivo tests proved that using the laser technique to get the intraoral welding of metal 
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1. Introduction  

Microsurgial suture (Conventional microsurgical suture repair, CMSR) is the most 
commonly used method for anastomosis of severed peripheral nerves. Functional recovery 
after this type of repair is often inadequate, however, even though the peripheral nervous 
system has a remarkable ability to regenerate adequate sizes and numbers of axons. The 
most significant problems with microsuture repair are inherent in the technique: (1) surgery 
traumatizes the nerve by repeated introduction of a needle; (2) suture material at the 
anastomotic site presents a focus for scar and neuroma formation that may impede the 
growth of regenerating axons from the proximal segment into the proper distal segment 
endoneurial tubes and, ultimately, the neuromuscular junction; (3) microsurgical repair 
inevitably leaves small gaps that allow entry of fibroblasts and other scar tissue forming 
cells, permit regenerating axons to escape into an improper extraneural space, and promote 
loss of neurotrophic hormones that may be secreted locally to aid in the conduction of 
regenerating axons to their proper target; and (4) microsurgery is time-consuming and may 
be difficult to perform in restricted areas, particularly when supportive epineurial material 
is scarce. Also, especially in the head and neck region, there are often areas in which poor 
exposure or difficult surgical access precludes the placement of microsutures in nerve repair 
(Korff et al., 1992; Eppley et al., 1989; Huang et al., 1992).  
A major focus of nerve repair research has been the development of procedures with which 
to avoid or minimize the use of sutures and prevent fibrous ingrowth at the repair site 
(Menovsky & Beek, 2001; Maragh et al., 1988). Several sutureless methods have been 
developed, although none of them has been demonstrated to be consistently superior to 
sutures.  
Most importantly, sutureless methods must fulfill several criteria to have an advantage over 
suture repair. First, the procedure must result in a sufficient acute tensile strength. Second, it 
must not compress the nerve and must not involve increased severity of trauma compared 
with sutures. Third, the early and late tissue reaction of the nerve must be kept to a 
minimum and the axonal regeneration must not be impaired (Menovsky & Beek, 2001).  
The laser was introduced in 1960s and is now widely used in medicine and surgery for the 
cutting, coagulation, and vaporization of various tissues. At low powers, thermal lasers, 
such as CO2, argon, and YAG, can be used to ‘weld’ tissue together by local protein 
coagulation. This property of the laser has been applied to nerve anastomosis as well as 
other tubular structures, such as vessel, bowl (Huang et al., 1992; Okada et al.,1987; Neblett 
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et al., 1986). Laser nerve welding (LNW) has great potentials over conventional suture 
methods, such as a less trauma to tissue, less inflammatory reaction, and a faster surgical 
procedure (Menovsky et al., 1995). Thus, sutureless repair of peripheral nerves, by using 
lasers, has stimulated the interest of researchers.  

 
2. General principle  

Laser nerve welding had been investigated by several authors, since it offers a significant 
theoretical improvement to the problems just noted.  
The mechanism of laser repair involves protein denaturation and subsequent fusion of the 
collagenous portion of the proximal and distal segment epineurium by low level thermal 
coagulation. Laser application has been shown to cause a change in collagen substructure 
with interdigitation of altered fibrils (Korff et al., 1992). Due to this mechanism, laser nerve 
welding provides significant theoretical advantages over conventional suturing methods, 
such as atraumatic nerve handling, avoidance of a foreign body reaction, a water tight seal 
of the epineurium with prevention of axonal escape and proliferation of connective tissue 
into the anastomosis, and a reduced operation time. There are several hypotheses to explain 
the improved results obtained with the laser. First, the irradiation of peripheral nerves with 
the CO2 laser does not result in severe inflammatory changes, nor does the nerve 
regeneration capacity seem limited by laser effects. The laser injury to the tissue heals very 
favorably, without excessive scar tissue or structural morphological alterations. The 
epineurium heals more favorably due to minimizing the foreign body reaction, and thus the 
axons are less blocked or misdirected at the repair site; consequently, the neural alignment is 
improved. Second, because of less instrumental manipulation of the nerve segments and 
avoidance of an excessive number of sutures, better axonal alignment of the nerve ends is 
achieved, and the cellular and fibroblastic reaction can be restricted to a minimum. Better 
alignment may also be achieved because the compressive forces and trauma to the 
epineurium resulting from sutures are reduced by simply using fewer of them. Intraneural 
scarring, which is mainly caused by collagen production by fibroblasts and Schwann cells 
inside the nerve, is less likely to be prevented by laser repair. Third, because of a ‘‘sealed’’ 
epineurium, the tendency of the regenerating proximal axons to sprout outside the nerve is 
suppressed, which leads to minimal neuroma formation and less scar tissue than in suture 
control groups. Also, ingrowth of fibrous scar tissue from outside the nerve is avoided. The 
epineurial seal is also postulated to provide a more favorable microenvironment for axonal 
growth by holding neurotrophic factors (Menovsky & Beek, 2001; Menovsky & Beek, 2003).   
Laser nerve welding requires precise control of the thermal effects of the laser to permit 
welding of the epineurium without damage to the delicate underlying axons. This method 
became technically feasible with the development of the CO2 milliwatt laser, which can 
operate in power increments of 0.001 W while precise power stability is maintained (Huang 
et al., 1992). The first attempt at laser neurorrhaphy by Fischer et al. used a CO2 laser at 
relatively high powers (5 watts in 0.5 second pulses). As a result, dense carbonaceous 
deposits surrounded by a mild inflammatory reaction were found at the repair site (Fischer 
et al., 1985). No such carbon deposits were with the use of the CO2 milliwatt laser in the 120 
to 150 mW range. This low thermal energy allows welding of superficial tissue without deep 
thermal penetration (Huang et al., 1992).  
Many factors may influence the bonding strength of laser nerve welding, such as the 

amount of laser exposure, the amount of tissue available for fusion, and the technique that is 
used. Menovsky performed experimental studies for laser settings and end point 
determination which produce the greatest bonding strength (Menovsky et al., 1994). In laser 
welding procedure, the opposite nerve ends were closely approximated, and the 
epineurium of one of the nerve sections was pulled over the nerve end of the other nerve 
section and welded around its circumference with 2 to 3 laser pulses; the repair site is 
welded around its circumference with 5 to 8 laser pulses (Fig. 1) (Menovsky et al., 1994; 
Hwang et al., 2005).  

 
Fig. 1. The procedure of laser nerve welding. The epineurium of one of the nerve sections is 
pulled over the nerve end of the other nerve section and welded with 2 to 3 laser pulses; the 
repair site is welded around its circumference with 5 to 8 laser pulses. Reproduced with 
permission (Hwang et al., 2005). 
 
Several technical points were essential for effective welding with the CO2 laser. Most 
importantly, bonding occurred only when the tissues were directly opposed with the 
epineurium overlying the repair site. Also, dry tissue surfaces were essential to obtain 
adequate welds. The dryer the tissue surface, the greater the effect of the laser on tissue. 
Welding of the overlying epineurium has the advantage that the two epineurium of the 
different nerve stump can be welded tightly without having tension on the repair site. This 
may be an advantage because tension on the repair site increases the amount of connective 
tissue that is formed and thus decreases regeneration (Menovsky et al., 1994).  
The end point of the welding procedure was defined as the visible fusion of the epineurium, 
which was observed meticulously with a 40 fold magnification. And the visible effects of 
laser radiation on the epineurium were scored quantitatively with values varying from 0 to 
6, where 0 indicated no visible effect, 1 drying of the epineurium, 2 shrinkage, 3 whitening, 4 
caramelization (slightly browning), 5 carbonization, and 6 perforation of the epineurium 
(Menovsky et al., 1994). In experimental and clinical tissue welding, the endpoint of welding 
is normally based on visual changes of tissue. Drying and shrinkage, blanching, tanning, 
and browning of the tissue were indicated as the endpoints for proper welds (Maragh et al., 
1988; Menovsky et al., 1994; Poppas et al., 1992). The results of one study show that the 
strongest welds were produced at powers and exposure times (100mW-1.0s) that gave 
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et al., 1986). Laser nerve welding (LNW) has great potentials over conventional suture 
methods, such as a less trauma to tissue, less inflammatory reaction, and a faster surgical 
procedure (Menovsky et al., 1995). Thus, sutureless repair of peripheral nerves, by using 
lasers, has stimulated the interest of researchers.  

 
2. General principle  

Laser nerve welding had been investigated by several authors, since it offers a significant 
theoretical improvement to the problems just noted.  
The mechanism of laser repair involves protein denaturation and subsequent fusion of the 
collagenous portion of the proximal and distal segment epineurium by low level thermal 
coagulation. Laser application has been shown to cause a change in collagen substructure 
with interdigitation of altered fibrils (Korff et al., 1992). Due to this mechanism, laser nerve 
welding provides significant theoretical advantages over conventional suturing methods, 
such as atraumatic nerve handling, avoidance of a foreign body reaction, a water tight seal 
of the epineurium with prevention of axonal escape and proliferation of connective tissue 
into the anastomosis, and a reduced operation time. There are several hypotheses to explain 
the improved results obtained with the laser. First, the irradiation of peripheral nerves with 
the CO2 laser does not result in severe inflammatory changes, nor does the nerve 
regeneration capacity seem limited by laser effects. The laser injury to the tissue heals very 
favorably, without excessive scar tissue or structural morphological alterations. The 
epineurium heals more favorably due to minimizing the foreign body reaction, and thus the 
axons are less blocked or misdirected at the repair site; consequently, the neural alignment is 
improved. Second, because of less instrumental manipulation of the nerve segments and 
avoidance of an excessive number of sutures, better axonal alignment of the nerve ends is 
achieved, and the cellular and fibroblastic reaction can be restricted to a minimum. Better 
alignment may also be achieved because the compressive forces and trauma to the 
epineurium resulting from sutures are reduced by simply using fewer of them. Intraneural 
scarring, which is mainly caused by collagen production by fibroblasts and Schwann cells 
inside the nerve, is less likely to be prevented by laser repair. Third, because of a ‘‘sealed’’ 
epineurium, the tendency of the regenerating proximal axons to sprout outside the nerve is 
suppressed, which leads to minimal neuroma formation and less scar tissue than in suture 
control groups. Also, ingrowth of fibrous scar tissue from outside the nerve is avoided. The 
epineurial seal is also postulated to provide a more favorable microenvironment for axonal 
growth by holding neurotrophic factors (Menovsky & Beek, 2001; Menovsky & Beek, 2003).   
Laser nerve welding requires precise control of the thermal effects of the laser to permit 
welding of the epineurium without damage to the delicate underlying axons. This method 
became technically feasible with the development of the CO2 milliwatt laser, which can 
operate in power increments of 0.001 W while precise power stability is maintained (Huang 
et al., 1992). The first attempt at laser neurorrhaphy by Fischer et al. used a CO2 laser at 
relatively high powers (5 watts in 0.5 second pulses). As a result, dense carbonaceous 
deposits surrounded by a mild inflammatory reaction were found at the repair site (Fischer 
et al., 1985). No such carbon deposits were with the use of the CO2 milliwatt laser in the 120 
to 150 mW range. This low thermal energy allows welding of superficial tissue without deep 
thermal penetration (Huang et al., 1992).  
Many factors may influence the bonding strength of laser nerve welding, such as the 

amount of laser exposure, the amount of tissue available for fusion, and the technique that is 
used. Menovsky performed experimental studies for laser settings and end point 
determination which produce the greatest bonding strength (Menovsky et al., 1994). In laser 
welding procedure, the opposite nerve ends were closely approximated, and the 
epineurium of one of the nerve sections was pulled over the nerve end of the other nerve 
section and welded around its circumference with 2 to 3 laser pulses; the repair site is 
welded around its circumference with 5 to 8 laser pulses (Fig. 1) (Menovsky et al., 1994; 
Hwang et al., 2005).  

 
Fig. 1. The procedure of laser nerve welding. The epineurium of one of the nerve sections is 
pulled over the nerve end of the other nerve section and welded with 2 to 3 laser pulses; the 
repair site is welded around its circumference with 5 to 8 laser pulses. Reproduced with 
permission (Hwang et al., 2005). 
 
Several technical points were essential for effective welding with the CO2 laser. Most 
importantly, bonding occurred only when the tissues were directly opposed with the 
epineurium overlying the repair site. Also, dry tissue surfaces were essential to obtain 
adequate welds. The dryer the tissue surface, the greater the effect of the laser on tissue. 
Welding of the overlying epineurium has the advantage that the two epineurium of the 
different nerve stump can be welded tightly without having tension on the repair site. This 
may be an advantage because tension on the repair site increases the amount of connective 
tissue that is formed and thus decreases regeneration (Menovsky et al., 1994).  
The end point of the welding procedure was defined as the visible fusion of the epineurium, 
which was observed meticulously with a 40 fold magnification. And the visible effects of 
laser radiation on the epineurium were scored quantitatively with values varying from 0 to 
6, where 0 indicated no visible effect, 1 drying of the epineurium, 2 shrinkage, 3 whitening, 4 
caramelization (slightly browning), 5 carbonization, and 6 perforation of the epineurium 
(Menovsky et al., 1994). In experimental and clinical tissue welding, the endpoint of welding 
is normally based on visual changes of tissue. Drying and shrinkage, blanching, tanning, 
and browning of the tissue were indicated as the endpoints for proper welds (Maragh et al., 
1988; Menovsky et al., 1994; Poppas et al., 1992). The results of one study show that the 
strongest welds were produced at powers and exposure times (100mW-1.0s) that gave 
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whitening and a beginning of caramelization (beginning of browning) of the epineurium. 
The whitening is related to the denaturation of proteins. The use of higher powers and 
longer pulse durations gave rapid carbonization with weaker bonds. When the epineurium 
was perforated, the exposed fascicles reacted differently to the laser irradiation. Curling of 
the fascicles, creating small excavations without bonding of the tissue occurred. The 
difference in the reaction of epineurium and perineurium to laser radiation can be explained 
by the difference in composition. The epineurium is mainly composed of densely packed 
collagen bundles, while the perineurium is formed of several lamellae which consist of 
closely packed perineurial cells (Menovsky et al., 1994).  
Comparable functional and morphometric data with much better results for the laser nerve 
welding than microsuture have been achieved by only few authors. This is probably due to 
the difference in the welding technique, taking into consideration the basic requirements of 
laser welding (Happak et al., 2000). The epineurial edges need to be approximated precisely 
by two forceps trying to avoid any air gap between the epineurium of the nerve stumps. 
Furthermore, laser welded nerve coaptations should be performed without tension, as it has 
been assumed for sutured nerve repair. The bonding effect of welded collagen fibers and 
other proteins was made responsible for a sufficient tensile strength of coaptations and 
anastomoses (Schober et al., 1986; Bass et al., 1992). Bass et al. have shown that the welding 
effect does not depend on the amount of collagen that has been welded, but on different 
molecular binding mechanisms (Bass et al., 1992).    
Also noted were the thermal effects of LNW anastomosis on the underlying fascicular 
structures. The heat resulted in the deleterious effects of the destruction of myelin and loss 
of axons immediately adjacent to the anastomotic site. Some authors reported that 
irradiation of nerves with laser nerve energy does not appear to have any adverse effects on 
axonal regeneration. Morphometric analysis of myelinated axons around the repair site by 
Beggs et al. and Maragh et al. revealed no deleterious effects of the laser on the degree of 
retrograde axonal degeneration or regeneration as shown by the similar numbers and sizes 
of regenerated fibers present in the distal stump compared with suture repairs (Maragh et 
al., 1988; Beggs et al., 1986; Eppley et al., 1989).  
If a CO2 laser is used for fusing the epineurium, a water tight seal can be established 
without damage to the underlying neural tissue. For welding of nerves, the CO2 laser 
should be used because the penetration depth of this laser is small compared to other lasers 
proposed for LNW and LANR (Nd:YAG laser, and the argon laser) (Schober et al., 1986; 
Campion et al., 1990).  
The major advantages of laser welded nerve coaptation are, under optimal circumstances, 
the decreased surgical time, the extreme precision, the minor damage to the nerve tissue, 
and the prevention of foreign-body reactions (Happak et al., 2000; Balies et al., 1989).  In 
contrast, the essential drawback of welding techniques is the initial low tensile strength after 
coaptation, which leads to a relatively high dehiscence rate, varying between 12 and 41% 
(Ochi et al., 1995). The clinical application of laser-assisted nerve repair has been limited by 
the risk of dehiscence in the postoperative period and the inability to achieve consistently 
successful laser welds (Korff et al., 1992; Maragh et al., 1988; Dubuisson & Kline, 1993). One 
study showed that the anastomotic strength of the laser weld has been found consistently 
inferior to that of microsuture repair for at least the first 4 days after surgery. The weak 
initial weld has caused unacceptable rates of dehiscence (Maragh et al., 1988). As reported 
by Maragh et al. in the rat sciatic nerve model, there was no significant difference in tensile 

strength of the laser repaired nerves and the suture repaired nerves at 8 days 
postoperatively. The critical period is clearly the first week before host-connective tissue 
elements add the necessary stability. To make laser repair an attractive alternative to suture 
repair, the tensile strength of the laser repaired nerve must be improved further (Korff et al., 
1992).  
To overcome this problem, one or more stay sutures for supporting the welds (called laser 
assisted nerve repair, LANR) or nerve grafts to reduce the tension at the repair site have 
been used (Fischer et al., 1985; Menovsky et al., 1994; Eppley et al., 1989). However, these 
adaptations impair the nerve regeneration. Grafting gives the additional complication of 
two repair sites, and sutures produce a foreign body reaction. Some authors performed a 
laser assisted nerve repair with the aid of stay sutures which were eventually removed 
(Fischer et al., 1985; Balies et al., 1989; Ochi et al., 1995; Benke et al., 1989). In 1988, Maragh et 
al. reported about CO2 laser welded nerve coaptations by using a circumferential epineurial 
technique. No sutures were used, and the dehiscence rate of the coaptations was 12% 
(Maragh et al., 1988). Nerve coaptations with the CO2 laser were only achieved without 
dehiscence when an additional bonding material was used. The coaptations were 
strengthened with peri-epineurial sheets (Korff et al., 1992; Kim & Kline, 1990), fibrin sheets 
(Ochi et al., 1995), or fibrin glue (Menovsky & de Vries, 1998).   
Although the precise mechanism of nerve welding is not yet understood, tissue welding by 
the CO2 laser is probably caused by protein denaturation and fusion of collagen, and/or 
dehydration of the structural proteins (Menovsky et al., 1994; Dew, 1986; Fenner et al., 1992). 
As these proteins are believed to be the primary component of welding process, topically 
applied proteins (used as solders) may provide the necessary amount of proteins for 
welding and result in a greater bonding strength (Menovsky et al., 1994). Another 
significant development in laser welding is the use of protein solders as an adjunct to the 
welding process. These solders, which provide extra protein for the fusion process, are 
melted on the outer surface of the repair site to hold the tissue together, and result in 
stronger welds and theoretically less thermal damage to the tissue (Menovsky et al., 1994; 
Menovsky, 2000).  
In general, the CO2 laser-repaired nerves appeared to heal with less cellular response and 
less scar tissue than the sutured nerves. Also, proliferation of the epi- and perineurium was 
significantly less than that of the CMSR nerves. The alignment of axons and intraneural 
scars was most favorable in the soldered nerves. The severe inflammatory reaction around 
the solder observed in the first week was absent, and instead, a well defined epi- and 
perineurium was present. Consequently, the regeneration in the distal nerve segment was 
most advanced in the soldered nerves. In this segment there were also fewer extraneural 
fibers compared to other repair groups (Menovsky & Beek, 2003). The addition of solder 
seems to result in even better histological results than the CO2 laser alone. In a rat sciatic 
nerve repair using the CO2 laser and a fibrin film, the repair site revealed a smooth 
continuity of nerve fibers at 8 weeks (Ochi et al., 1995).  

Besides the use of protein solders, extra tissues for improving the bonding strength have 
been used. Kim and Kline used perineurial and epineurial tissue to serve as a supplement 
for the welding procedure, resulting in 100% bonding rate (Kim & Kline, 1990). Korff et al. 
used LNW in combination with subcutaneous tissue wrapped around the nerve (Korff et al., 
1992).   
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whitening and a beginning of caramelization (beginning of browning) of the epineurium. 
The whitening is related to the denaturation of proteins. The use of higher powers and 
longer pulse durations gave rapid carbonization with weaker bonds. When the epineurium 
was perforated, the exposed fascicles reacted differently to the laser irradiation. Curling of 
the fascicles, creating small excavations without bonding of the tissue occurred. The 
difference in the reaction of epineurium and perineurium to laser radiation can be explained 
by the difference in composition. The epineurium is mainly composed of densely packed 
collagen bundles, while the perineurium is formed of several lamellae which consist of 
closely packed perineurial cells (Menovsky et al., 1994).  
Comparable functional and morphometric data with much better results for the laser nerve 
welding than microsuture have been achieved by only few authors. This is probably due to 
the difference in the welding technique, taking into consideration the basic requirements of 
laser welding (Happak et al., 2000). The epineurial edges need to be approximated precisely 
by two forceps trying to avoid any air gap between the epineurium of the nerve stumps. 
Furthermore, laser welded nerve coaptations should be performed without tension, as it has 
been assumed for sutured nerve repair. The bonding effect of welded collagen fibers and 
other proteins was made responsible for a sufficient tensile strength of coaptations and 
anastomoses (Schober et al., 1986; Bass et al., 1992). Bass et al. have shown that the welding 
effect does not depend on the amount of collagen that has been welded, but on different 
molecular binding mechanisms (Bass et al., 1992).    
Also noted were the thermal effects of LNW anastomosis on the underlying fascicular 
structures. The heat resulted in the deleterious effects of the destruction of myelin and loss 
of axons immediately adjacent to the anastomotic site. Some authors reported that 
irradiation of nerves with laser nerve energy does not appear to have any adverse effects on 
axonal regeneration. Morphometric analysis of myelinated axons around the repair site by 
Beggs et al. and Maragh et al. revealed no deleterious effects of the laser on the degree of 
retrograde axonal degeneration or regeneration as shown by the similar numbers and sizes 
of regenerated fibers present in the distal stump compared with suture repairs (Maragh et 
al., 1988; Beggs et al., 1986; Eppley et al., 1989).  
If a CO2 laser is used for fusing the epineurium, a water tight seal can be established 
without damage to the underlying neural tissue. For welding of nerves, the CO2 laser 
should be used because the penetration depth of this laser is small compared to other lasers 
proposed for LNW and LANR (Nd:YAG laser, and the argon laser) (Schober et al., 1986; 
Campion et al., 1990).  
The major advantages of laser welded nerve coaptation are, under optimal circumstances, 
the decreased surgical time, the extreme precision, the minor damage to the nerve tissue, 
and the prevention of foreign-body reactions (Happak et al., 2000; Balies et al., 1989).  In 
contrast, the essential drawback of welding techniques is the initial low tensile strength after 
coaptation, which leads to a relatively high dehiscence rate, varying between 12 and 41% 
(Ochi et al., 1995). The clinical application of laser-assisted nerve repair has been limited by 
the risk of dehiscence in the postoperative period and the inability to achieve consistently 
successful laser welds (Korff et al., 1992; Maragh et al., 1988; Dubuisson & Kline, 1993). One 
study showed that the anastomotic strength of the laser weld has been found consistently 
inferior to that of microsuture repair for at least the first 4 days after surgery. The weak 
initial weld has caused unacceptable rates of dehiscence (Maragh et al., 1988). As reported 
by Maragh et al. in the rat sciatic nerve model, there was no significant difference in tensile 

strength of the laser repaired nerves and the suture repaired nerves at 8 days 
postoperatively. The critical period is clearly the first week before host-connective tissue 
elements add the necessary stability. To make laser repair an attractive alternative to suture 
repair, the tensile strength of the laser repaired nerve must be improved further (Korff et al., 
1992).  
To overcome this problem, one or more stay sutures for supporting the welds (called laser 
assisted nerve repair, LANR) or nerve grafts to reduce the tension at the repair site have 
been used (Fischer et al., 1985; Menovsky et al., 1994; Eppley et al., 1989). However, these 
adaptations impair the nerve regeneration. Grafting gives the additional complication of 
two repair sites, and sutures produce a foreign body reaction. Some authors performed a 
laser assisted nerve repair with the aid of stay sutures which were eventually removed 
(Fischer et al., 1985; Balies et al., 1989; Ochi et al., 1995; Benke et al., 1989). In 1988, Maragh et 
al. reported about CO2 laser welded nerve coaptations by using a circumferential epineurial 
technique. No sutures were used, and the dehiscence rate of the coaptations was 12% 
(Maragh et al., 1988). Nerve coaptations with the CO2 laser were only achieved without 
dehiscence when an additional bonding material was used. The coaptations were 
strengthened with peri-epineurial sheets (Korff et al., 1992; Kim & Kline, 1990), fibrin sheets 
(Ochi et al., 1995), or fibrin glue (Menovsky & de Vries, 1998).   
Although the precise mechanism of nerve welding is not yet understood, tissue welding by 
the CO2 laser is probably caused by protein denaturation and fusion of collagen, and/or 
dehydration of the structural proteins (Menovsky et al., 1994; Dew, 1986; Fenner et al., 1992). 
As these proteins are believed to be the primary component of welding process, topically 
applied proteins (used as solders) may provide the necessary amount of proteins for 
welding and result in a greater bonding strength (Menovsky et al., 1994). Another 
significant development in laser welding is the use of protein solders as an adjunct to the 
welding process. These solders, which provide extra protein for the fusion process, are 
melted on the outer surface of the repair site to hold the tissue together, and result in 
stronger welds and theoretically less thermal damage to the tissue (Menovsky et al., 1994; 
Menovsky, 2000).  
In general, the CO2 laser-repaired nerves appeared to heal with less cellular response and 
less scar tissue than the sutured nerves. Also, proliferation of the epi- and perineurium was 
significantly less than that of the CMSR nerves. The alignment of axons and intraneural 
scars was most favorable in the soldered nerves. The severe inflammatory reaction around 
the solder observed in the first week was absent, and instead, a well defined epi- and 
perineurium was present. Consequently, the regeneration in the distal nerve segment was 
most advanced in the soldered nerves. In this segment there were also fewer extraneural 
fibers compared to other repair groups (Menovsky & Beek, 2003). The addition of solder 
seems to result in even better histological results than the CO2 laser alone. In a rat sciatic 
nerve repair using the CO2 laser and a fibrin film, the repair site revealed a smooth 
continuity of nerve fibers at 8 weeks (Ochi et al., 1995).  

Besides the use of protein solders, extra tissues for improving the bonding strength have 
been used. Kim and Kline used perineurial and epineurial tissue to serve as a supplement 
for the welding procedure, resulting in 100% bonding rate (Kim & Kline, 1990). Korff et al. 
used LNW in combination with subcutaneous tissue wrapped around the nerve (Korff et al., 
1992).   
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On the other hand, Happak et al. suggested that a minimal amount of collagen and other 
proteins of the epineurium provides sufficient welding strength in case of an adequate laser 
irradiation being applied without additional bonding materials or stay suture. This has been 
documented by the lack of dehiscences of the coapted nerves after 6 months of regeneration 
in their study (Happak et al., 2000). And Hwang et al. performed facial nerve repair by laser 
nerve welding and microsurgical suture in rat model and they also reported that they did 
not perform supportive procedures to enhance the laser welding site and there was no 
dehiscence in any of the 12 rats (Hwang et al., 2005).  

 
3. Experimental study  

During the last decade laser has become an increasingly useful surgical tool, and laser 
welding repair of injured peripheral nerves has been investigated. Since first successful CO2 
laser welded coaptations were published by Fischer et al. in 1985 (Fischer et al., 1985), 
several authors reported that laser nerve welding was at least equal or more successful to 
microsurgical suture in effectiveness in animal model of facial and sciatic nerve repairs. 

 
3.1 Facial nerve repair and facial – hypoglossal nerve anastomosis  
Eppley et al. performed an experimental study to evaluate the effectiveness of laser nerve 
welding versus conventional suture repair of facial nerve grafts in the rabbit (Eppley et al., 
1989). A group of 10 animals underwent bilateral 1 cm facial nerve resections which were 
primarily repaired with the contralateral resected nerve in which the right side was 
anastomosed by suture (CMSR, interrupted epinueural 10-0 nylon sutures) and the left side 
by laser nerve welding (CO2 laser with 150mW, 300u spot size and 0.5s duration assisted by 
a single suture for traction and rotation). Postoperative assessment was carried out at 1 and 
3 months and consisted of electrophysiological recording prior to sacrifice, which was 
compared to preoperative recordings of the same nerve, and was then followed by 
histological evaluation of the anastomosis and graft. Electrophysiologic assessment of 
function revealed no significant difference between the two techniques after 3 months 
follow up period. It resulted in similar conduction recording to CMSR after 3months and 
appeared to reduce the amount of axonal intermingling, although quantitative axonal 
assessment was not performed in this study. Histological differences were apparent 
between two groups. Unlike sutures, laser nerve welding provides a seal around the 
epineurium without the potential of the introduction of foreign material into the underlying 
structures. Theoritically, this seal may prevent axonal escape as well as proliferation of 
connective tissue into the anastomosis. The author’s findings indicate that less entrapment 
of axons occurred with laser nerve welding, presumably due to the fewer sutures required 
with this type of repair. However, both types of repair had evidence of axons outside the 
anastomosis, thus indicating that the laser nerve welding did not provide a watertight 
epineurial seal in the mW power levels used. Also noted was the thermal effect of laser 
nerve welding on the underlying fascicular structures. The heat resulted in the deleterious 
effects of the destruction of myelin and loss of axons immediately adjacent to the 
anastomotic site. While this appeared to be of little consequence in the 3 month specimens, 
this tissue destruction could lead to fibrous tissue formation which may be as detrimental to 
axonal regrowth as that induced by retained suture material. The effects of heat upon neural 
structures at 1 month were apparent but did not affect the longer term specimens.  

The authors concluded that laser nerve welding may offer an alternative to conventional 
suturing or be useful when suturing is technically difficult due to access (with the intraoral 
repair of the lingual and mandibular nerves) or when lack of supportive neural structure 
exists (Eppley et al., 1989).  
Hwang et al. performed facial nerve repair by laser nerve welding and microsurgical suture 
in rat model and evaluated nerve regeneration with an immunochemical detection of the 
retrograde nerve tracer cholera toxin B (Hwang et al., 2005). In the buccal branches of rat’s 
facial nerves on the both sides were transected, and CO2 laser welding of the epineurium 
was performed on the right side and microsurgical suture technique was applied on the left 
side. For the laser nerve welding, the proximal and distal epineurium of the severed nerve 
ends were pulled together to meet the nerve ends of each other and welded at two directly 
opposite spots with 2 to 3 pulses of a CO2 laser (Wonderful CO2 Laser, Wonder Laser, Inc., 
Daejon, Korea) setting at 100mW continuous wave energy, 320 mm spot size, and 1 second 
duration time and the repair site is welded around its circumference with 5 to 8 laser pulses 
(Fig.1). In six rats Cholera Toxin B Subunit (CTb) was injected in the epineurium distal to the 
nerve anastomosis site at postoperative week 4 and 8 (Fig. 2). 
 

 
Fig. 2. Four-week postoperative photographs. (Left) Laser-assisted nerve anastomosis. 
Arrow indicates anastomosis site. (Right) Microsurgical suture anastomosis. Arrow 
indicates suture site. Reproduced with permission (Hwang et al., 2005). 
 
Neurons of facial nuclei labeled positively by CTb were detected immunohistochemically, 
and the numbers were counted. CTb-positive neurons were seen significantly more in the 
group with laser welding than in the group with microsurgical suture in postoperative week, 
but there was not much difference in postoperative week 8. None of 12 rats showed 
dehiscence at the nerve anastomosis done by laser welding. This study showed that nerve 
regeneration is more apparent in the nerve repaired by laser welding than in that repaired 
by microsurgical suture. And this study showed that laser nerve welding affected 
regeneration of the repaired nerve equally to or more effectively than microsurgical suturing. 
Quantitative assessment was carried out with the immunohistochemical detection of the 
retrograde nerve tracer cholera toxin, which is one of the most widely used probes for 
studies of neuronal connectivity (Hwang et al., 2005).  
The authors did not perform supportive procedures to enhance the laser welding site. There 
was no dehiscence in any of the 12 rats. This result indicates that the cranial nerves, 
including the facial nerve and other nerves in the head and neck, are not subjected to 
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On the other hand, Happak et al. suggested that a minimal amount of collagen and other 
proteins of the epineurium provides sufficient welding strength in case of an adequate laser 
irradiation being applied without additional bonding materials or stay suture. This has been 
documented by the lack of dehiscences of the coapted nerves after 6 months of regeneration 
in their study (Happak et al., 2000). And Hwang et al. performed facial nerve repair by laser 
nerve welding and microsurgical suture in rat model and they also reported that they did 
not perform supportive procedures to enhance the laser welding site and there was no 
dehiscence in any of the 12 rats (Hwang et al., 2005).  

 
3. Experimental study  

During the last decade laser has become an increasingly useful surgical tool, and laser 
welding repair of injured peripheral nerves has been investigated. Since first successful CO2 
laser welded coaptations were published by Fischer et al. in 1985 (Fischer et al., 1985), 
several authors reported that laser nerve welding was at least equal or more successful to 
microsurgical suture in effectiveness in animal model of facial and sciatic nerve repairs. 

 
3.1 Facial nerve repair and facial – hypoglossal nerve anastomosis  
Eppley et al. performed an experimental study to evaluate the effectiveness of laser nerve 
welding versus conventional suture repair of facial nerve grafts in the rabbit (Eppley et al., 
1989). A group of 10 animals underwent bilateral 1 cm facial nerve resections which were 
primarily repaired with the contralateral resected nerve in which the right side was 
anastomosed by suture (CMSR, interrupted epinueural 10-0 nylon sutures) and the left side 
by laser nerve welding (CO2 laser with 150mW, 300u spot size and 0.5s duration assisted by 
a single suture for traction and rotation). Postoperative assessment was carried out at 1 and 
3 months and consisted of electrophysiological recording prior to sacrifice, which was 
compared to preoperative recordings of the same nerve, and was then followed by 
histological evaluation of the anastomosis and graft. Electrophysiologic assessment of 
function revealed no significant difference between the two techniques after 3 months 
follow up period. It resulted in similar conduction recording to CMSR after 3months and 
appeared to reduce the amount of axonal intermingling, although quantitative axonal 
assessment was not performed in this study. Histological differences were apparent 
between two groups. Unlike sutures, laser nerve welding provides a seal around the 
epineurium without the potential of the introduction of foreign material into the underlying 
structures. Theoritically, this seal may prevent axonal escape as well as proliferation of 
connective tissue into the anastomosis. The author’s findings indicate that less entrapment 
of axons occurred with laser nerve welding, presumably due to the fewer sutures required 
with this type of repair. However, both types of repair had evidence of axons outside the 
anastomosis, thus indicating that the laser nerve welding did not provide a watertight 
epineurial seal in the mW power levels used. Also noted was the thermal effect of laser 
nerve welding on the underlying fascicular structures. The heat resulted in the deleterious 
effects of the destruction of myelin and loss of axons immediately adjacent to the 
anastomotic site. While this appeared to be of little consequence in the 3 month specimens, 
this tissue destruction could lead to fibrous tissue formation which may be as detrimental to 
axonal regrowth as that induced by retained suture material. The effects of heat upon neural 
structures at 1 month were apparent but did not affect the longer term specimens.  

The authors concluded that laser nerve welding may offer an alternative to conventional 
suturing or be useful when suturing is technically difficult due to access (with the intraoral 
repair of the lingual and mandibular nerves) or when lack of supportive neural structure 
exists (Eppley et al., 1989).  
Hwang et al. performed facial nerve repair by laser nerve welding and microsurgical suture 
in rat model and evaluated nerve regeneration with an immunochemical detection of the 
retrograde nerve tracer cholera toxin B (Hwang et al., 2005). In the buccal branches of rat’s 
facial nerves on the both sides were transected, and CO2 laser welding of the epineurium 
was performed on the right side and microsurgical suture technique was applied on the left 
side. For the laser nerve welding, the proximal and distal epineurium of the severed nerve 
ends were pulled together to meet the nerve ends of each other and welded at two directly 
opposite spots with 2 to 3 pulses of a CO2 laser (Wonderful CO2 Laser, Wonder Laser, Inc., 
Daejon, Korea) setting at 100mW continuous wave energy, 320 mm spot size, and 1 second 
duration time and the repair site is welded around its circumference with 5 to 8 laser pulses 
(Fig.1). In six rats Cholera Toxin B Subunit (CTb) was injected in the epineurium distal to the 
nerve anastomosis site at postoperative week 4 and 8 (Fig. 2). 
 

 
Fig. 2. Four-week postoperative photographs. (Left) Laser-assisted nerve anastomosis. 
Arrow indicates anastomosis site. (Right) Microsurgical suture anastomosis. Arrow 
indicates suture site. Reproduced with permission (Hwang et al., 2005). 
 
Neurons of facial nuclei labeled positively by CTb were detected immunohistochemically, 
and the numbers were counted. CTb-positive neurons were seen significantly more in the 
group with laser welding than in the group with microsurgical suture in postoperative week, 
but there was not much difference in postoperative week 8. None of 12 rats showed 
dehiscence at the nerve anastomosis done by laser welding. This study showed that nerve 
regeneration is more apparent in the nerve repaired by laser welding than in that repaired 
by microsurgical suture. And this study showed that laser nerve welding affected 
regeneration of the repaired nerve equally to or more effectively than microsurgical suturing. 
Quantitative assessment was carried out with the immunohistochemical detection of the 
retrograde nerve tracer cholera toxin, which is one of the most widely used probes for 
studies of neuronal connectivity (Hwang et al., 2005).  
The authors did not perform supportive procedures to enhance the laser welding site. There 
was no dehiscence in any of the 12 rats. This result indicates that the cranial nerves, 
including the facial nerve and other nerves in the head and neck, are not subjected to 
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significant stretching or tension as occurs with peripheral nerves in the extremities, such as 
the sciatic nerve (Huang et al., 1992). Thus, dehiscence is expected low in the head and neck 
area.  
Hypoglossal-facial anastomosis (HFA) is an alternative surgical measure of facial palsy as 
the facial nerve itself can not be restored. HFA is usually attempted in a delayed repair 
because it is difficult to suture directly a disrupted facial nerve in most clinical cases 
(Angelov & Gunkel, 1993; Chen & Hsu, 2000).  
Hwang et al. performed another study to compare laser nerve welding to microsurgical 
suturing of hypoglossal-facial anastomosis (HFA), and a result of immediate to delayed 
repair, and to evaluate the effect of laser nerve welding on HFA for reanimation of facial 
palsy in animal model of rats (Hwang et al., 2006). The first group underwent immediate 
HFA by microsurgical suturing and the second group by CO2 laser welding. The right 
hypoglossal nerve was transected 1 mm proximal to the bifurcation of the medial and lateral 
branches. The right facial nerve was transected at near stylomastoid foramen, sparing the 
posterior auricular branch. Proximal stump of the hypoglossal nerve and distal stump of the 
facial nerve were approximated by laser nerve welding without additional stay suture in the 
first group and by microsurgical suturing with three sutures of 9-0 nylon in the second 
group. The third group underwent delayed HFA by microsurgical suturing, and the fourth 
group by laser nerve welding. The right facial nerve was transected at near stylomastoid 
foramen, sparing the posterior auricular branch. The proximal stump was left, but the distal 
stump was tagged with a 9-0 nylon stitch before closing the wound. Ten days later, the 
distal stump of the facial nerve was explored. The previous tagged suture was removed, and 
a 1-mm segment of the stump was cut. Ipsilateral hypoglossal nerve was exposed and 
transected proximally at the bifurcation of its medial and lateral branch. Intact proximal 
stump of the hypoglossal nerve was approximated to the predegenerated distal stump of 
the facial nerve by laser nerve welding in the third group and by microsurgical suturing in 
the fourth group. 
In all rats of the four different treatment groups, cholera toxin B subunit (CTb) was injected 
in the epineurium distal to the anastomosis site on the postoperative 6th week. Neurons 
labeled CTb of hypoglossal nuclei were positive immunohistochemically, and the numbers 
were counted. There was no significant difference between immediate and delayed 
anastomosis in the laser welding group, but there was significance between immediate and 
delayed anastomosis in the microsurgical suturing group. No dehiscence in the laser 
welding site of nerve anastomosis was seen at the time of re-exploration for injection of CTb 
in all rats. This study showed that the regeneration of anastomosed hypoglossal-facial nerve 
was affected similarly by laser welding and microsurgical suturing, and more effective, 
especially in delayed repair. 
And tensile strength of the anastomosis site is insecure in the laser welded nerve. The 
cranial nerves in the head and neck area are not so tense as peripheral nerves in the 
extremities. A dehiscence rate of the laser welded nerves in the head and neck area is 
expectedly quite low (Huang et al., 1992). In this study, no dehiscence in the laser welding 
site of the nerve anastomosis was seen at the time of re-exploration for injection of CTb in all 
20 rats. These results were thought to show the possibility of successful application of laser 
nerve welding in clinical settings, especially of head and neck area (Hwang et al., 2006).   
Hwang et al. performed additional study to compare laser nerve welding of hypoglossal-
facial nerve to microsurgical suturing and a result of immediate and delayed repair, and to 

evaluate the effectiveness of laser nerve welding in reanimation of facial paralysis of the 
rabbit models (Hwang et al., 2008). The first group underwent immediate HFA by 
microsurgical suturing and the second group by CO2 laser welding. The third group 
underwent delayed HFA by microsurgical suturing, and the fourth group by laser nerve 
welding. In laser welding group, one stay-suture of 9–0 nylon was applied temporarily only 
in mild tensed gap of the severed nerves (Fig. 3 & 4). 
In this study, in microsurgical suturing group, the mean number of labeled neurons in 
immediate HFA was significantly higher than in delayed HFA. The mean number of labeled 
neurons subjected to laser welding was higher than microsurgical suturing in the delayed 
HFA. In microsurgical suturing, axons may be caught up and displaced from their 
connections because of the passage and retention of sutures. And gaps persist in the 
epineurium between the sutures which can allow for connective tissue invasion or axonal 
extravasation (Eppley et al., 1989). In the delayed nerve repair, there were degeneration and 
weakness of epineural tissue and a lot of inflammation and scar tissues around the repair 
site. This result indicates that the sutures especially could be adverse to the regenerating 
axon with degeneration in a delayed nerve repair. 
In laser welding group, the mean number of labeled neurons was all but same in the 
immediate and delayed HFAs. Laser welding provides strict thermal effect on the 
epineurium without adding any damage to the adjacent tissue like underlying axons. Unlike 
sutures, this provides a seal around the epineurium without any potential for the 
introduction of foreign material into the underlying fascicular structures and makes no 
mechanical damage to the degenerated epineural tissue in the delayed repair (Eppley et al., 
1989). Therefore, the laser nerve welding may give a less trauma to the regenerated axon 
and the mean number of labeled neurons in the laser welding group was almost the same in 
the immediate and delayed HFAs in this study. 
There was little difference of nerve regeneration between laser welding and microsurgical 
suturing in the immediate HFA. In the immediate repair group in which there is little 
inflammation and scar tissue, the method of neurorrhaphy may not affect the regeneration 
of anastomosed hypoglossal-facial nerve. 
In this study, 1 epineurial stay-suture of 9–0 nylon was applied temporarily only in cases 
with mild tensed gap of the severed nerves. The stay-suture was used for approximation 
between both nerve ends and the repair sited was sealed circumferentially by laser nerve 
welding. No dehiscence was seen on the laser welding site of nerve anastomosis in all the 
rabbits.   
 

 
Fig. 3. Immediate postoperative photographs. (Left) Hypoglossal-facial nerve anastomosis (HFA) 
by laser nerve welding. Arrow indicates anastomosis site. (Right) HFA by microsurgical suturing. 
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significant stretching or tension as occurs with peripheral nerves in the extremities, such as 
the sciatic nerve (Huang et al., 1992). Thus, dehiscence is expected low in the head and neck 
area.  
Hypoglossal-facial anastomosis (HFA) is an alternative surgical measure of facial palsy as 
the facial nerve itself can not be restored. HFA is usually attempted in a delayed repair 
because it is difficult to suture directly a disrupted facial nerve in most clinical cases 
(Angelov & Gunkel, 1993; Chen & Hsu, 2000).  
Hwang et al. performed another study to compare laser nerve welding to microsurgical 
suturing of hypoglossal-facial anastomosis (HFA), and a result of immediate to delayed 
repair, and to evaluate the effect of laser nerve welding on HFA for reanimation of facial 
palsy in animal model of rats (Hwang et al., 2006). The first group underwent immediate 
HFA by microsurgical suturing and the second group by CO2 laser welding. The right 
hypoglossal nerve was transected 1 mm proximal to the bifurcation of the medial and lateral 
branches. The right facial nerve was transected at near stylomastoid foramen, sparing the 
posterior auricular branch. Proximal stump of the hypoglossal nerve and distal stump of the 
facial nerve were approximated by laser nerve welding without additional stay suture in the 
first group and by microsurgical suturing with three sutures of 9-0 nylon in the second 
group. The third group underwent delayed HFA by microsurgical suturing, and the fourth 
group by laser nerve welding. The right facial nerve was transected at near stylomastoid 
foramen, sparing the posterior auricular branch. The proximal stump was left, but the distal 
stump was tagged with a 9-0 nylon stitch before closing the wound. Ten days later, the 
distal stump of the facial nerve was explored. The previous tagged suture was removed, and 
a 1-mm segment of the stump was cut. Ipsilateral hypoglossal nerve was exposed and 
transected proximally at the bifurcation of its medial and lateral branch. Intact proximal 
stump of the hypoglossal nerve was approximated to the predegenerated distal stump of 
the facial nerve by laser nerve welding in the third group and by microsurgical suturing in 
the fourth group. 
In all rats of the four different treatment groups, cholera toxin B subunit (CTb) was injected 
in the epineurium distal to the anastomosis site on the postoperative 6th week. Neurons 
labeled CTb of hypoglossal nuclei were positive immunohistochemically, and the numbers 
were counted. There was no significant difference between immediate and delayed 
anastomosis in the laser welding group, but there was significance between immediate and 
delayed anastomosis in the microsurgical suturing group. No dehiscence in the laser 
welding site of nerve anastomosis was seen at the time of re-exploration for injection of CTb 
in all rats. This study showed that the regeneration of anastomosed hypoglossal-facial nerve 
was affected similarly by laser welding and microsurgical suturing, and more effective, 
especially in delayed repair. 
And tensile strength of the anastomosis site is insecure in the laser welded nerve. The 
cranial nerves in the head and neck area are not so tense as peripheral nerves in the 
extremities. A dehiscence rate of the laser welded nerves in the head and neck area is 
expectedly quite low (Huang et al., 1992). In this study, no dehiscence in the laser welding 
site of the nerve anastomosis was seen at the time of re-exploration for injection of CTb in all 
20 rats. These results were thought to show the possibility of successful application of laser 
nerve welding in clinical settings, especially of head and neck area (Hwang et al., 2006).   
Hwang et al. performed additional study to compare laser nerve welding of hypoglossal-
facial nerve to microsurgical suturing and a result of immediate and delayed repair, and to 

evaluate the effectiveness of laser nerve welding in reanimation of facial paralysis of the 
rabbit models (Hwang et al., 2008). The first group underwent immediate HFA by 
microsurgical suturing and the second group by CO2 laser welding. The third group 
underwent delayed HFA by microsurgical suturing, and the fourth group by laser nerve 
welding. In laser welding group, one stay-suture of 9–0 nylon was applied temporarily only 
in mild tensed gap of the severed nerves (Fig. 3 & 4). 
In this study, in microsurgical suturing group, the mean number of labeled neurons in 
immediate HFA was significantly higher than in delayed HFA. The mean number of labeled 
neurons subjected to laser welding was higher than microsurgical suturing in the delayed 
HFA. In microsurgical suturing, axons may be caught up and displaced from their 
connections because of the passage and retention of sutures. And gaps persist in the 
epineurium between the sutures which can allow for connective tissue invasion or axonal 
extravasation (Eppley et al., 1989). In the delayed nerve repair, there were degeneration and 
weakness of epineural tissue and a lot of inflammation and scar tissues around the repair 
site. This result indicates that the sutures especially could be adverse to the regenerating 
axon with degeneration in a delayed nerve repair. 
In laser welding group, the mean number of labeled neurons was all but same in the 
immediate and delayed HFAs. Laser welding provides strict thermal effect on the 
epineurium without adding any damage to the adjacent tissue like underlying axons. Unlike 
sutures, this provides a seal around the epineurium without any potential for the 
introduction of foreign material into the underlying fascicular structures and makes no 
mechanical damage to the degenerated epineural tissue in the delayed repair (Eppley et al., 
1989). Therefore, the laser nerve welding may give a less trauma to the regenerated axon 
and the mean number of labeled neurons in the laser welding group was almost the same in 
the immediate and delayed HFAs in this study. 
There was little difference of nerve regeneration between laser welding and microsurgical 
suturing in the immediate HFA. In the immediate repair group in which there is little 
inflammation and scar tissue, the method of neurorrhaphy may not affect the regeneration 
of anastomosed hypoglossal-facial nerve. 
In this study, 1 epineurial stay-suture of 9–0 nylon was applied temporarily only in cases 
with mild tensed gap of the severed nerves. The stay-suture was used for approximation 
between both nerve ends and the repair sited was sealed circumferentially by laser nerve 
welding. No dehiscence was seen on the laser welding site of nerve anastomosis in all the 
rabbits.   
 

 
Fig. 3. Immediate postoperative photographs. (Left) Hypoglossal-facial nerve anastomosis (HFA) 
by laser nerve welding. Arrow indicates anastomosis site. (Right) HFA by microsurgical suturing. 
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Arrow indicates suture site. Reproduced with permission (Hwang et al., 2008). 
This study showed that regeneration of the anastomosed hypoglossal-facial nerve was 
affected similarly by either laser welding or microsurgical suturing in immediate repair; 
however, the welding was more effective especially in delayed repair (Hwang et al., 2008). 
 

 
Fig. 4. Postoperative 6 weeks photographs. (Left) Hypo- glossal-facial nerve anastomosis 
(HFA) by laser nerve welding. Arrow indicates anastomosis site. (Right) HFA by 
microsurgical suturing. Arrow indicates suture site. Reproduced with permission (Hwang et 
al., 2008). 

 
3.2 Sciatic nerve repair  
Huang et al. performed a comparative study between microsuture and CO2 laser repair of 
transected sciatic nerves in rats (Huang et al., 1992). The left sciatic nerves of rats were 
transected and repaired by microsuture (six 10-0 nylon sutures) and laser nerve welding (CO2 
laser with 120 to 150 mW power setting, 0.5 mm spot size, 30 to 60 sec duration time, and two 
epineurial sutures of 10-0 nylon as markers). No attempt was made postoperatively to 
immobilize the lower extremity of the animals. Nerve regeneration was measured in terms of 
morphology, electrophysiology, and function. For measurement of motor function of sciatic 
nerve, ‘Sciatic function index’s, reflecting footprint length and width, toe spread, and stride 
length, were measured preoperatively, then weekly for the first 2 months postoperatively, and 
then every other week until 4 months after nerve repair. At 4 months after repair, the mean 
nerve conduction velocity of repaired sciatic nerves was measured.  
Functional recovery, as determined objectively using measurements of gait footprints, showed 
no difference between suture and laser repair. EMG and nerve conduction velocity were 
similar for the two repair methods. On histologic analysis, there was no difference in the size 
and number of regenerated axons. The laser repaired nerve demonstrated good axonal 
regeneration and no evidence of tissue charring or carbonaceous deposits. Good axonal 
regeneration was also found in microsuture repaired nerves. However, foreign body reactions 
were present surrounding the sutures and appeared to cause distortion of axon fibers and 
perineurial fibrosis around the suture granulomas. Laser nerve repair using epineurial 
welding and two anchoring sutures took approximately one-third less time than microsuture 
repair using six epineurial sutures. However, this study showed a 41% rate of nerve 
dehiscence in laser repair group, even with placement of two anchoring sutures, probably as a 
result of inadequate tensile strength of the anastomosis immediately postoperatively. The 
authors suggested that one possible solution of high dehiscence rate is to be temporarily 

immobilize the limb for 7 to 10 days postoperatively to allow adequate healing to occur before 
tension is allowed on the repaired nerve. However, laser nerve welding was faster and simpler 
than microsurgical suture repair and required less manipulation of the nerve.  
This study showed laser repair of peripheral nerve is possible with results comparable to 
conventional microsurgical nerve repair and laser nerve repair may be effective alternative to 
microsurgical suture repair (Huang et al., 1992).  
Happak reported an experimental study to obtain functional and morphologic informations by 
using a nerve coaptation technique by epineurial CO2 laser welding only (Happak et al., 2000). 
In this study, the sciatic nerves of 24 rats were transected and epineurially coapted with the 
CO2 laser at 60 mW, 135 um spot size or with microsuture as a control. Walking track analysis 
was carried out to evaluate the functional recovery, and the nerves were harvested for 
histology after 6 months of regeneration. None of the 24 nerves showed dehiscence of the 
coaptations, and all showed good nerve fiber regeneration. Better results were obtained for the 
functional evaluation of the sciatic function index (P<0.02) and the toe spread index (P < 0.04) 
from the laser nerve coaptations. Likewise, the morphologic evaluations of the fiber density 
(P<0.04) and area fraction (P < 0.002) were better in the laser group. The better functional and 
morphologic results of the LNC group might be explained by the avoidance of disturbing 
effects on nerve tissue and its regeneration due to laser welding. The thermal damage of the 
underlying nerve fascicles is described, as one concern, connected with the epineurial CO2 
laser welding (Trickett et al., 1997; Lauto et al., 1997). In this study, the authors selected the 
lowest power setting, 60 mW, to prevent the nervous tissue from any possible damage. They 
have found no hard evidence of such damage, because no carbonization of the epineurium 
was visible under the microscope during the welding procedure. The CO2 laser parameters 
chosen for this procedure kept the absorption depth of the light at a minimum, and it seemed 
to prevent any immediate damage. CO2 laser irradiation of the epineurium does not impair 
the nervous tissue in contrast to the damage caused by sutures in the control group. 
On gross morphology, the authors found neuromatous thickening, which was typical of the 
coaptation site in the microsuture group. The thickening of the coaptation site is described as 
the neuromatous regeneration of nerve fibers outside of the epineurium through the gaps 
between the sutures. Less neuromatous thickening was observed in the laser group, these 
findings are in accordance with the results of other authors (.Fischer et al., 1985; Ochi et al., 
1995; Almquist et al., 1994). In their opinion, this is due to the water tight seal of the 
epineurium, which prevented the sprouting of nerve fibers outside the epineurial tube. In the 
laser group, these fibers remain extrafascicular within the epineurium of the distal nerves and, 
thus, may contribute to the better functional results as a higher number of nerve fibers reach 
the target organ.  
And they conclude that a minimal amount of collagen and other proteins of the epineurium 
provide sufficient welding strength in case of an adequate laser irradiation being applied. This 
has been documented by the lack of dehiscences of the coapted nerves after 6 months of 
regeneration in this study. In this study, in the rat sciatic model, the laser nerve weldings are 
significantly better in several parameters than the sutured nerve repair (control) and CO2 laser 
welding may result in a better nerve regeneration with better functional outcome and may be a 
new approach for clinical trials. The results of this study could be to fulfill the aforementioned 
advantages by simply welding the epineurial edges of the transected sciatic nerve by using the 
CO2 laser, excluding additional aids (Happak et al., 2000).   
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Arrow indicates suture site. Reproduced with permission (Hwang et al., 2008). 
This study showed that regeneration of the anastomosed hypoglossal-facial nerve was 
affected similarly by either laser welding or microsurgical suturing in immediate repair; 
however, the welding was more effective especially in delayed repair (Hwang et al., 2008). 
 

 
Fig. 4. Postoperative 6 weeks photographs. (Left) Hypo- glossal-facial nerve anastomosis 
(HFA) by laser nerve welding. Arrow indicates anastomosis site. (Right) HFA by 
microsurgical suturing. Arrow indicates suture site. Reproduced with permission (Hwang et 
al., 2008). 

 
3.2 Sciatic nerve repair  
Huang et al. performed a comparative study between microsuture and CO2 laser repair of 
transected sciatic nerves in rats (Huang et al., 1992). The left sciatic nerves of rats were 
transected and repaired by microsuture (six 10-0 nylon sutures) and laser nerve welding (CO2 
laser with 120 to 150 mW power setting, 0.5 mm spot size, 30 to 60 sec duration time, and two 
epineurial sutures of 10-0 nylon as markers). No attempt was made postoperatively to 
immobilize the lower extremity of the animals. Nerve regeneration was measured in terms of 
morphology, electrophysiology, and function. For measurement of motor function of sciatic 
nerve, ‘Sciatic function index’s, reflecting footprint length and width, toe spread, and stride 
length, were measured preoperatively, then weekly for the first 2 months postoperatively, and 
then every other week until 4 months after nerve repair. At 4 months after repair, the mean 
nerve conduction velocity of repaired sciatic nerves was measured.  
Functional recovery, as determined objectively using measurements of gait footprints, showed 
no difference between suture and laser repair. EMG and nerve conduction velocity were 
similar for the two repair methods. On histologic analysis, there was no difference in the size 
and number of regenerated axons. The laser repaired nerve demonstrated good axonal 
regeneration and no evidence of tissue charring or carbonaceous deposits. Good axonal 
regeneration was also found in microsuture repaired nerves. However, foreign body reactions 
were present surrounding the sutures and appeared to cause distortion of axon fibers and 
perineurial fibrosis around the suture granulomas. Laser nerve repair using epineurial 
welding and two anchoring sutures took approximately one-third less time than microsuture 
repair using six epineurial sutures. However, this study showed a 41% rate of nerve 
dehiscence in laser repair group, even with placement of two anchoring sutures, probably as a 
result of inadequate tensile strength of the anastomosis immediately postoperatively. The 
authors suggested that one possible solution of high dehiscence rate is to be temporarily 

immobilize the limb for 7 to 10 days postoperatively to allow adequate healing to occur before 
tension is allowed on the repaired nerve. However, laser nerve welding was faster and simpler 
than microsurgical suture repair and required less manipulation of the nerve.  
This study showed laser repair of peripheral nerve is possible with results comparable to 
conventional microsurgical nerve repair and laser nerve repair may be effective alternative to 
microsurgical suture repair (Huang et al., 1992).  
Happak reported an experimental study to obtain functional and morphologic informations by 
using a nerve coaptation technique by epineurial CO2 laser welding only (Happak et al., 2000). 
In this study, the sciatic nerves of 24 rats were transected and epineurially coapted with the 
CO2 laser at 60 mW, 135 um spot size or with microsuture as a control. Walking track analysis 
was carried out to evaluate the functional recovery, and the nerves were harvested for 
histology after 6 months of regeneration. None of the 24 nerves showed dehiscence of the 
coaptations, and all showed good nerve fiber regeneration. Better results were obtained for the 
functional evaluation of the sciatic function index (P<0.02) and the toe spread index (P < 0.04) 
from the laser nerve coaptations. Likewise, the morphologic evaluations of the fiber density 
(P<0.04) and area fraction (P < 0.002) were better in the laser group. The better functional and 
morphologic results of the LNC group might be explained by the avoidance of disturbing 
effects on nerve tissue and its regeneration due to laser welding. The thermal damage of the 
underlying nerve fascicles is described, as one concern, connected with the epineurial CO2 
laser welding (Trickett et al., 1997; Lauto et al., 1997). In this study, the authors selected the 
lowest power setting, 60 mW, to prevent the nervous tissue from any possible damage. They 
have found no hard evidence of such damage, because no carbonization of the epineurium 
was visible under the microscope during the welding procedure. The CO2 laser parameters 
chosen for this procedure kept the absorption depth of the light at a minimum, and it seemed 
to prevent any immediate damage. CO2 laser irradiation of the epineurium does not impair 
the nervous tissue in contrast to the damage caused by sutures in the control group. 
On gross morphology, the authors found neuromatous thickening, which was typical of the 
coaptation site in the microsuture group. The thickening of the coaptation site is described as 
the neuromatous regeneration of nerve fibers outside of the epineurium through the gaps 
between the sutures. Less neuromatous thickening was observed in the laser group, these 
findings are in accordance with the results of other authors (.Fischer et al., 1985; Ochi et al., 
1995; Almquist et al., 1994). In their opinion, this is due to the water tight seal of the 
epineurium, which prevented the sprouting of nerve fibers outside the epineurial tube. In the 
laser group, these fibers remain extrafascicular within the epineurium of the distal nerves and, 
thus, may contribute to the better functional results as a higher number of nerve fibers reach 
the target organ.  
And they conclude that a minimal amount of collagen and other proteins of the epineurium 
provide sufficient welding strength in case of an adequate laser irradiation being applied. This 
has been documented by the lack of dehiscences of the coapted nerves after 6 months of 
regeneration in this study. In this study, in the rat sciatic model, the laser nerve weldings are 
significantly better in several parameters than the sutured nerve repair (control) and CO2 laser 
welding may result in a better nerve regeneration with better functional outcome and may be a 
new approach for clinical trials. The results of this study could be to fulfill the aforementioned 
advantages by simply welding the epineurial edges of the transected sciatic nerve by using the 
CO2 laser, excluding additional aids (Happak et al., 2000).   
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3.3 Complementary methods using stay sutures, protein solders  
Korff et al., attempted to improve on the laser welding technique by examining the effect of 
laser radiation on the compound action potential (CAP) of intact rat sciatic nerves (Korff et 
al., 1992). In the second phase of the study, a new technique to improve anastomotic 
strength was developed, S-Q weld, which involved harvesting a sheet of subcutaneous 
tissue from the experimental animal, wrapping it around the cut nerve ends, and lasering it 
to the epineurium. The final part of the study examined the long term effectiveness of the 
technique as compared to microsuture repair in the rat sciatic nerve model.  
In S-Q weld procedure, the nerve ends were reapproximated and the subcutaneous tissue 
was wrapped around the nerve and spot welded to the epineurium using CO2 laser with 1.0 
w, 0.05 s, 0.36mm spot size. Multiple pulses were applied to the S-Q sheath around a 
circumference of 180 degrees to allow adequate stump alignment.  
CO2 laser produced almost no decrease in CAP transmission at 0.5 watts. However, this 
level of irradiation did not provide adequate bonding of subcutaneous tissue to nerve 
epineurium during S-Q welding. In this study, a higher power of 1.0 w was used, because it 
produced adequate bonding with minimal anticipated increase in damage to endoneural 
axons and support structures. The strength of the S-Q weld was considerably greater than 
that produced by laser welding alone. And the other phase of the study compared 
regeneration at 2 months in severed rat sciatic nerves repaired by either microsuture or S-Q 
weld. Analysis of the compound action potential values indicated that the number of 
regenerating fibers after laser repair was greater than that after suture repair, although a 
significant difference could not be demonstrated.   
The S-Q weld technique uses host tissue, which is allographic, biocompatible, and readily 
available, to provide an instrument for sealing and binding severed nerve stumps. Using 
this approach, the laser energy is focused on the subcutaneous wrap at sites removed from 
the actual nerve juncture, where scarring and neuroma formation should be avoided. The 
tensile strength of the S-Q weld immediately after repair was far greater than the tensile 
strength without subcutaneous sheath. The strength of S-Q welded nerves was also inferior 
to the tensile strength of the acute suture repair, but the improvement over CO2 laser weld 
alone was substantial and would encourage further refinement of this procedure.  
The authors concluded that laser nerve welding using the S-Q weld technique has several 
theoretical advantages over suture repair. The observed improvement in initial anastomotic 
strength over laser repair alone warrants the need for further investigation with different 
laser energies and other improvement in technique (Korff et al., 1992).   
Menovsky et al. designed experimental study to investigate the in vitro bonding strength of 
nerves welded by a CO2 laser at different radiant exposures and exposure times. Laser 
nerve welding was performed at 15 different laser settings (power outputs of 50, 100 and 
150 mW; pulse durations of 0.1, 0.5, 1.0, 2.0, and 3.0s) with a spot size of 320 um. The effect 
of different solders on the bonding strength was investigated and compared to conventional 
microsurgical suture repair, laser assisted nerve repair, and fibrin glue repair. As a solder, 5 
and 20 % albumin solution, dried albumin solution, egg white, fibrinogen solution, fibrin 
glue, and red blood cells were used (Menovsky et al., 1994).  
The strongest welds (associated with whitening and caramelization of tissue) were 
produced at 100 mW with pulses of 1.0 s and at 50 mW with pulses of 3 s. The use of a dried 
albumin solution as a solder at 100 mW with pulses of 1 s increased the bonding strength 9-
fold as compared to LNW. However, positioning the nerves between cottons soaked in 

saline for 20 minutes (rehydration) resulted in a decrease of the bonding strength. Other 
solders did not increase the bonding strength in comparison to LNW. Understanding of the 
precise mechanism of the fusion process, however, might lead to an appropriate selection of 
the concentration and kind of proteins to be used as a solder. Although the bonding strength 
of LNW in combination with the use of 20% albumin solution and egg white as a solder was 
lower than in CMSR, improvement over LNW alone was substantial and encourages further 
in vivo research on the use of solders. 
In this study, the bonding strength of LNW performed at optimal laser settings was 
significantly lower than in CMSR (bonding strength 2.4 +- 0.9 versus 29.6 +- 10.4 g). 
Comparison between the fibrin glue repair and LNW without solder showed no differences. 
For LANR using one 10-0 nylon stay suture, the bonding strength was about 20% that of the 
nerves sutured with four 10-0 nylon stay sutures and was independent of the laser settings 
used.  
Despite the low bonding strength of LNW, it seems likely that the strength of the weld will 
increase in time in vivo studies (Menovsky et al., 1994; Richmond, 1986). The critical period 
for dehiscence is the first week postoperatively before the fibroblasts have formed a definite 
closure of the wound. Maragh et al. reported that LNW (90-95 mW, 200 um spot size, 0.2s 
exposure time) had a strength of 43.1 g at day 4 postoperatively. At day 8, LNW had a 
strength comparable to the epineurial suture control group (166.7 g) (Maragh et al., 1988). 
Thus, for 7 to 10 days postoperatively to allow adequate healing to occur before tension is 
allowed on the repaired nerve, additional complement such as temporary splint to limb 
could be one possible solution.  
The substantial increase in bonding strength for some solders suggests that it is worthwhile 
to investigate the dehiscence rate and nerve regeneration of solder enhanced LNW in an in 
vivo study.  
One possible source of complications with the use of solders in general could be the 
persistence of solder between the nerve ends. If this happens, the solder could block the 
sprouting axons and could induce scar tissue formation between the nerve ends. Therefore, 
it is preferable to weld the epineuria first and then to continue the procedure with solder. 
Also, premature absorption and disintegration of the solder is possible, which may result in 
early dehiscence of the union. 
The authors demonstrated that (1) the operation time of LNW or LNW + solder is short 
compared to CMSR, (2) the strongest welds are associated with specific changes in tissue 
appearance, which can be used to determine the end point of the welding, (3) that LNW in 
combination with 20% albumin solution, dried albumin solution, and egg white as solders 
gives bonding strengths that may be sufficient for holding the nerve ends together in an in 
vivo study, and (4) that the strongest welds in LNW and LNW + solder were found at 
100mW with pulses of 1.0 s and at 50 mW with pulses of 3.0s (Menovsky et al., 1994).  
Menovsky et al. performed a study to evaluate CO2 laser–assisted nerve repair and compare 
it with nerve repair performed with fibrin glue or absorbable sutures (Menovsky & Beek, 
2001). The sciatic nerves of rats were sharply transected and approximated using two 10-0 
absorbable sutures and then fused by means of CO2 milliwatt laser welding (power 100 mW, 
exposure time 1 second per pulse, spot size 320um), with the addition of a protein solder 
(bovine albumin) to reinforce the repair site. The control groups consisted of rats in which 
the nerves were approximated with two 10-0 absorbable sutures and subsequently glued 
using a fibrin sealant (Tissucol), and rats in which the nerves were repaired using 
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3.3 Complementary methods using stay sutures, protein solders  
Korff et al., attempted to improve on the laser welding technique by examining the effect of 
laser radiation on the compound action potential (CAP) of intact rat sciatic nerves (Korff et 
al., 1992). In the second phase of the study, a new technique to improve anastomotic 
strength was developed, S-Q weld, which involved harvesting a sheet of subcutaneous 
tissue from the experimental animal, wrapping it around the cut nerve ends, and lasering it 
to the epineurium. The final part of the study examined the long term effectiveness of the 
technique as compared to microsuture repair in the rat sciatic nerve model.  
In S-Q weld procedure, the nerve ends were reapproximated and the subcutaneous tissue 
was wrapped around the nerve and spot welded to the epineurium using CO2 laser with 1.0 
w, 0.05 s, 0.36mm spot size. Multiple pulses were applied to the S-Q sheath around a 
circumference of 180 degrees to allow adequate stump alignment.  
CO2 laser produced almost no decrease in CAP transmission at 0.5 watts. However, this 
level of irradiation did not provide adequate bonding of subcutaneous tissue to nerve 
epineurium during S-Q welding. In this study, a higher power of 1.0 w was used, because it 
produced adequate bonding with minimal anticipated increase in damage to endoneural 
axons and support structures. The strength of the S-Q weld was considerably greater than 
that produced by laser welding alone. And the other phase of the study compared 
regeneration at 2 months in severed rat sciatic nerves repaired by either microsuture or S-Q 
weld. Analysis of the compound action potential values indicated that the number of 
regenerating fibers after laser repair was greater than that after suture repair, although a 
significant difference could not be demonstrated.   
The S-Q weld technique uses host tissue, which is allographic, biocompatible, and readily 
available, to provide an instrument for sealing and binding severed nerve stumps. Using 
this approach, the laser energy is focused on the subcutaneous wrap at sites removed from 
the actual nerve juncture, where scarring and neuroma formation should be avoided. The 
tensile strength of the S-Q weld immediately after repair was far greater than the tensile 
strength without subcutaneous sheath. The strength of S-Q welded nerves was also inferior 
to the tensile strength of the acute suture repair, but the improvement over CO2 laser weld 
alone was substantial and would encourage further refinement of this procedure.  
The authors concluded that laser nerve welding using the S-Q weld technique has several 
theoretical advantages over suture repair. The observed improvement in initial anastomotic 
strength over laser repair alone warrants the need for further investigation with different 
laser energies and other improvement in technique (Korff et al., 1992).   
Menovsky et al. designed experimental study to investigate the in vitro bonding strength of 
nerves welded by a CO2 laser at different radiant exposures and exposure times. Laser 
nerve welding was performed at 15 different laser settings (power outputs of 50, 100 and 
150 mW; pulse durations of 0.1, 0.5, 1.0, 2.0, and 3.0s) with a spot size of 320 um. The effect 
of different solders on the bonding strength was investigated and compared to conventional 
microsurgical suture repair, laser assisted nerve repair, and fibrin glue repair. As a solder, 5 
and 20 % albumin solution, dried albumin solution, egg white, fibrinogen solution, fibrin 
glue, and red blood cells were used (Menovsky et al., 1994).  
The strongest welds (associated with whitening and caramelization of tissue) were 
produced at 100 mW with pulses of 1.0 s and at 50 mW with pulses of 3 s. The use of a dried 
albumin solution as a solder at 100 mW with pulses of 1 s increased the bonding strength 9-
fold as compared to LNW. However, positioning the nerves between cottons soaked in 

saline for 20 minutes (rehydration) resulted in a decrease of the bonding strength. Other 
solders did not increase the bonding strength in comparison to LNW. Understanding of the 
precise mechanism of the fusion process, however, might lead to an appropriate selection of 
the concentration and kind of proteins to be used as a solder. Although the bonding strength 
of LNW in combination with the use of 20% albumin solution and egg white as a solder was 
lower than in CMSR, improvement over LNW alone was substantial and encourages further 
in vivo research on the use of solders. 
In this study, the bonding strength of LNW performed at optimal laser settings was 
significantly lower than in CMSR (bonding strength 2.4 +- 0.9 versus 29.6 +- 10.4 g). 
Comparison between the fibrin glue repair and LNW without solder showed no differences. 
For LANR using one 10-0 nylon stay suture, the bonding strength was about 20% that of the 
nerves sutured with four 10-0 nylon stay sutures and was independent of the laser settings 
used.  
Despite the low bonding strength of LNW, it seems likely that the strength of the weld will 
increase in time in vivo studies (Menovsky et al., 1994; Richmond, 1986). The critical period 
for dehiscence is the first week postoperatively before the fibroblasts have formed a definite 
closure of the wound. Maragh et al. reported that LNW (90-95 mW, 200 um spot size, 0.2s 
exposure time) had a strength of 43.1 g at day 4 postoperatively. At day 8, LNW had a 
strength comparable to the epineurial suture control group (166.7 g) (Maragh et al., 1988). 
Thus, for 7 to 10 days postoperatively to allow adequate healing to occur before tension is 
allowed on the repaired nerve, additional complement such as temporary splint to limb 
could be one possible solution.  
The substantial increase in bonding strength for some solders suggests that it is worthwhile 
to investigate the dehiscence rate and nerve regeneration of solder enhanced LNW in an in 
vivo study.  
One possible source of complications with the use of solders in general could be the 
persistence of solder between the nerve ends. If this happens, the solder could block the 
sprouting axons and could induce scar tissue formation between the nerve ends. Therefore, 
it is preferable to weld the epineuria first and then to continue the procedure with solder. 
Also, premature absorption and disintegration of the solder is possible, which may result in 
early dehiscence of the union. 
The authors demonstrated that (1) the operation time of LNW or LNW + solder is short 
compared to CMSR, (2) the strongest welds are associated with specific changes in tissue 
appearance, which can be used to determine the end point of the welding, (3) that LNW in 
combination with 20% albumin solution, dried albumin solution, and egg white as solders 
gives bonding strengths that may be sufficient for holding the nerve ends together in an in 
vivo study, and (4) that the strongest welds in LNW and LNW + solder were found at 
100mW with pulses of 1.0 s and at 50 mW with pulses of 3.0s (Menovsky et al., 1994).  
Menovsky et al. performed a study to evaluate CO2 laser–assisted nerve repair and compare 
it with nerve repair performed with fibrin glue or absorbable sutures (Menovsky & Beek, 
2001). The sciatic nerves of rats were sharply transected and approximated using two 10-0 
absorbable sutures and then fused by means of CO2 milliwatt laser welding (power 100 mW, 
exposure time 1 second per pulse, spot size 320um), with the addition of a protein solder 
(bovine albumin) to reinforce the repair site. The control groups consisted of rats in which 
the nerves were approximated with two 10-0 absorbable sutures and subsequently glued 
using a fibrin sealant (Tissucol), and rats in which the nerves were repaired using 
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conventional microsurgical sutures (four to six 10-0 sutures in the perineurium or 
epineurium). Evaluation was performed 16 weeks postsurgery and included the toe-
spreading test and light microscopy and morphometric assessment. The motor function of 
the nerves in all groups showed gradual improvement with time. At 16 weeks, the motor 
function was approximately 60% of the normal function, and there were no significant 
differences among the groups. On histological studies, all nerves revealed various degrees 
of axonal regeneration, with myelinated fibers in the distal nerve segments. There were 
slight differences in favor of the group treated with laser repair. There were no significant 
differences in the number, density, or diameter of the axons in the proximal or distal nerve 
segments among the three nerve repair groups, although there was a trend toward more 
and thicker myelinated axons in the distal segments of the laser-repaired nerves.  
Soldering procedures rely on laser energy to produce fixation of the solder to the tissue 
(Menovsky et al., 1996; Menovsky et al., 1997). The protein behaves the same way in the 
welding process as does an inorganic solder used to join metal parts with the application of 
heat. In this way, a sleeve-type joint is formed by the solder, which is much stronger 
mechanically than a simple edge-to-edge joint. In addition to being mechanically stronger, 
laser soldering methods may be more technically forgiving than non soldering methods, 
because the solder may be able to bridge small gaps in coaptation that would otherwise 
produce a lead point for separation of the weld, and therefore it may reduce the need for 
stay sutures. Solder may also be beneficial in that it can protect the underlying tissue from 
the damaging thermal effects seen with non soldering methods. 
It was found that CO2 laser–assisted nerve repair with soldering is at least equal to fibrin 
glue and suture repair in effectiveness in a rodent model of sciatic nerve repair (Menovsky 
& Beek, 2001).  
The clinical application of laser assisted nerve repair (LANR) is limited by the high 
dehiscence rate and the inability of achieving consistent successful laser welds (Korff et al., 
1992; Huang et al., 1992). So far, two sutures placed equidistantly are thought to be essential 
to facilitate the initial coaptation and subsequent handling of the nerve during LANR. In 
this case, an important issue is the choice of suture material which is used in combination 
with laser repair, and it is important to use sutures which cause the least tissue reaction. 
Menovsky et al. tried to find an optimal laser assisted technique which would result in the 
most favorable nerve healing, by choosing several suture materials and adding solder to the 
repair site. This study was designed to investigate regeneration of peripheral nerves 
repaired with a CO2 milliwatt laser in combination with three different suture materials and 
a bovine albumin protein solder (Menovsky & Beek, 2003).  
In the laser repair group, the nerves ends were approximated with two stay sutures, 
including 10-0 nylon, 10-0 PGA, and 25-um-thick stainless steel. Thereafter, circumferential 
irradiation of the nerve with a CO2 milliwatt laser was performed at 100 mW, with pulses of 
1.0 s and a spot size of 320 um. A total of 5-8 pulses were needed for each nerve, with a total 
irradiation time of 5-8 s. In the fourth subgroup of laser repair, the nerves were 
approximated with two 10-0 nylon stay sutures, and a protein solder consisting of bovine 
albumin powder dissolved in saline was applied to the repair site. The control group 
consisted of nerves repaired by conventional microsurgical suture repair (CMSR), using 4-6 
10-0 nylon sutures.  
Evaluation was performed at 1 and 6 weeks after surgery, and included qualitative and 
semiquantitative light microscopy. At sacrifice, no dehiscence was observed, and all nerves 

were in continuity. After 6 weeks, the nylon and stainless steel sutures were visibly 
detectable; the PGA sutures were not. LANR performed with a protein solder results in 
good early peripheral nerve regeneration, with an optimal alignment of nerve fibers and 
minimal connective tissue proliferation at the repair site. All three suture materials 
produced a foreign body reaction; the least severe was with polyglycolic acid sutures. CMSR 
resulted in more pronounced foreign-body granulomas at the repair site, with more 
connective-tissue proliferation and axonal misalignment. Furthermore, axonal regeneration 
in the distal nerve segment was better in the laser groups. Based on these results, CO2 laser-
assisted nerve repair with soldering in combination with absorbable sutures has the 
potential of allowing healing to occur with the least foreign-body reaction at the repair site.  
In this study, the authors concluded that LANR with the addition of a protein solder leads 
to optimal early histological results. Concerning the choice of suture material, PGA sutures 
can be used for LANR and have the potential of allowing healing to occur with the least 
foreign-body reaction at the repair site. In further experiments, the combination of PGA 
sutures and LANR using a solder may further improve the histological results (Menovsky & 
Beek, 2003).  

 
4. Conclusion   

Laser nerve welding of peripheral nerves may offer several advantages over conventional 
microsurgical suture repair, such as a less trauma to the tissue, less inflammatory reaction, a 
water tight seal of the epineurium and a faster surgical procedure (Menovsky et al., 1995).  
Nevertheless, the clinical application of laser-assisted nerve repair has been limited by the 
risk of dehiscence in the postoperative period and the inability to achieve consistently 
successful laser welds (Korff et al., 1992; Maragh et al., 1988; Dubuisson & Kline, 1993).  
In previous studies, the high risk of nerve dehiscence has been overcome by placing one or 
two stay sutures before laser welding (Fischer et al., 1985; Beggs et al., 1986) or, by the use of 
protein solders, which are melted onto the outer surface of the repair site, resulting in 
stronger welds (Menovsky et al., 1994). Besides the use of protein solders, extra tissues for 
improving the bonding strength have been used, which included perineurial and epineurial 
tissue as a supplement for the welding procedure (Kim & Kline, 1990), and LNW in 
combination with subcutaneous tissue wrapped around the nerve (Korff et al., 1992).   
As reported in the rat sciatic nerve model, there was no significant difference in tensile 
strength of the laser repaired nerves and the suture repaired nerves at 8 days 
postoperatively (Maragh et al., 1988). The critical period is clearly the first week before host-
connective tissue elements add the necessary stability. To make laser repair an attractive 
alternative to suture repair, the tensile strength of the laser repaired nerve must be 
improved further, especially during this period (Korff et al., 1992). In experimental studies, 
the bonding strength for LNW with additional aids, as stay suture, protein solder, 
subcutaneous tissue, was inferior to the tensile strength of the acute suture repair, but the 
substantial improvement over CO2 laser alone would encourage further refinement of this 
procedure.  
However, some authors suggested that a minimal amount of collagen and other proteins of 
the epineurium provide sufficient welding strength in case of an adequate laser irradiation 
being applied without additional bonding materials or stay suture. This has been 
documented by the lack of dehiscences of the coapted nerves after 6 months of regeneration 
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conventional microsurgical sutures (four to six 10-0 sutures in the perineurium or 
epineurium). Evaluation was performed 16 weeks postsurgery and included the toe-
spreading test and light microscopy and morphometric assessment. The motor function of 
the nerves in all groups showed gradual improvement with time. At 16 weeks, the motor 
function was approximately 60% of the normal function, and there were no significant 
differences among the groups. On histological studies, all nerves revealed various degrees 
of axonal regeneration, with myelinated fibers in the distal nerve segments. There were 
slight differences in favor of the group treated with laser repair. There were no significant 
differences in the number, density, or diameter of the axons in the proximal or distal nerve 
segments among the three nerve repair groups, although there was a trend toward more 
and thicker myelinated axons in the distal segments of the laser-repaired nerves.  
Soldering procedures rely on laser energy to produce fixation of the solder to the tissue 
(Menovsky et al., 1996; Menovsky et al., 1997). The protein behaves the same way in the 
welding process as does an inorganic solder used to join metal parts with the application of 
heat. In this way, a sleeve-type joint is formed by the solder, which is much stronger 
mechanically than a simple edge-to-edge joint. In addition to being mechanically stronger, 
laser soldering methods may be more technically forgiving than non soldering methods, 
because the solder may be able to bridge small gaps in coaptation that would otherwise 
produce a lead point for separation of the weld, and therefore it may reduce the need for 
stay sutures. Solder may also be beneficial in that it can protect the underlying tissue from 
the damaging thermal effects seen with non soldering methods. 
It was found that CO2 laser–assisted nerve repair with soldering is at least equal to fibrin 
glue and suture repair in effectiveness in a rodent model of sciatic nerve repair (Menovsky 
& Beek, 2001).  
The clinical application of laser assisted nerve repair (LANR) is limited by the high 
dehiscence rate and the inability of achieving consistent successful laser welds (Korff et al., 
1992; Huang et al., 1992). So far, two sutures placed equidistantly are thought to be essential 
to facilitate the initial coaptation and subsequent handling of the nerve during LANR. In 
this case, an important issue is the choice of suture material which is used in combination 
with laser repair, and it is important to use sutures which cause the least tissue reaction. 
Menovsky et al. tried to find an optimal laser assisted technique which would result in the 
most favorable nerve healing, by choosing several suture materials and adding solder to the 
repair site. This study was designed to investigate regeneration of peripheral nerves 
repaired with a CO2 milliwatt laser in combination with three different suture materials and 
a bovine albumin protein solder (Menovsky & Beek, 2003).  
In the laser repair group, the nerves ends were approximated with two stay sutures, 
including 10-0 nylon, 10-0 PGA, and 25-um-thick stainless steel. Thereafter, circumferential 
irradiation of the nerve with a CO2 milliwatt laser was performed at 100 mW, with pulses of 
1.0 s and a spot size of 320 um. A total of 5-8 pulses were needed for each nerve, with a total 
irradiation time of 5-8 s. In the fourth subgroup of laser repair, the nerves were 
approximated with two 10-0 nylon stay sutures, and a protein solder consisting of bovine 
albumin powder dissolved in saline was applied to the repair site. The control group 
consisted of nerves repaired by conventional microsurgical suture repair (CMSR), using 4-6 
10-0 nylon sutures.  
Evaluation was performed at 1 and 6 weeks after surgery, and included qualitative and 
semiquantitative light microscopy. At sacrifice, no dehiscence was observed, and all nerves 

were in continuity. After 6 weeks, the nylon and stainless steel sutures were visibly 
detectable; the PGA sutures were not. LANR performed with a protein solder results in 
good early peripheral nerve regeneration, with an optimal alignment of nerve fibers and 
minimal connective tissue proliferation at the repair site. All three suture materials 
produced a foreign body reaction; the least severe was with polyglycolic acid sutures. CMSR 
resulted in more pronounced foreign-body granulomas at the repair site, with more 
connective-tissue proliferation and axonal misalignment. Furthermore, axonal regeneration 
in the distal nerve segment was better in the laser groups. Based on these results, CO2 laser-
assisted nerve repair with soldering in combination with absorbable sutures has the 
potential of allowing healing to occur with the least foreign-body reaction at the repair site.  
In this study, the authors concluded that LANR with the addition of a protein solder leads 
to optimal early histological results. Concerning the choice of suture material, PGA sutures 
can be used for LANR and have the potential of allowing healing to occur with the least 
foreign-body reaction at the repair site. In further experiments, the combination of PGA 
sutures and LANR using a solder may further improve the histological results (Menovsky & 
Beek, 2003).  

 
4. Conclusion   

Laser nerve welding of peripheral nerves may offer several advantages over conventional 
microsurgical suture repair, such as a less trauma to the tissue, less inflammatory reaction, a 
water tight seal of the epineurium and a faster surgical procedure (Menovsky et al., 1995).  
Nevertheless, the clinical application of laser-assisted nerve repair has been limited by the 
risk of dehiscence in the postoperative period and the inability to achieve consistently 
successful laser welds (Korff et al., 1992; Maragh et al., 1988; Dubuisson & Kline, 1993).  
In previous studies, the high risk of nerve dehiscence has been overcome by placing one or 
two stay sutures before laser welding (Fischer et al., 1985; Beggs et al., 1986) or, by the use of 
protein solders, which are melted onto the outer surface of the repair site, resulting in 
stronger welds (Menovsky et al., 1994). Besides the use of protein solders, extra tissues for 
improving the bonding strength have been used, which included perineurial and epineurial 
tissue as a supplement for the welding procedure (Kim & Kline, 1990), and LNW in 
combination with subcutaneous tissue wrapped around the nerve (Korff et al., 1992).   
As reported in the rat sciatic nerve model, there was no significant difference in tensile 
strength of the laser repaired nerves and the suture repaired nerves at 8 days 
postoperatively (Maragh et al., 1988). The critical period is clearly the first week before host-
connective tissue elements add the necessary stability. To make laser repair an attractive 
alternative to suture repair, the tensile strength of the laser repaired nerve must be 
improved further, especially during this period (Korff et al., 1992). In experimental studies, 
the bonding strength for LNW with additional aids, as stay suture, protein solder, 
subcutaneous tissue, was inferior to the tensile strength of the acute suture repair, but the 
substantial improvement over CO2 laser alone would encourage further refinement of this 
procedure.  
However, some authors suggested that a minimal amount of collagen and other proteins of 
the epineurium provide sufficient welding strength in case of an adequate laser irradiation 
being applied without additional bonding materials or stay suture. This has been 
documented by the lack of dehiscences of the coapted nerves after 6 months of regeneration 
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in their study (Happak et al., 2000). In some studies of facial nerve repair and facial-
hypoglossal nerve anastomosis, no dehiscence in the laser welding site was seen. They did 
not perform supportive procedures to enhance the laser welding site (Hwang et al., 2005; 
Hwang et al., 2006). These results indicate that the cranial nerves, including the facial nerve 
and other nerves in the head and neck, are not subjected to significant stretching or tension 
as occurs with peripheral nerves in the extremities, such as the sciatic nerve (Huang et al., 
1992). Thus, dehiscence is expected low in the head and neck area. And these studies 
showed that the regeneration of anastomosed nerve by laser nerve welding was affected 
more effectively especially in delayed repair. These results were thought to show the 
possibility of successful application of laser nerve welding in clinical settings, especially of 
head and neck area (Hwang et al., 2006).   
Moreover, consistent achievement of successful laser nerve weld can be increased by careful 
selection of the laser parameters and technique and by the aforementioned use of additional 
aids. 
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in their study (Happak et al., 2000). In some studies of facial nerve repair and facial-
hypoglossal nerve anastomosis, no dehiscence in the laser welding site was seen. They did 
not perform supportive procedures to enhance the laser welding site (Hwang et al., 2005; 
Hwang et al., 2006). These results indicate that the cranial nerves, including the facial nerve 
and other nerves in the head and neck, are not subjected to significant stretching or tension 
as occurs with peripheral nerves in the extremities, such as the sciatic nerve (Huang et al., 
1992). Thus, dehiscence is expected low in the head and neck area. And these studies 
showed that the regeneration of anastomosed nerve by laser nerve welding was affected 
more effectively especially in delayed repair. These results were thought to show the 
possibility of successful application of laser nerve welding in clinical settings, especially of 
head and neck area (Hwang et al., 2006).   
Moreover, consistent achievement of successful laser nerve weld can be increased by careful 
selection of the laser parameters and technique and by the aforementioned use of additional 
aids. 
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1. Introduction    

Laser welding of aluminium alloys is an important industrial technology and yet many 
challenges still lie ahead. Laser welding studies were reported almost within two years since 
the first laser was invented in 1960. However, practical metal seam welding was not feasible 
until the early 1970s when multi-kilowatt, continuous wave CO2 lasers were developed to 
allow for deep penetration keyhole welding (Duley, 1999). Unfortunately, the application for 
deep penetration welding of aluminium was limited due to its very high reflectivity at the 
relatively long wavelength (10.6 micron) of CO2 lasers. Flash-pumped Nd:YAG lasers with a 
1.06 micron wavelength were not suitable due to their low power and extremely poor 
efficiency at the time. Since the 1980s, high power seam welding of carbon steels using 
multi-kilowatt CO2 lasers has become a regular industrial practice, in particular in the 
automotive industry. In the mid 1990s, diode pumped Nd:YAG lasers were developed that 
offered kilowatt power and high efficiency. As a result, aluminium laser welding became 
more feasible because the beam absorption of aluminium alloys at 1.06 micron is three times 
as much as it is at 10.6 micron. Nevertheless, the poor beam quality and high cost of diode-
pumped Nd:YAG lasers still hinders their acceptance in industry. In the early 2000s, with 
the arrival of single-mode and multi-mode high power fiber lasers at a 1.075 micron 
wavelength, along with excellent beam quality and low maintenance cost, the expectation 
was that the advantage of laser welding aluminium components could be better realized.   
The requirement of very high laser power for aluminium welding is not only due to its high 
reflectivity and high heat conductivity. Aluminium has been known to be one of the most 
challenging metals to weld successfully (Mandal, 2002). Other factors affecting the weld 
quality of aluminium alloys include different kinds of porosity formation, hot tearing, 
solidification cracking, oxide inclusions and loss of alloying elements. It has been found that 
weld porosities can be significantly suppressed at high welding speeds. In order to maintain 
a stable keyhole at high speeds, very high laser power is needed. What has been less 
explored is the reason why the welding process becomes less stable and prone to defects as 
the speed is reduced. There are many applications where high speed welding is not suitable. 
With the expansion of modern miniaturized consumer products, the weld path can be short 
and with intricate shapes. High welding speed may not be effective due to the short paths 
and constant accelerations and decelerations required to follow the path precisely. One such 
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application is the fusion of fatigue cracks in aluminium parts, where a crack path is 
irregular. It also has been shown that welding at a lower processing speed can reduce the 
tendency of transverse solidification cracking. Finally, with the availability of better laser 
sources such as high power fiber lasers, it is important to expand laser welding of 
aluminium to wider processing conditions for various applications.  
This book chapter will discuss latest research results in extending laser welding of 
aluminium in the low speed range by investigating the welding instability phenomena. The 
following topics will be discussed: 
 

- Aluminium alloys and welding defects 
- Brief review of high speed laser welding of aluminium 
- High power fiber lasers and optical setups 
- Process modelling of laser welding of aluminium 
- Experimental process characterization of low speed welding 
- The instability and defects at low speed welding 
- Applications of fatigue crack repair in aluminium 

 
First, the properties of aluminium alloys and the cause of welding defects are discussed. 
Prior to discussing low speed welding, a brief review of high speed laser welding of 
aluminium is provided. The characteristics of high power fiber lasers and their optical 
setups for welding applications, such as focusing lens, assist gas, alignments, and damage 
prevention due to beam reflection by aluminium are then presented. The chapter then 
proceeds to present recent research results in low speed laser welding of aluminium, which 
includes theoretical process modelling, experimental process characterization, in-process 
monitoring of several critical signals, such as plasma radiation and beam reflection, as well 
as the causes and consequences of process instability at low speeds. The transition of process 
stability from medium welding to a low speed threshold and its mechanisms are explored. 
Finally, an application of low speed laser welding of aluminium for fatigue crack repair is 
given. A discussion on different applications and future development conclude the chapter. 

 
2. Background and Reviews 

2.1 Aluminium Alloys 
Aluminium alloys can be separated into two major categories: Non heat-treatable and heat-
treatable. The initial strength of non heat-treatable alloys depends primarily upon the 
hardening effect of alloying elements such as silicon, iron, manganese and magnesium. The 
non heat-treatable alloys are mainly found in 1xxx, 3xxx, 4xxx and 5xxx series. Additional 
strength is usually achieved by solid-solution strengthening or strain hardening.  
The initial strength of heat-treatable alloys depends upon the alloy composition, just like the 
non heat-treatable alloys. In order to improve their mechanical properties they need to 
undergo solution heat treating and quenching followed by either natural or artificial aging 
(precipitation hardening). This treatment involves maintaining the work piece at an elevated 
temperature, followed by controlled cooling in order to achieve maximum hardening. The 
heat-treatable alloys are found primarily in the 2xxx, 6xxx and 7xxx alloy series (ibid).  
The 7xxx series alloys contain zinc in amounts between 4 and 8 % and magnesium in 
amounts between 1 and 3 %. Both have high solid solubility in aluminium. The addition of 

 

magnesium produces a marked increase in precipitation hardening characteristics. Copper 
additions between 1 and 2 % increase the strength by solid solution hardening, and form the 
basis of high strength aircraft alloys. The addition of chromium, typically up to 0.3 %, 
improves stress corrosion cracking resistance. The 7xxx series alloys are predominantly used 
in aerospace applications, 7075-T6 being the principal high strength aircraft alloy (Ion, 2000). 
This chapter will focus on fiber laser welding of 7075-T6 because of its predominant use in 
aircraft components. 

 
2.2 Laser Welding Defects in Aluminium 

Laser welding is one of the most promising metal joining methods because it can provide 
high productivity, high weld quality, high welding speed, high weld aspect ratio, low heat 
input, low distortion, manufacturing flexibility and ease of automation (Duley, 1999, 
Mandal, 2002). According to a study on phase transformations in weldments (Cieslak, 1992), 
solidification rates of 102 to 103 oC/sec encountered in conventional arc welding processes, 
are much lower compared to high-energy density laser processes which reach 105 to 106 
oC/sec as a result of high heat input experienced at high travel speeds. Under these 
processing conditions the weld metal microstructure bears no resemblance to that expected 
as the result of arc welding. Consequently, the weldment is mostly comprised by fine-
grained microstructures.  
There are four major types of weld defects in laser welding of aluminium: a) porosity, b) 
cracking, c) inclusions and d) loss of alloying elements (Matsunawa, 1994, Cao, et al., 2003). 
Hydrogen porosity: Hydrogen is very soluble in aluminium and its alloys. Most gas porosities 
precipitated in aluminium alloys are attributed to hydrogen. The solubility of hydrogen in 
liquid aluminium is an exponential function of temperature, which is why its porosity is a 
much bigger problem in laser welding (than in conventional welding) due to increased 
temperatures. Also, the high cooling rate is very unfavorable because it does not allow for 
diffusion (i.e. “floatation”) of the trapped hydrogen. Normal hydrogen levels in molten 
aluminium vary from approximately 0.10 to 0.40 mL/100g. It is worth noting here that in 
order for an aircraft part to pass aerospace quality inspections, the gas contents have to be 
less than 0.06 mL/100g. A critical lower welding speed possibly exists at which formation 
and growth of hydrogen porosity can be prevented. Also, another way to reduce hydrogen 
porosity is to increase power density, because it keeps the keyhole stable and increases 
solidification time, allowing the hydrogen to escape (Cao, et al., 2003).  
According to a study conducted on porosity formation (Kutsuna and Yan, 1998), the rate of 
hydrogen porosity shows a tendency to rise considerably as the magnesium content 
increases. This happens because magnesium in aluminium alloys raises the hydrogen 
solubility in the molten pool and hence the segregation of magnesium enhances the 
segregation of hydrogen during solidification.  
Porosity caused by collapse of unstable keyholes: Even with proper material surface preparation, 
laser parameters, shielding gas and material compositions, aluminium alloys are susceptible 
to random porosities after laser welding (Weeter, 1998). Keyhole instability and the coupling 
of the laser beam into the metal are suspected to cause these random events. These 
porosities have irregular or turbular form and are large enough to be visible with x-ray 
analysis (Dausinger, et al., 1997). They are usually located in the keyhole path, whereas 
hydrogen pores are more or less equally distributed with slight enrichment at the melting 
line. The number of cavities is strongly influenced by processing parameters such as the 
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application is the fusion of fatigue cracks in aluminium parts, where a crack path is 
irregular. It also has been shown that welding at a lower processing speed can reduce the 
tendency of transverse solidification cracking. Finally, with the availability of better laser 
sources such as high power fiber lasers, it is important to expand laser welding of 
aluminium to wider processing conditions for various applications.  
This book chapter will discuss latest research results in extending laser welding of 
aluminium in the low speed range by investigating the welding instability phenomena. The 
following topics will be discussed: 
 

- Aluminium alloys and welding defects 
- Brief review of high speed laser welding of aluminium 
- High power fiber lasers and optical setups 
- Process modelling of laser welding of aluminium 
- Experimental process characterization of low speed welding 
- The instability and defects at low speed welding 
- Applications of fatigue crack repair in aluminium 

 
First, the properties of aluminium alloys and the cause of welding defects are discussed. 
Prior to discussing low speed welding, a brief review of high speed laser welding of 
aluminium is provided. The characteristics of high power fiber lasers and their optical 
setups for welding applications, such as focusing lens, assist gas, alignments, and damage 
prevention due to beam reflection by aluminium are then presented. The chapter then 
proceeds to present recent research results in low speed laser welding of aluminium, which 
includes theoretical process modelling, experimental process characterization, in-process 
monitoring of several critical signals, such as plasma radiation and beam reflection, as well 
as the causes and consequences of process instability at low speeds. The transition of process 
stability from medium welding to a low speed threshold and its mechanisms are explored. 
Finally, an application of low speed laser welding of aluminium for fatigue crack repair is 
given. A discussion on different applications and future development conclude the chapter. 

 
2. Background and Reviews 

2.1 Aluminium Alloys 
Aluminium alloys can be separated into two major categories: Non heat-treatable and heat-
treatable. The initial strength of non heat-treatable alloys depends primarily upon the 
hardening effect of alloying elements such as silicon, iron, manganese and magnesium. The 
non heat-treatable alloys are mainly found in 1xxx, 3xxx, 4xxx and 5xxx series. Additional 
strength is usually achieved by solid-solution strengthening or strain hardening.  
The initial strength of heat-treatable alloys depends upon the alloy composition, just like the 
non heat-treatable alloys. In order to improve their mechanical properties they need to 
undergo solution heat treating and quenching followed by either natural or artificial aging 
(precipitation hardening). This treatment involves maintaining the work piece at an elevated 
temperature, followed by controlled cooling in order to achieve maximum hardening. The 
heat-treatable alloys are found primarily in the 2xxx, 6xxx and 7xxx alloy series (ibid).  
The 7xxx series alloys contain zinc in amounts between 4 and 8 % and magnesium in 
amounts between 1 and 3 %. Both have high solid solubility in aluminium. The addition of 

 

magnesium produces a marked increase in precipitation hardening characteristics. Copper 
additions between 1 and 2 % increase the strength by solid solution hardening, and form the 
basis of high strength aircraft alloys. The addition of chromium, typically up to 0.3 %, 
improves stress corrosion cracking resistance. The 7xxx series alloys are predominantly used 
in aerospace applications, 7075-T6 being the principal high strength aircraft alloy (Ion, 2000). 
This chapter will focus on fiber laser welding of 7075-T6 because of its predominant use in 
aircraft components. 

 
2.2 Laser Welding Defects in Aluminium 

Laser welding is one of the most promising metal joining methods because it can provide 
high productivity, high weld quality, high welding speed, high weld aspect ratio, low heat 
input, low distortion, manufacturing flexibility and ease of automation (Duley, 1999, 
Mandal, 2002). According to a study on phase transformations in weldments (Cieslak, 1992), 
solidification rates of 102 to 103 oC/sec encountered in conventional arc welding processes, 
are much lower compared to high-energy density laser processes which reach 105 to 106 
oC/sec as a result of high heat input experienced at high travel speeds. Under these 
processing conditions the weld metal microstructure bears no resemblance to that expected 
as the result of arc welding. Consequently, the weldment is mostly comprised by fine-
grained microstructures.  
There are four major types of weld defects in laser welding of aluminium: a) porosity, b) 
cracking, c) inclusions and d) loss of alloying elements (Matsunawa, 1994, Cao, et al., 2003). 
Hydrogen porosity: Hydrogen is very soluble in aluminium and its alloys. Most gas porosities 
precipitated in aluminium alloys are attributed to hydrogen. The solubility of hydrogen in 
liquid aluminium is an exponential function of temperature, which is why its porosity is a 
much bigger problem in laser welding (than in conventional welding) due to increased 
temperatures. Also, the high cooling rate is very unfavorable because it does not allow for 
diffusion (i.e. “floatation”) of the trapped hydrogen. Normal hydrogen levels in molten 
aluminium vary from approximately 0.10 to 0.40 mL/100g. It is worth noting here that in 
order for an aircraft part to pass aerospace quality inspections, the gas contents have to be 
less than 0.06 mL/100g. A critical lower welding speed possibly exists at which formation 
and growth of hydrogen porosity can be prevented. Also, another way to reduce hydrogen 
porosity is to increase power density, because it keeps the keyhole stable and increases 
solidification time, allowing the hydrogen to escape (Cao, et al., 2003).  
According to a study conducted on porosity formation (Kutsuna and Yan, 1998), the rate of 
hydrogen porosity shows a tendency to rise considerably as the magnesium content 
increases. This happens because magnesium in aluminium alloys raises the hydrogen 
solubility in the molten pool and hence the segregation of magnesium enhances the 
segregation of hydrogen during solidification.  
Porosity caused by collapse of unstable keyholes: Even with proper material surface preparation, 
laser parameters, shielding gas and material compositions, aluminium alloys are susceptible 
to random porosities after laser welding (Weeter, 1998). Keyhole instability and the coupling 
of the laser beam into the metal are suspected to cause these random events. These 
porosities have irregular or turbular form and are large enough to be visible with x-ray 
analysis (Dausinger, et al., 1997). They are usually located in the keyhole path, whereas 
hydrogen pores are more or less equally distributed with slight enrichment at the melting 
line. The number of cavities is strongly influenced by processing parameters such as the 
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power, focusing and wavelength. Most likely, keyhole stability is increased with the shorter 
wavelength lasers (Nd:YAG) because the beams are not as drastically affected by the weld 
plume as the ones with longer wavelength lasers (CO2). In the latter case, the weld plume 
periodically blocks the beam from impinging on the metal and thus causes an instability in 
the keyhole. The shorter wavelength laser beams can pass through the plume and can 
provide a more consistent heat input into the metal (Weeter, 1998). It has also been observed 
that the highest level of porosity is concentrated in the regions where an unstable keyhole is 
formed. They are mainly composed of metal vapor but will condense at room temperature. 
The way to reduce this type of porosity is to keep the keyhole as stable as possible; this can 
be achieved by welding at high speeds and the addition of filler wire. Also, the use of high-
power continuous wave (CW) can improve the stability of keyholes (Cao, et al., 2003b). 
Results based on a study that was conducted in vacuum and under low pressure welding 
with a tornado nozzle were reported to reduce or suppress porosity. It was also reported 
that the forward welding with about 15 to 20 degrees of beam inclination was able to reduce 
porosity (Katayama, et al., 2003). However, full penetration and pulse-modulated welding 
approaches were not completely effective. 
Cracking: Aluminium alloys exhibit a strong propensity for weldment crack formation 
because of their large solidification temperature range, high coefficient of thermal 
expansion, and large solidification shrinkage. The restrained contraction of a weld during 
cooling, sets up tensile stresses in the joint which may cause cracking. There are two types of 
hot cracking: a) cracking that occurs in the weld fusion zone during solidification of the 
weld metal which is known as solidification cracking, and b) cracking that takes place in the 
primary melting zone due to tearing of the liquate, called liquation cracking (Zhao, et al., 
1999). These cracks are detrimental to the integrity of the weld since they form areas of high 
stress concentration and will significantly reduce the strength of the weld, probably leading 
to catastrophic failure.  
Oxide Inclusions: Oxides are one of the main types of inclusions in aluminium alloys. During 
keyhole laser welding, the inherently unstable keyhole flow may entrap shielding gas or 
even air because of imperfect gas shielding (Matsunawa, et al., 1998). Additionally, the 
shielding gas cannot be truly pure; therefore, some oxide particles may be present in the 
keyhole vapor. The surface of liquid metal in weld pools (strictly speaking, the surface here 
should be referred to as the interface between the liquid metal in the weld pool and metal 
vapor or shielding gas) may also be partly oxidized to form oxide films because of the 
entrapment of air or shielding gas into the pools. Depending on the magnesium contents in 
aluminium alloys, oxides such as Al2O3, Al2MgO4, MgO, or their combination may occur. 
When aluminium alloys contain magnesium, because it is surface active in liquid 
aluminium, the oxidizing tendency of the molten aluminium increases rapidly with 
magnesium contents. When the aluminium alloys contain a trace of magnesium, a mixed 
oxide (MgAl2O3), spinel, is formed. When the magnesium content of the alloy exceeds 
approximately 2%, the liquid oxidizes rapidly to form MgO. The oxides entrained into 
welded metal because of surface turbulent flow in welding are referred to as young oxides. 
Oxides in base metal, originally from primary processing of aluminium alloys are termed 
old oxides. 
Loss of Alloying Elements: The high power density used for laser welding may cause selective 
vaporization of some alloying elements with a low fusion point such as lithium, magnesium, 
and zinc because of their higher equilibrium vapor pressure than aluminium. Selective 

 

vaporization of alloying elements can take place in both keyhole and conduction mode laser 
welding. The vaporization mechanism is divided into three stages. The first stage involves 
transport of vaporization elements from the bulk to the surface of the molten weld pool. 
Then the vaporization of elements occurs at the liquid/vapor interface, and finally the 
vaporized species are transported into the surrounding gas phases (Cao, et al., 2003ab). This 
will also cause a void on the top of the weld called underfill. It was found that the intrinsic 
vaporization of alloying elements at the weld pool surface, controls the overall vaporization 
(Zhao, et al., 1999). 
The loss of alloying elements can be minimized by controlling the beam power density 
distribution during continuous wave (CW) laser welding, which can influence the 
temperature of the molten metal in the welding pool (Cao, et al., 2003ab). Another way of 
reducing this loss is through the use of filler metal, which is used as an auxiliary source of 
material to fill the gap. It also provides a means of controlling the metallurgy of the weld 
bead and ensures weld quality (Ion, et al., 2001), by helping replenish the loss of alloying 
elements and also prevent solidification cracking. The use of filler metal in laser welding is 
justified only if the joint gap and sheet metal thickness is larger than the beam and loss of 
alloying elements is significant (Molian, 2004).  Some skepticism remains about the process, 
mainly because it is considered to be complex and requires high precision. The interactions 
between the large number of process variables involved are also not fully understood (Ion, 
et al., 2001). 

 
2.3 High Speed Laser Welding of Aluminium  

Dausinger, et al., (1996) reported that with a 2.2 kW Nd:YAG laser, weld depths of up to 3.7 
mm in AA 6082 have been obtained at approximately 16.7 mm/s, at a power density of 3 
MW/cm2. Also, Yoshikawa, et al. (1995), report that successful butt welds of 3 mm thick 5 
and 6 series aluminium alloys can be obtained. They also used high duty cycle power 
modulation (pulsing) in order to prevent cracks. In a different study, a 3 kW CO2 laser has 
been able to achieve approximately 2.5 mm weld depth in aluminium alloy 7075-T6 at about 
25 mm/s (Katayama and Mizutani, 2002). Also, a 4.5 kW CO2 produced penetration depths 
of 3.5 mm in aluminium alloy series 5000 (non heat-treatable) and 6000 (heat-treatable), at a 
speed of approximately 33 mm/s; in comparison, a 4 kW Nd:YAG produced weld depths of 
4 mm at the same speed (Cao, et al., 2003a). In addition, Ramasamy and Albright (2000) 
showed that when welding with a pulsed 2 kW Nd:YAG, or a 3 kW continuous wave 
Nd:YAG, or a 3-5 kW CO2 laser, vaporization of magnesium and/or silicon can occur from 
aluminium alloy 6111-T4 and also the metal hardness was reduced. This means that when 
operating at very high power densities, loss of alloying elements is a significant problem. 
Some other more recent studies are also worth being reviewed. Oi et al. (2006) used a slab 
CO2 laser for bead-on-plate and filler wire welding of 2.4 mm thick AA 7075-T6. Mechanical 
properties of these welds were examined and, after heat treatment, achieved tensile 
strengths between 75 and 84 percent (depending on the filler metal added) of the base metal. 
Another study on the mechanical properties of laser welded heat-treatable aluminium was 
conducted by Xu et al. (2008). They used a CO2 laser to weld AA 2519-T87 and examined the 
weld’s microstructure and tensile strength. Results showed that the grains in the welds were 
very fine and the tensile strength, after heat treatment, reached up to 75 percent of the base 
metal as compared to 61 percent for MIG welding. 



Low speed laser welding of aluminium alloys using single-mode fiber lasers 51

 

power, focusing and wavelength. Most likely, keyhole stability is increased with the shorter 
wavelength lasers (Nd:YAG) because the beams are not as drastically affected by the weld 
plume as the ones with longer wavelength lasers (CO2). In the latter case, the weld plume 
periodically blocks the beam from impinging on the metal and thus causes an instability in 
the keyhole. The shorter wavelength laser beams can pass through the plume and can 
provide a more consistent heat input into the metal (Weeter, 1998). It has also been observed 
that the highest level of porosity is concentrated in the regions where an unstable keyhole is 
formed. They are mainly composed of metal vapor but will condense at room temperature. 
The way to reduce this type of porosity is to keep the keyhole as stable as possible; this can 
be achieved by welding at high speeds and the addition of filler wire. Also, the use of high-
power continuous wave (CW) can improve the stability of keyholes (Cao, et al., 2003b). 
Results based on a study that was conducted in vacuum and under low pressure welding 
with a tornado nozzle were reported to reduce or suppress porosity. It was also reported 
that the forward welding with about 15 to 20 degrees of beam inclination was able to reduce 
porosity (Katayama, et al., 2003). However, full penetration and pulse-modulated welding 
approaches were not completely effective. 
Cracking: Aluminium alloys exhibit a strong propensity for weldment crack formation 
because of their large solidification temperature range, high coefficient of thermal 
expansion, and large solidification shrinkage. The restrained contraction of a weld during 
cooling, sets up tensile stresses in the joint which may cause cracking. There are two types of 
hot cracking: a) cracking that occurs in the weld fusion zone during solidification of the 
weld metal which is known as solidification cracking, and b) cracking that takes place in the 
primary melting zone due to tearing of the liquate, called liquation cracking (Zhao, et al., 
1999). These cracks are detrimental to the integrity of the weld since they form areas of high 
stress concentration and will significantly reduce the strength of the weld, probably leading 
to catastrophic failure.  
Oxide Inclusions: Oxides are one of the main types of inclusions in aluminium alloys. During 
keyhole laser welding, the inherently unstable keyhole flow may entrap shielding gas or 
even air because of imperfect gas shielding (Matsunawa, et al., 1998). Additionally, the 
shielding gas cannot be truly pure; therefore, some oxide particles may be present in the 
keyhole vapor. The surface of liquid metal in weld pools (strictly speaking, the surface here 
should be referred to as the interface between the liquid metal in the weld pool and metal 
vapor or shielding gas) may also be partly oxidized to form oxide films because of the 
entrapment of air or shielding gas into the pools. Depending on the magnesium contents in 
aluminium alloys, oxides such as Al2O3, Al2MgO4, MgO, or their combination may occur. 
When aluminium alloys contain magnesium, because it is surface active in liquid 
aluminium, the oxidizing tendency of the molten aluminium increases rapidly with 
magnesium contents. When the aluminium alloys contain a trace of magnesium, a mixed 
oxide (MgAl2O3), spinel, is formed. When the magnesium content of the alloy exceeds 
approximately 2%, the liquid oxidizes rapidly to form MgO. The oxides entrained into 
welded metal because of surface turbulent flow in welding are referred to as young oxides. 
Oxides in base metal, originally from primary processing of aluminium alloys are termed 
old oxides. 
Loss of Alloying Elements: The high power density used for laser welding may cause selective 
vaporization of some alloying elements with a low fusion point such as lithium, magnesium, 
and zinc because of their higher equilibrium vapor pressure than aluminium. Selective 

 

vaporization of alloying elements can take place in both keyhole and conduction mode laser 
welding. The vaporization mechanism is divided into three stages. The first stage involves 
transport of vaporization elements from the bulk to the surface of the molten weld pool. 
Then the vaporization of elements occurs at the liquid/vapor interface, and finally the 
vaporized species are transported into the surrounding gas phases (Cao, et al., 2003ab). This 
will also cause a void on the top of the weld called underfill. It was found that the intrinsic 
vaporization of alloying elements at the weld pool surface, controls the overall vaporization 
(Zhao, et al., 1999). 
The loss of alloying elements can be minimized by controlling the beam power density 
distribution during continuous wave (CW) laser welding, which can influence the 
temperature of the molten metal in the welding pool (Cao, et al., 2003ab). Another way of 
reducing this loss is through the use of filler metal, which is used as an auxiliary source of 
material to fill the gap. It also provides a means of controlling the metallurgy of the weld 
bead and ensures weld quality (Ion, et al., 2001), by helping replenish the loss of alloying 
elements and also prevent solidification cracking. The use of filler metal in laser welding is 
justified only if the joint gap and sheet metal thickness is larger than the beam and loss of 
alloying elements is significant (Molian, 2004).  Some skepticism remains about the process, 
mainly because it is considered to be complex and requires high precision. The interactions 
between the large number of process variables involved are also not fully understood (Ion, 
et al., 2001). 

 
2.3 High Speed Laser Welding of Aluminium  
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weld’s microstructure and tensile strength. Results showed that the grains in the welds were 
very fine and the tensile strength, after heat treatment, reached up to 75 percent of the base 
metal as compared to 61 percent for MIG welding. 
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2.4 Single-Mode High Power Fiber Lasers  
The power source used in this study is a 300 W, Single-Mode, Ytterbium Fiber Optic Laser. 
The power unit consists of six 50 W modules which are combined to produce an output 
power of 300 W. Each module contains a fiber optic bundle through which the laser light 
resonates. The fiber is doped with a rare earth called ytterbium, and acts as the laser gain 
medium. Each module contains several diode lasers which serve as the pump (IPG, 2003). 
 

  Fiber Laser Nd:YAG CO2  Disc 

Wall Plug Efficiency 30% ˜ 5% ˜ 10% 15% 

Output Powers to 50 kW to 6kW to 20 kW to 4 kW 

BPP (4/5kW) < 2.5 25 6 8 

Diode Lifetimes 100,000 10,000 N.A. 10,000 

Cooling Air/Water Dionized Water Water 

Floor Space (4/5kW) < 1 m2 6 m2  3 m2  > 4 m2  

Operating Cost/hour $21.31 $38.33 $24.27 $35.43 

Maintenance Not Required Often Required Often 

Table 1. Characteristics comparisons between major high power industrial lasers (Industrial 
Laser Solutions, 2005). 
 

 
Fig. 1. Beam mode measurement of a 300 W, CW, single-mode fiber laser, provided by IPG, Inc. 
 
A comparison of a high power single-mode fiber laser and other major industrial lasers is 
listed in Table (1). It is clear that high power fiber lasers have large advantages in wall plug 
efficiency, maximum output powers, beam quality, reliability and operating cost. Among 
these advantages, the beam quality, as measured by Beam Parameter Product (BPP) (beam 
waist radius times divergence angle) and the M2 value are most impressive. Their M2 value 

 

of approximately 1.08 (Figure 1) is very close to a Gaussian (normal) power distribution. 
This allows the beam to be focused to a very small spot to achieve very high power 
densities. In addition to the excellent beam quality, this laser has a wavelength of 
approximately 1.075 m (near infrared spectrum), which is relatively short compared to CO2 
lasers. This allows for increased absorption, useful for welding highly reflective materials 
like aluminium. The beam diameter exiting the collimator is approximately 7 mm, and can 
be focused down to about 10 µm. At 300 W, a maximum power density of about 382 
MW/cm2 can be achieved.  

 
2.5 Review of Laser Welding with Single-Mode Fiber Lasers  
Limited research has been conducted on laser welding using fiber lasers. Prof. Miyamoto 
was one of the first to realize the advantages of the fiber laser and propose that it be used in 
laser welding (Miyamoto, et al., 2003). His experiments were performed on stainless steel 
foil with a limited output power (~50 W). Ever since, there have been others who have 
recognized the value of fiber lasers in laser material processing. Allen at al. (2006) used a 
high power fiber laser as part of a broader study in welding of 7000 series aluminium alloy 
of thicknesses between 6 and 12 mm. The processing parameters of power and welding 
speed were not mentioned, however, for proprietary information purposes. Another more 
recent study (Brown, 2008) focused on keyhole welding on several different metals, 
including AA 1100, using a moderate power fiber laser (600 W). Uniform high aspect ratio 
welds were observed, which were in reasonable agreement with the two-dimensional 
Rosenthal model for a moving-line heat source that was used for comparison. Also, 
Katayama et al. (2008) used a high power fiber laser to investigate the various welding 
conditions on penetration and defect formation, on several aluminium alloys and in 
particular AA5083. Power densities ranged from 40 kW/cm2 to 90 MW/cm2. At 64 MW/cm2 
and 10 m/min (166.7 mm/s) 10 mm thick plates were penetrated fully. Porosity was 
generated at certain processing conditions, reasons for which were given by interpreting the 
keyhole and molten metal behaviors, observed using a high speed camera and micro-
focused X-ray transmission. It was found that nitrogen gas was more effective than argon, in 
minimizing or even preventing porosities. 
Other research using fiber lasers includes a study on micromachining using a 100 W, single 
mode fiber laser (Naeem and Lewis, 2006). This research group has focused their study on 
micro joining and micro cutting various metals using both continuous wave and pulsed 
modes. Similarly, Wagner (2006) studied high speed micro welding of thin sheets of various 
metals including aluminium, assessing the potentials for low distortion at high speeds. The 
processing speeds employed reached 100 m/min (1667 mm/s).  

 
2.6 Experimental Setup for Fiber Laser Welding  
An optical isolator was attached to the collimator and is used to divert any reflected light 
away from the collimator in order to avoid damage to the fiber due the high reflectivity of 
aluminium. Consequently, the beam diameter and beam quality were changed slightly. The 
beam diameter increased from 5 mm in diameter to 7 mm, while the M2 value goes from 1.08 
to 1.15.  
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A 3x beam expander is used in combination with the 100.1 mm triplet lens to obtain a 
minimum focus spot size of 12.0 µm. Equation 1 shows how to calculate the minimum spot 
size. 
 

Spot size   
Lens Focal Length

Collimator Optics Focal Length*  Beam Expantion Factor
*Fiber Diameter

              
100.1 mm
25 mm* 3

*9 m 12.01 m

 
(1) 

 

The laser beam is centered with respect to the beam expander and the laser head. The laser 
head contains the focusing triplet and can be adjusted using the outer ring. At the bottom of 
the cutting head there is a chamber that allows for shielding to flow out through the 
welding nozzle. This chamber is sealed by a special cover glass and a rubber gasket. 
The determination of the laser beam's focusing position was done by using a laser drilling 
technique. One of the fiber laser's particular characteristics is that when a laser pulse is 
released, there is an approximately 1,500 W power spike that is output for about 1 µs before 
it drops to the steady-state power value of 300 W. By pulsing the laser for a very short time, 
approximately 3 µs, we can take advantage of this power spike and create a very high power 
density at the focus plane. This enables us to perform laser ablation to form a crater into a 
stainless steel plate. The focusing technique utilizes this process, by creating spot welds or 
holes at different z-positions, every 10 µm. A picture is taken of each group of welds/holes 
and using special calibrated software, the radii are measured and plotted versus the z-focus 
position. 

 
Fig. 2. Spot welds or holes at different focusing locations 
 
Since the laser spot size is very different at different focusing positions, the pulsing will 
either create very small holes, approximately on the order of the focused beam spot size, or 
larger spot welds. When all the radii are plotted, the minimum of the resulting curve shows 
the approximate location of the focusing plane. This is a relatively quick and effective way 
to find the location of the focus. This technique can be further expanded to obtain the beam 
profile along its propagation axis (Harp et al, 2008). 

 

3. Low Speed Laser Welding of Aluminium 

3.1 Modeling of an Idealized Welding Process 
A 2-D heat conduction model for laser welding is reported in Lankalapalli, Tu, and Gartner 
(1996). This model makes several assumptions which significantly reduce its complexity. 
The general idea of the model is to calculate the heat conduction over an infinitesimally thin 
layer of thickness (depth) dz at a specific distance from the top of the surface (Figure 3). 
One of the assumptions made, is that the walls of the keyhole within this layer are 
perpendicular to the surface and that heat conducted in the z-direction is much less than the 
heat conducted in the radial direction. Therefore, a conical keyhole can be divided into an 
infinite number of such infinitesimally thin layers and the depth can be approximated by 
cylindrical heat sources of varying radii, moving together at a constant speed in each of 
these thin layers. Another assumption made is that there is a quasi-steady state environment 
in which a cylindrical surface of radius a, at uniform temperature TV, is moving with a 
constant speed, v, along the x direction, in an infinite medium initially at constant 
temperature, T0. Finally, assuming that the thermal properties of the medium are constant 
and that the axis of the cylindrical surface passes through the origin of the coordinate 
system, the governing differential equations and boundary conditions for the temperature 
distribution can be written as: 
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where x and y are the surface coordinates, z is the depth coordinate, a is the keyhole radius, 
v is the welding speed, is the thermal diffusivity, T0 is the initial temperature and VT  is 
the vaporization temperature of the material (Carslaw and Jaeger, 1962). 

 
Fig. 3. Keyhole and the resulting weld profile, in which a work piece is sliced to many thin 
layers (Lankalapalli, Tu, and Gartner, 1996) 
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v is the welding speed, is the thermal diffusivity, T0 is the initial temperature and VT  is 
the vaporization temperature of the material (Carslaw and Jaeger, 1962). 

 
Fig. 3. Keyhole and the resulting weld profile, in which a work piece is sliced to many thin 
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After several derivations, the following equation which estimates penetration was found as 
(Lankalapalli, Tu, and Gartner, 1996) 
 





 6

1

1
0

0 )(

1
)(
i

iiV

i

Pe
i
cTTk

Pd  
 

(5) 

 
where k is the thermal conductivity of the material and ci are coefficients to a polynomial fit 
to the equation that was evaluated numerically for 100 different values of Pe in the 
operating range of 0 - 0.025: 
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is the closed-form solution in polar coordinates (r,) of the aforementioned governing 
differential equation with the specified boundary conditions for the temperature 
distribution, where Pe = v*a / (2) is the Péclet number, r* = r/a is the normalized radial 
coordinate, n = 1 for n = 0 and 2 for n  1, In is a modified Bessel function of the first kind, of 
order n and Kn is a modified Bessel function of the second kind of order n. Note that the 
above model is not material specific. With proper material parameters and process 
parameters incorporated, this model allows for very rapid simulation of the temperature 
field at the top surface (Equation 8) and for an estimation of penetration depth (Equation 5). 
This model has been validated over a wide range of speed and laser power, different 
materials, and different lasers (Lankalapalli, Tu, and Gartner, 1996; Paleocrassas and Tu, 
2007), as shown in the next section. 

 
3.2 Model Validation through High Speed Welding of SUS 304  
Several SUS 304 specimens, 300 microns thick, were welded at relatively high speeds (200—
1000 mm/s) (Miyamoto, et al., 2003). In order to determine the operating Péclet number, 
apart from the welding speed and the thermal diffusivity, the keyhole radius is also 
required. Determining the keyhole radius is not trivial. There exists a method (Lankalapalli, 
Tu, and Gartner, 1996) to estimate the Péclet number from the weld width. The idea is that a 
contour plot of isotherms can be generated for specific Péclet numbers for the top surface 
using Equation 8 , and by measuring the width of the curve corresponding to the melting 
temperature range, the normalized weld width (w/a) and Péclet number can be correlated. 

 

The normalized weld width is obtained by taking twice the maximum y value (due to 
symmetry) of the melting temperature isotherm curve. Therefore, an equation can be 
calculated numerically which can be used to determine the Péclet number at the surface of 
the specimen, for a corresponding weld width.  
Figure 4 shows the model prediction compared to the experimental results from Miyamoto 
et al (2003). The model predicts a satisfactory trend of penetration change versus the Péclet 
number for different laser powers. However, the data of a specific laser power usually 
match the predictions of a lower laser power. For example, the data of 170 W laser power 
match the predictions of 130 W laser power, data of 130 W match better with prediction at 
90 W, etc. Based on this observation, it can be stated that approximately 70-80% of laser 
power is absorbed. This absorption is relatively low, likely due to the very high welding 
speed. 

 
Fig. 4. Theoretical estimate vs. experimentally measured penetration depth in SUS 304. 

 
3.3 Model validation using low speed welding of AA 7075-T6 
Figure 5 presents the data/simulation comparison based on the same model for low speed 
welding of AA7075-T6. As in Figure 4, the model predicts a satisfactory trend of penetration 
versus the Péclet number. The laser beam absorption is about 90% for welding speeds from 
2 mm/s to 10 mm/s. Note that Figures 4 and 5 cover a wide range of Péclet numbers (from 
0.5 to 2.5 in Figure 4 and 0.001 to 0.08 in Figure 5). The absorption in Figure 5 is higher than 
those in Figure 4, likely due to slower welding speed and deeper penetration even though 
stainless steel is used in Figure 4, while aluminium is used in Figure 5. Once keyhole is 
formed, the laser beam is absorbed efficiently. For those conditions in Figure 4 with very 
high welding speeds, the keyhole is shallower and likely tilted to reflect beam power 
(Fabbro and Chouf, 2000).  
However, the point corresponding to 1 mm/s shows a significant decrease in penetration, 
with its absorbed power being only 68% of the input power. Also, by observing the cross-
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After several derivations, the following equation which estimates penetration was found as 
(Lankalapalli, Tu, and Gartner, 1996) 
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where k is the thermal conductivity of the material and ci are coefficients to a polynomial fit 
to the equation that was evaluated numerically for 100 different values of Pe in the 
operating range of 0 - 0.025: 

5
6

4
5

3
4

2
321

2

0

),()( PeCPeCPeCPeCPeCCdPeGPeg  


  (6) 

 
where 

1r
0V

V
*

0n n

1n
nn

)cosPe(

*TT
TT

r

cos
)Pe(K
)Pe(K

Pe
n

)ncos()Pe(I*e*Pe)Pe,(G

=

=

+

=

=

 
 

∑
∞

θθεθ θ

 
(7) 










0

*)cos*(

0

)cos()*(
)(
)(

*1
*

n
n

n

n
n

rPe

V

V nrPeK
PeK
PeIe

TT
TT

  (8) 

 
is the closed-form solution in polar coordinates (r,) of the aforementioned governing 
differential equation with the specified boundary conditions for the temperature 
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coordinate, n = 1 for n = 0 and 2 for n  1, In is a modified Bessel function of the first kind, of 
order n and Kn is a modified Bessel function of the second kind of order n. Note that the 
above model is not material specific. With proper material parameters and process 
parameters incorporated, this model allows for very rapid simulation of the temperature 
field at the top surface (Equation 8) and for an estimation of penetration depth (Equation 5). 
This model has been validated over a wide range of speed and laser power, different 
materials, and different lasers (Lankalapalli, Tu, and Gartner, 1996; Paleocrassas and Tu, 
2007), as shown in the next section. 
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3.3 Model validation using low speed welding of AA 7075-T6 
Figure 5 presents the data/simulation comparison based on the same model for low speed 
welding of AA7075-T6. As in Figure 4, the model predicts a satisfactory trend of penetration 
versus the Péclet number. The laser beam absorption is about 90% for welding speeds from 
2 mm/s to 10 mm/s. Note that Figures 4 and 5 cover a wide range of Péclet numbers (from 
0.5 to 2.5 in Figure 4 and 0.001 to 0.08 in Figure 5). The absorption in Figure 5 is higher than 
those in Figure 4, likely due to slower welding speed and deeper penetration even though 
stainless steel is used in Figure 4, while aluminium is used in Figure 5. Once keyhole is 
formed, the laser beam is absorbed efficiently. For those conditions in Figure 4 with very 
high welding speeds, the keyhole is shallower and likely tilted to reflect beam power 
(Fabbro and Chouf, 2000).  
However, the point corresponding to 1 mm/s shows a significant decrease in penetration, 
with its absorbed power being only 68% of the input power. Also, by observing the cross-
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sections of the welds at three different processing speeds, it can be seen that the 1 mm/s 
weld is significantly different from the other two. The 1 mm/s weld shows a significant 
decrease in aspect ratio. In some cross-sections, large blowholes and porosities were present. 
The other two welds show more of a conical shaped cross-section, a higher aspect ratio and 
the absence of any major defects. 
 

 
Fig. 5. Model validation for  low speed welding of AA 7075-T6 
 
This observation leads to the suspicion that at extremely low speeds the process breaks 
down and the laser energy is not coupled as efficiently. If this is the case, the model no 
longer applies to speeds below 2 mm/s. 

 
3.4 Effect of Focusing Positions on Low Speed Welding 
Figure 6 shows the change in weld penetration as the focusing position changes (positive 
indicating the beam is focused into the workpiece). 
The general trend is that the best focus position corresponds with the maximum weld depth. 
This goes along with the recommendation for most welding processes, which is that the 
focus should be positioned at the desired weld depth (Steen, 2003). Another observation that 
can be made is that, as the beam is focused past the maximum depth location, the 
penetration drops at a much higher rate, with the exception of the 10 mm/s condition. This 
is an indication that the slower speeds are much more sensitive to focusing changes, which 
means that higher focusing is required to produce adequate and repeatable weld 
penetrations.  
Specifically, for the 10 mm/s processing speed, the maximum weld penetration is 
approximately both ~ 0.8 mm and this occurs when the focus is approximately 0.9 mm into 
the workpiece. For the 2 and 4 mm/s speeds the weld penetration is deepest (~ 1 mm) when 

 

the beam is focused approximately 1 mm into the workpiece. The difference in weld 
penetration (~ 0.8 mm) between these two speeds is not much, with the 4 mm/s weld being 
slightly deeper. However, the 1 mm/s welds show a significant drop in penetration. 
 

 
Fig. 6. Effects of  focusing position on penetration for different welding speeds. 

 
3.5 Energy-Based Process Characterization 
Paleocrassas and Tu (2007) proposed metrics to characterize welding process efficiency. One 
such metric was defined as keyhole fluence per weld length (KF) which has since been 
slightly modified and is redefined as follows: 
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where iP  is total incident power, bA  is the outer surface area of the immersed laser beam 

(as calculated from the beam profile approximation, also shown in Figure 8.7), wl  is the 
length of the weld and v  is the processing velocity. This metric represents the total 
irradiated energy density per weld length.  
As mentioned before, due to different types of power losses during welding, the total 
irradiated energy density per weld length (KF) from the laser is not going to be completely 
absorbed by the material. Therefore it is of interest to determine the “weld efficiency” by 
looking at the total energy used to create the weld and how “well” it is used; for example, 
the same amount of absorbed weld energy could translate into a shallow and wide weld, or 
a deep and narrow weld.  
Specific weld energy per weld length was also defined by Equation 10 to define how well 
the amount of energy that used to created the weld was used. In this paper, this metric is 
denoted as Effective Weld Energy (EWE): 
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(as calculated from the beam profile approximation, also shown in Figure 8.7), wl  is the 
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looking at the total energy used to create the weld and how “well” it is used; for example, 
the same amount of absorbed weld energy could translate into a shallow and wide weld, or 
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where mweld, Vweld, Aweld, and rprofile  are the mass, volume and radius of the top profile (or half 
of the weld width) of the weld (Figure 7), respectively, ρ is the density and ζ is the specific 
energy of AA 7075-T6, which is determined by 
 

Fusion ofHeat Latent  TCp  (11) 
 
where 

pC  is the specific heat capacity and T  is the temperature change between ambient 

temperature and the melting point. 
Figure 8 was generated by applying the above energy based process characterization to the 
experimental data. The EWE of each data point is plotted with respect to the input KF. There 
are four sets of data and each set is connected by a different colored line, corresponding to a 
different processing speed. The 1, 2, 4 and 10 mm/s data are shown in red, green, black and 
cyan, respectively. Each data point in each set corresponds to a weld created with a different 
focusing position. The number next to each data point represents how deep the beam is 
focused into the workpiece, in thousands of an inch. The first observation that can be made 
is that for each processing speed, the point that has the highest EWE is the one where the 
beam was focused at approximately 1 mm (.040 in.) into the workpiece, which indicates that 
it is the focusing condition that produces the best energy coupling. This is the case because 
the majority of the vapor pressure used to maintain a certain depth is created at the bottom 
of the keyhole.  
 

 
Fig. 7. Schematics showing the submerged beam surface area (Ab), the weld’s cross-sectional 
area (Aw) and the profile radius (rprofile)  

 

Therefore, placing the focus at the desired weld depth ensures that the maximum power 
density will be at the bottom of the keyhole, creating the majority of the metal vapor. 
However, focusing too deep can have an adverse effect on EWE because a minimum power 
density at the surface is required to create and maintain vaporization of the metal. This 
explains why the EWE decreases when the laser beam is focused too deep. 
By examining the processing speed trend, it was observed that as the speed decreases, the 
EWE increases, until the speed drops below 2 mm/s. It can therefore be seen that the 
process is not only dependent on the amount of KF, but also in the manner it is deposited 
into the workpiece. This leads to the examination of the efficiency of the process. 
Global Efficiency: One of the primary concerns in any process involving energy exchange is 
how efficient it is; in this case, that is, how much of the irradiated energy density per weld 
length was translated into a desirable, high aspect ratio weld. This is where we can define 
the “global efficiency” of the process. It is simply the ratio between EWE and KF, as stated in 
Equation 12. 

Global Efficiency   
EWE
KF

 (12) 

 
With this metric, we can determine the efficiency at each speed and at each focusing 
position. If we look at the actual percentages, we will see that the highest efficiency does not 
exceed 3 percent of the total KF. This might seem extremely low at first, but it is important 
to remember that this number corresponds only to the energy used to create the weld itself.  
 

 
Fig. 8. Variation of effective weld energy with respect to keyhole fluence 
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During the process, a substantial portion of the absorbed power is conducted away. 
Therefore the relative change in global efficiency is of more interest than the actual number 
itself. Looking at the four speeds we observe that the global efficiency decreases slightly 
from the 10 mm/s data to the 4 mm/s and then slightly lower to 2 mm/s, but drops 
significantly at the 1 mm/s data. This is another indication that even though there is an 
increase in KF, the energy is not used as effectively to create a deep and narrow weld. This 
phenomenon, i.e. the process breakdown of laser welding at extremely low speeds, requires 
further investigation to explain the reasons behind this drastic change. 
Local Efficiency: Another metric we can define to measure the efficiency between different 
focusing points for a specific processing speed is the “local efficiency.” The slopes of these 
lines can be defined as a “local efficiency” which signifies how efficient the process is, as the 
focusing changes and the KF increases. In other words it is the ratio of the change in EWE 
and the change in KF for a particular processing speed (Equation 13). 
 

dKF
dEWE  Efficiency Local   (13) 

 
It is apparent that the local efficiency is only positive between the weld with the best 
focusing position and the one that is focused slightly deeper. Again, this is evidence that 
increasing the KF is not enough to create a good weld, it has to be deposited correctly. It 
seems that this happens because, when the beam is focused too deep, the incident power 
density at the surface of the workpiece is not sufficient to create enough vaporization to 
sustain a keyhole. The process, therefore, switches to conduction welding mode, where a 
weld is created solely from melting, resulting in a shallow and wide weld. Conversely, if the 
focus is too close to the surface of the workpiece, the process is again inefficient because the 
power density at the bottom of the keyhole is too low and cannot sustain the vaporization 
required for a deeper keyhole. 

 
4. Inherent Process Instability 

Table (2) lists the EWEs, global efficiencies, and power efficiencies for the data shown in 
Figure (8). They clearly showed that the welding became less efficient (from 2.25 % to 0.25 % 
as the speed drops from 10 mm/s to 1 mm/s) and the quality and aspect ratio of the weld 
started deteriorating after the processing speed was decreased below 2 mm/s. Large 
porosities were observed in these very low speed welds in aluminium. This phenomenon is 
denoted as inherent process instability.  In the following sections, the potential contributors 
of this instability are examined. 
 

Speed (mm/s) EWE (J/mm3) Power Efficiency  “Global” Efficiency 
10 312.0 ~ 90 % ~ 2.25 % 
4 385.0 ~ 90 % ~ 1.19 % 
2 403.4 ~ 90 % ~ 0.62 % 
1 340.0 ~ 68 % ~ 0.25 % 

Table 2. Decrease in EWE and efficiency when speed drops to 1 mm/s. 

 

 

4.1 Laser Power Distribution 
Assuming the laser welding process reaches a quasi-steady state condition, the power 
distribution, rather than energy distribution, is used to break down the laser power into 
several components: 
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where inP  is the input power from the laser radiation, weldP is the power used to form the 
weld similar to the definition of EWE, condP  is the power absorbed by the workpiece and 
then conducted away into the bulk material, evapP is the power absorbed to produce 

vapor/plasma, refP  is the power reflected away by the workpiece, /vap plasmaP  is the power 

absorbed by the vapor/plasma plume hovering above the workpiece, scatP  is the power 
which is scattered away by the vapor/plasma, and  is the fraction of the power absorbed 
by the vapor/plasma that is re-radiated on the workpiece and absorbed by the workpiece.  
All six terms on the right hand side of Equation 14 are unknown. No attempt is made to 
solve this equation or to measure each of these unknowns precisely. Dividing both sides 
by inP , Equation 14 becomes 
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Each term on the right-hand side of Equation 15 represents the respective percentage of the 
laser input power. Based on Table (2), it has been confirmed that inweld P/P drops 
significantly, which should result in changes in some of the rest of the five terms. Therefore, 
instead of determining the precise value of each term in Equation 15, the attempt is made to 
determine how the rest of the five terms change as the welding speed drops from 10 mm/s 
to 1 mm/s. 

 
4.2 Laser Beam Reflectivity Measurements 
Among those losses in Equation 14, we first investigate the reflective loss, refP , to determine 

if it is a major factor to cause process instability. 
Figure (9) shows the reflected laser beam measured by a photodiode at different welding 
speeds. For each test, the laser beam is first irradiated at the target, remaining stationary for 
5 seconds, before actual welding started at speeds from 10 mm/s to 1 mm/s. In every plot, 
during this 5 second duration in the beginning of the process, there is a large, sudden 
increase in intensity which gradually dies off to almost a zero state. The substantial reflected 
laser radiation in the beginning is due to the beam being reflected by the flat surface of the 
workpiece. As a keyhole forms, the laser beam penetrates deeper into the workpiece and 
eventually is absorbed by multiple reflections by the keyhole wall. As a deep keyhole acts 
like a black body, trapping nearly 100 percent of the laser beam, no reflected laser radiation 
is detected after about 2 seconds, when the keyhole becomes deep enough. After 5 seconds 
have passed, the workpiece is then translated at the specified welding speed. 
When the workpiece begins to move, the reflected signal appears, again, as a series of high 
frequency spikes, but with a low average intensity, between 0.25 and 0.4 (a.u.). This is pretty 
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During the process, a substantial portion of the absorbed power is conducted away. 
Therefore the relative change in global efficiency is of more interest than the actual number 
itself. Looking at the four speeds we observe that the global efficiency decreases slightly 
from the 10 mm/s data to the 4 mm/s and then slightly lower to 2 mm/s, but drops 
significantly at the 1 mm/s data. This is another indication that even though there is an 
increase in KF, the energy is not used as effectively to create a deep and narrow weld. This 
phenomenon, i.e. the process breakdown of laser welding at extremely low speeds, requires 
further investigation to explain the reasons behind this drastic change. 
Local Efficiency: Another metric we can define to measure the efficiency between different 
focusing points for a specific processing speed is the “local efficiency.” The slopes of these 
lines can be defined as a “local efficiency” which signifies how efficient the process is, as the 
focusing changes and the KF increases. In other words it is the ratio of the change in EWE 
and the change in KF for a particular processing speed (Equation 13). 
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Each term on the right-hand side of Equation 15 represents the respective percentage of the 
laser input power. Based on Table (2), it has been confirmed that inweld P/P drops 
significantly, which should result in changes in some of the rest of the five terms. Therefore, 
instead of determining the precise value of each term in Equation 15, the attempt is made to 
determine how the rest of the five terms change as the welding speed drops from 10 mm/s 
to 1 mm/s. 

 
4.2 Laser Beam Reflectivity Measurements 
Among those losses in Equation 14, we first investigate the reflective loss, refP , to determine 

if it is a major factor to cause process instability. 
Figure (9) shows the reflected laser beam measured by a photodiode at different welding 
speeds. For each test, the laser beam is first irradiated at the target, remaining stationary for 
5 seconds, before actual welding started at speeds from 10 mm/s to 1 mm/s. In every plot, 
during this 5 second duration in the beginning of the process, there is a large, sudden 
increase in intensity which gradually dies off to almost a zero state. The substantial reflected 
laser radiation in the beginning is due to the beam being reflected by the flat surface of the 
workpiece. As a keyhole forms, the laser beam penetrates deeper into the workpiece and 
eventually is absorbed by multiple reflections by the keyhole wall. As a deep keyhole acts 
like a black body, trapping nearly 100 percent of the laser beam, no reflected laser radiation 
is detected after about 2 seconds, when the keyhole becomes deep enough. After 5 seconds 
have passed, the workpiece is then translated at the specified welding speed. 
When the workpiece begins to move, the reflected signal appears, again, as a series of high 
frequency spikes, but with a low average intensity, between 0.25 and 0.4 (a.u.). This is pretty 
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common for processing speeds 10, 4 and 2 mm/s. The spikes in the signals can be attributed 
to the fact that when the laser beam moves over a solid front, the reflectivity suddenly 
increases; as soon as that happens, the keyhole is created and it absorbs the beam 
completely, which causes a decrease in measured intensity. This pattern repeats at a 
frequency of approximately 30 Hz. 
The 1 mm/s processing speed shows a significantly different type of reflected signal, where 
the spikes are not as strong, but the average intensity of its signal was significantly larger 
than the other processing conditions’ signals, namely approximately 1.4 (a.u.).  
On the other hand, when the processing speed is 1 mm/s, the beam does not necessarily 
move over a solid front, since the molten pool is large. This causes a reduction in the 
strength of the spikes, because the molten metal has a higher absorptivity than the solid. The 
increase in average intensity can be explained by the fact that the keyhole is much shallower 
and wider. Therefore, much more of the laser beam is reflected back, due to the inability of 
the shallow keyhole to “trap” the laser beam entirely through multiple reflections. 
 

 
Fig. 9. Measured reflected laser radiations at an angle above the workpiece at different 
welding speeds. 
 
From Figure (9) it is concluded that the power loss due to reflectivity increases significantly 
when the speed is lowered down to 1 mm/s. Therefore, the term, 

inref P/P , in Equation 15 

increases. However, this does not necessarily prove that this increase in reflectivity is the 
cause of the reduction of inweld P/P in Equation 15. 

 
4.3 Vapor/Plasma Characterization 
We conducted a spectroscopic analysis to identify the vapor/plasma effect on the 
distribution of laser power. The key question is to find out if the vapor/plasma plume, 
which hovers over the keyhole, is optically “thick” enough to absorb or scatter the laser 
beam, resulting in reduced laser radiation to reach the work piece. In order to have 
sufficient signal to noise ratio, we conducted spot welding with a peak power of 1,500 W, 
which is five times higher than the normal CW welding at 300 W. Even with this much 
higher peak power, only three Cr I lines (Figure 10) could be detected in the spectroscopic 
experiment using the Ocean Optics HR4000 spectrometer. Even so, it was deemed 

 

worthwhile to come up with an electron temperature estimation using the Boltzmann plot 
method. Based on the slope of the fitted line, the resulting temperature estimation is 
approximately 1,200 degrees Kelvin. This value is well below the vaporization temperature 
of aluminium (~ 3,275 Kelvin), which indicates that the calculation is not valid. This is 
probably because the upper energy levels of the measured chromium lines are very close to 
each other, thus introducing significant errors. Nevertheless, based on this calculation and 
the fact that the rest of the Cr I lines with higher upper energy levels could not be detected, 
it is likely that the temperature of the vapor/plasma is fairly low. 
To confirm the above finding, we reviewed available literature on the vapor/plasma 
temperature for Nd:YAG (similar wavelength as fiber laser) laser welding of aluminium 
alloys. Kim and Matsunawa (1996) used a pulse shapeable YAG laser with irradiations of up 
to 1 MW/cm2 on 5000 series aluminium alloys and determined that the vapor/plasma 
plume was very weakly ionized, with approximate temperatures around 3280 K (barely 
above the vaporization temperature of aluminium) and electron densities of approximately 
1.85 . 1013 cm-3. Kim et al. (2004) did a similar study and found similar results for even higher 
irradiations (~ 32 MW/ cm2), namely the vapor/plasma temperature was very close to the 
boiling point of aluminium. 
 

 
Fig. 10. Aluminium vapor/plasma spectrum for 1 ms pulsing at 100 % power (peak power ~ 
1,500 W). 
 
Another group (Lenk et al., 1996) experimented with a Q-switched Nd:YAG laser, operating at 
power densities of 300 MW/ cm2, determined electron temperatures of approximately 14,000 K 
and electron densities of 3 .1016 cm-3, and concluded that they “are not high enough for significant 
absorption by inverse bremsstrahlung.” There have been several other studies (Barthélemy et al., 
2005, Lu et al., 1999, Knudtson et al., 1987) that have found electron temperatures ranging from 
5,000-15,000 K and electron densities up to the order of 1018 cm-3, all reaching the same 
conclusion, namely that IB absorption is not significant. Therefore, it is reasonable to say that the 
vapor/plasma can be considered to be optically thin. This leads to the conclusion that the last 
two terms of Equation 15 are of low values and, therefore, their changes, if any, should not be a 
major factor in the reduction of inweld P/P . This conclusion is different from CO2 laser welding in 
which vapor/plasma can grow larger and hotter, and becomes optically thick for the CO2 laser 
beam (Tu et al., 2002 and 2003). 
The remaining two terms in Equation 15, incond P/P  and 

inevap P/P , cannot be identified separately. 

Their changes are considered in the next section. 
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common for processing speeds 10, 4 and 2 mm/s. The spikes in the signals can be attributed 
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Fig. 9. Measured reflected laser radiations at an angle above the workpiece at different 
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4.4 The Probable Cause of Process Instability 
One probable cause of the process instability which can contribute to increase in incond P/P  and 

inevap P/P , resulting in the increase in 
inref P/P , is if the laser beam mainly irradiates at the molten 

pool at very low speeds. The molten pool absorbs a large portion of the beam energy near the 
surface, subsequently transferring the energy into the bulk material via convection, conduction, 
and evaporation, increasing both incond P/P  and 

inevap P/P  in Equation 15. Thus, this energy is 

wasted, as it is not used to create keyhole. As a result, the keyhole may become unstable, leading 
to un-quasi-static behaviors of the welding process (as seen in the top view of the weld in Figure 
(1)). Consequently, the welding process becomes inefficient and the welds become shallow, 
uneven, and wide (Figure (5) and Table (2)). As the weld becomes shallow, the laser beam is 
more easily reflected, resulting in the increase of 

inref P/P  in Equation 15. As the speed is further 

reduced, the excessive energy absorbed by the molten pool can also lead to boiling, resulting in 
large porosities.  Readers are referred to Paleocrassas and Tu (2010) for additional tests to 
investigate this probable cause of instability. 

 
4.5 Significance of the 1 mm/s Threshold 
The above analysis helps explain the phenomenon that occurs when the laser welding processing 
speed drops below a certain low speed threshold. However, a valid question still remains: “why 
does the laser welding process break down at the particular speed range of about 1 mm/s?” 
When the laser beam first irradiates the solid aluminium, it starts to melt and propagate outward 
with a certain speed. If the welding speed is less than this melting front speed, the laser would 
fall behind and irradiate on the molten pool. This speed will decrease non-linearly as the surface 
area surrounding the molten pool also increases non-linearly and therefore the change in molten 
pool volume. 
 

 
Fig. 11. Change in average melt front speed, as pulse duration is increased 
 

 

An experiment was conducted to determine the melting front speed. Stationary laser pulses 
at 100% power, were shot at a AA7075-T6 target with pulse durations ranging from 80 ms to 
2000 ms. Figure (11) shows the resulting plot of the melt front speed along with the original 
data (spot weld radii) for each pulse duration condition. 
These melt front speeds are estimated using Equation 16: 
 

v melt front,  i 
ri  ri1 
t p , i  t p , i1 

 (16) 

 
where ri is the radius of the spot weld corresponding to the pulse duration tp,i. The first 
velocity point was calculated by dividing the first spot weld by the corresponding pulse 
duration. The first spot weld was observed after a laser pulse of 80 ms was irradiated. This 
was the minimum pulse duration required to produce a spot weld at 300 W (100 %) input 
power. The speed at which the spot weld formed and propagated was just over 1.4 mm/s. 
The experimental results show that from 80 – 90 ms, the melt front speed is estimated to be 
1.1 mm/s and for higher pulse durations it drops significantly. The melt front speed at the 
early stages of molten pool propagation is clearly higher than the 1 mm/s processing speed, 
which indicates that it initially advances faster than the processing speed. The melt front 
speed will gradually slow down to a speed below 0.1 mm/s which means that the laser 
beam will eventually surpass the molten front and irradiate on the solid. 
This observation further confirms the fact that at speeds of 1 mm/s or lower, the laser will 
irradiate directly over the molten pool for a certain period of time, as opposed to the faster 
processing speeds, which will typically stay slightly ahead of the molten front the whole 
time. By irradiating over the molten pool the energy will be absorbed more efficiently, 
further increasing its size and reducing the amount of energy used to maintain keyhole 
welding. 

 
5. Applications to Aluminium Fatigue Crack Repair 

In this section, the low speed laser welding of aluminium is applied to fuse fatigue cracks. 
There is a serious concern in the aviation industry because airplanes’ lifting surfaces 
undergo millions of cyclic loads throughout their lifetime. After a certain amount of cycles, 
cracks start to form in the high stress concentration areas. Initially cracks propagate in a 
stable and predictable manner. After the crack exceeds a certain critical length, it will start 
growing much faster, in an unstable manner, eventually leading to brittle fracture and 
catastrophic failure (Sanford, 2003). 
Currently, cracks are monitored between flights until they exceed a certain length well 
below the critical length, after which the cracked part is replaced. This method is very costly 
due to the loss of flight operation time of the aircraft, as well as the part replacement labor 
costs. 
Reinforcing cracked aluminium structures with composite patches has been recognized as 
an efficient and economical method to extend the service life of cracked aluminium 
components (Baker and Jones, 1988; Sun et al, 1996; Daghyani et al, 2003). To further 
enhance the effectiveness of composite patches, it is envisioned that the crack can be first 
fused by laser welding to remove the high stress concentration at the crack front before 
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applying the composite patch (Sun, 2008). The stress intensity factor could be reduced 
significantly if the fusion is sound. 
One challenge is that cracks never propagate in straight lines. This means that the welding 
speed needs to be reduced and changed in order to trace the crack. Attempts to operate high 
speed welding would require changing directions abruptly, which will require high 
accelerations and decelerations. This “jerky” motion in laser welding could lead to 
inconsistencies in weld width and penetration, thereby compromising the integrity of the 
weld.  
Also, as most of the laser welding experience focused on thick-sheet partial penetration 
welding, the experience cannot be directly transferred to thin-sheet full penetration welding. 
In addition, the crack may be skewed across the cross-section of the plate, making it 
different from welding prepared butt joints.  
In this section, the feasibility of the envisioned fusion repair is investigated.  

 
5.1 Cracked Sample Preparation  
Fatigue cracks were generated in 2”x 10” thin aluminium sheets (AA7075-T6) with 800 µm 
thickness using an MTS tensile testing machine. A notch was first machined on one side and 
then cyclic loads were applied to produce hairline cracks. Depending on the loading, it 
usually took about 2-3 hours to generate one sample with a 1-1.5” long hairline crack. Care 
had to taken so that the sample will not crack through and break. Due to the high cost, a 
total of 20 samples were generated for this study. These hairline cracks were not in straight 
lines and many of them are skewed across the cross-section as described above. 

 
5.2 Focusing and Workpiece Flatness  
Focusing Position: The accepted practice for focusing in thick-sheet partial penetration 
welding is to focus the beam into the workpiece, without exceeding the maximum 
penetration that can be achieved for the corresponding power. This is because power 
density is highest at the focusing plane of the laser beam and by focusing it deep into the 
material, we can ensure that it will help keep drilling into the molten pool through 
evaporation of the metal. In the meantime, the power density at the surface of the workpiece 
should be maintained above the threshold required to melt the solid. 
For thin-sheet full penetration conditions, focusing becomes more complicated. If the focus 
is placed at the bottom surface of the workpiece, violent evaporation may occur, due to the 
absence of surrounding material to conduct the excess heat away. This may result in a 
severe disruption of the molten pool, where molten metal gets ejected out of both sides of 
the workpiece, leading to crude laser cutting rather than laser welding. A similar result will 
occur if the focus is placed at the top surface of the workpiece. In this case, the best way to 
focus the laser beam is to create a power density, at the top of the surface, that is just high 
enough to sustain melting. This will shift the focus to some distance below the workpiece, 
thereby reducing the power density at the lower surface enough to prevent this violent 
ejection of the molten pool as well as drop-out. 
Flatness Requirement: Because thin sheet aluminium welding is highly sensitive to focusing 
changes, it is essential to have tight control over the plate’s flatness and its position with respect 
to the laser head. A dial gage was used to check the flatness and the height of the workpiece and 
a fixture was designed to prevent warping due to thermal distortion during welding. 

 

For thick-sheet, partial penetration welding, changes in focus of about 25-50 µm do not yield 
significantly different penetration results because the majority of the energy is conducted 
away and therefore a slight change in power density will not translate into a big percentage 
of penetration loss. 
However, when welding thin-sheets, the slightest increase or decrease in power density 
could mean the difference between a very violent welding process containing many defects 
or a weld with insufficient penetration. 
 

 
Fig. 12. Top and cross-sectional views of insufficient flatness, thin-sheet, full penetration 
welds  
 
For example, Figure (12) shows two thin-sheet welds, 1.5 mm apart, on a workpiece with 
insufficient fixturing. This caused poor flatness, which was about 25 µm for a span of about 
50 mm. The resulting welds did not have the desired weld characteristics from beginning to 
end; namely, consistent width, smooth top and bottom beads and minimal underfill. The 
welds would start out having the desired consistency and shape and after 20 or 30 
millimeters would transition into a violent, unstable process. The welds in Figure (12) show 
some undesirable characteristics. For both welds, the widths are inconsistent. In Figure (12a) 
the weld shows a cross-section with minor underfill and drop-out, whereas in Figure (12b) 
the cross-section reveals significant drop-out and underfill. 
Because of this high focusing sensitivity, it is very important that extra care is taken to 
ensure the flatness of the workpiece is within a tolerance of 10 µm. Also, the relative height 
between each workpiece needs to be checked to ensure that the focus will lie in the same 
location. Variations in thickness between workpieces could also interfere with process 
repeatability if they are larger than the aforementioned tolerance. Due to this high focusing 
sensitivity, for practical implementation of fusion repair, auto-focusing technology must be 
used because the structure component may not be flat.  
 
5.3 Crack Tracing  
As cracks are not in straight lines, the laser beam must trace the crack precisely. In this 
study, an off-line method is used for crack tracing. First, the crack sample to be repaired is 
mounted onto the fixture and a guide beam is used to determine the position coordinates of 
many points on the crack.  A line is then fitted by connecting these points. Usually about 20 
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to 30 points are identified to trace a crack of 1-1.5” length.  This fitted line is then uploaded 
to the controller of the x-y table for position and welding speed control. Linear motors are 
used as the driving motors for the x-y table. Figure (13) shows the variation of speed of the 
x-y table as the crack is being traced. 
Once they are finished tracing the crack, the linear motors return to their original positions. 
We can compare the smoothness of the speed during crack tracing with that of the return, 
which follows a straight line. The average speed during the crack tracing is 9.34 mm/s and 
the standard deviation is approximately 2.4 % of the average value. In comparison, during 
the straight line return the average speed is 9.76 mm/s and the standard deviation is less 
than 1 % from the average value. Therefore, we can be assured that at 10 mm/s the 
processing speed stays relatively consistent, without having large deviations during the 
changes in direction.  
 

 
Fig. 13. Variation of the linear motor speed as it traces the crack; comparison with the return 
of the linear motor to its original position by following a straight line. 

 
5.4 Process Parameter Modification for Thin-Sheet Welding   
The first step in transitioning from thick-sheet, partial penetration, bead-on-plate laser 
welding to thin-sheet, full penetration crack repair, is to find out what parameters 
combination will yield the best weld results. Several bead-on-plate experiments were 
performed with the topics discussed in Section 5.2 in mind. The final process parameters are 
summarized in Table 3. 
Initially, the partial penetration welding process parameters were selected as a starting 
point. Since the transferred welding conditions yielded results resembling laser cutting, it 
made the most sense to first increase the distance between the nozzle and the workpiece. 
Doing so, would decrease the pressure exerted on the molten pool by the nitrogen gas. This 
changed the process from resembling laser cutting to laser welding. By raising the nozzle (3 
mm from the surface of the workpiece), the pressure applied by the nitrogen gas to the 
molten pool was reduced significantly, while still maintaining its shielding from the 
atmosphere. 
Also, the inconsistent results (shown in Figure 2) confirmed that thin-sheet, full penetration 
welding is very sensitive to small changes in flatness and workpiece height. Therefore, the 

 

fixturing method had to be adjusted to improve the flatness tolerance. Since workpiece 
warping was also a concern, the workpiece was ”sandwiched” between two thicker 
aluminium plates, containing a rectangular slot in the area where the workpiece was to be 
welded. Not only did this prevent warping, but it also significantly improved the flatness of 
the workpiece. 
 

 Thick-Sheet, 
Partial 
Penetration 

Thin-Sheet, Full 
Penetration  

Output mode,  
Power (Watts) CW, 300 CW, 300 

Focus position from top surface (mm) 1 1.2 

Speed (mm/s) 4 10 

Nozzle position from top surface (mm) 1 3 

Flatness tolerance per 50 mm span 
(µm) > 25 > 10 

Table 3. Process parameter comparison between thick-sheet, partial penetration and  
 
thin-sheet, full penetration laser welding conditions 
By ensuring the flatness to be within 10 µm and adjusting the focusing based on the relative 
height of the workpiece, the resulting welds turned out to be much more consistent from 
beginning to end and at the ideal focusing position (1.2 mm from the top surface of the 
workpiece). The ideal focusing position, as opposed to thick-sheet welding, resulted in 
deeper than the desired weld penetration (800 µm), which would be at the bottom surface of 
the workpiece. When focused at the bottom surface, the power densities were too high at 
both, the top and bottom surfaces, causing a violent process and severe underfill. 
The speed also had to be changed, because the excess energy led to a larger molten pool, 
causing larger drop-out. At 10 mm/s, full penetration was achieved with minimal drop-out. 

 
5.5 Crack Repair by Fusion   
A single-pass laser welded crack is shown in Figure (14). The weld was created with 
minimal underfill and drop-out and with a consistent width and defect free weld bead. 
Double pass crack repairs, offset by 600 µm (center to center), were used to repair 
significantly skewed cracks that required larger weld width.  

 
5.6 Mechanical Testing for Determining Repaired Crack Strength   
Tensile tests were conducted for single and double pass welds, as well as unwelded 
(baseline) AA 7075-T6 sheets. Both the ductility and the ultimate strength were recorded.  
The results are shown in Figure (15). Four samples for each condition were tested due to 
limited numbers of crack samples and due to the fact that the results were highly repeatable 
(see below).  
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Fig. 13. Variation of the linear motor speed as it traces the crack; comparison with the return 
of the linear motor to its original position by following a straight line. 
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Fig. 14. Single-pass laser welded fatigue crack 
 
The average UTS of the base AA 7075-T6 is 579 MPa, which is identical to the documented 
value (Sanford, 2003). As shown in figure 7, the lowest strength is 571 MPa and highest is 
584 MPa, equivalent to –1.4 % to +0.9% in variation from the average value. The average 
UTS of the single-pass weld is 430 MPa, which is 74 percent of the base alloy’s strength. The 
lowest is 411 MPa and the highest is 443 MPa, equivalent to –4.4% to +3.0% variation from 
the average. The average UTS of the double-pass weld is 395 MPa, which is 68 percent of the 
base alloy’s strength. The lowest is 379 MPa and the highest is 422 MPa, equivalent to -4.1% 
to +6.8 % variation from the average value. These values are extremely encouraging because 
the UTS for AA 7075-O, which is the same alloy without heat treatment, is only 220 MPa 
(Sanford, 2003). The single pass weld is 95% higher than that of the untreated alloy, while 
the double pass weld is 72% higher. These high strength values indicate that the laser did 
not completely destroy the heat treatment temper. The strength is probably retained due to 
the use of the fiber laser which, with its highly concentrated energy deposition, produces 
narrow welds to allow for fast cooling by the bulk material. 
As the results of the UTS strength results were highly repeatable, no more samples were 
tested. For the tensile tests to determine UTS, four samples with highly repeatable results 
are justified. However, it should be noted that if fatigue life were to be tested, more samples 
would be needed as fatigue life tests usually exhibits wider statistical distribution.  In this 
study, no attempt was made to test the fatigue life as crack fusion alone should not be 
considered a viable repair technique unless it is used together with composite patches. It 
should be clear to see the benefit of the because without it crack fusion, the composite patch 
is bonded to a part with zero UTS at the crack region and with a high stress intensity factor 
at the crack front. On the other hand, with crack fusion, the UTS is 172% - 195% that of the 
untreated alloy and there is no crack front with a high stress concentration.  
In addition to tensile tests, the ductility was also measured. The average elongation for the 
base alloy was measured to be 4.9 percent, while the single pass weld was just under 1 
percent and the double bead-on-plate was approximately 0.5 percent. The significant drop 
in ductility was probably due to the rapid cooling of the weld as described earlier. For the 
double-pass weld, the second pass re-melted some weld of the first pass, which probably 
caused the ductility to drop even further. This effect has been observed before (Verkat et al., 

 

1997) in laser welding and can be improved slightly with the appropriate addition of filler 
wire (Yoon and Wallach, 2008). 
 

 
Fig. 15. Base AA 7075-T6 compared to single and double pass bead-on-plate welds 

 
6. Conclusion 

In this chapter, topics related to extending fiber laser welding of aluminium in the low 
speed range were discussed.  General topics, such as the properties of aluminium and 
welding defects, review of high speed laser welding of aluminium, and fiber laser 
characteristics and optical setups for safety, were first reviewed.  Recent research results on 
the modelling and validation of laser welding of aluminium, experimental characterization 
of low speed welding processes, and the instability phenomenon and its probable causes 
were then presented. Finally, an application of low speed fiber laser welding of aluminium 
for repairing fatigue cracks was discussed.   
The difficulty in extending fiber laser welding of aluminium to low speeds is that there 
exists a low speed threshold (1 mm/s), below which the process becomes unstable.  This 
threshold appears to be related to the molting front propagation speed, which was found to 
be approximately 1.1 – 1.4 mm/s.  Therefore, when the welding speed is less than 1 mm/s, 
the laser irradiates over the molten pool longer, resulting in less efficient energy coupling 
for forming high aspect ratio welds.  One possible solution to avoid this problem is to 
employ pulsed welding to reduce the laser power when it is irradiating over the molten 
pool and to resume the laser power when it moves over a solid surface.  More research is 
needed to devise suitable pulsing schemes based on this instability observation. 
Additionally, more studies are needed to understand the overheating of the molten pool 
and the keyhole stability, as well as the keyhole’s interaction with the melting front.  It is 
also important to study how the laser energy density and the currently observed low speed 
threshold, 1 mm/s, are related. It would be useful to devise new experiments to quantify 
each term in Equation 14 to further understand the overheating of molten pool. 
Finally, the most challenging factor for successful crack fusion is related to the plate flatness 
which critically affects the relative position between the laser focusing point and the plate 
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location.  It has been found that the plate flatness needs to be maintained to be within +- 10 
m for the welding process to be consistent.  In practical implementation, an auto-focus 
system must be developed to maintain proper focusing so that crack fusion can be achieved 
even for curved plates.  Another important technical difficulty is related to crack tracing.  
An automatic crack tracing system needs to be developed for practical implementation. 
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1. Introduction    

Several electronic, naval, aeronautic and automotive components are made by different 
materials joined together in order to improve mechanical and functional properties. 
Functionalities provided by clad metals can be grouped into structural, thermal expansion 
management, thermo-mechanical control, electrical, magnetic, corrosion resistant, joining 
and cosmetic applications to cite as few (Chen et al., 2005). The demand for dissimilar 
material joints continuously grows because one material can provide only a small spectrum 
of chemical, physical and mechanical characteristics required for the investigated 
application respect to the bi- or multi-layer material joints. Moreover considerable weight 
savings can be achieved by using lightweight materials clad to strength ones directly. For 
these reasons, researchers and manufacturers continuously evaluate the application of 
traditional and/or advanced joining processes to clad dissimilar materials and obtain 
transition joints optimally. Focusing the attention on steel/aluminium joints and 
shipbuilding industry, the development of lightweight and fast-speed vessels requires a 
great number of aluminium/steel structural transition joints (STJs) in order to connect 
aluminium superstructures to the steel hull (Chao et al., 1997). Using this solution, the total 
weight of a ship is reduced due to the lighter aluminium superstructure. However, 
problems in service may occurred by relations at the atomic level between iron and 
aluminium and differences existing in physical and chemical properties of the base metals. 
One of the most undesired effect derives from the large electrochemical difference of 1.22 
volts between iron and aluminium that causes a high susceptibility to both inter-crystalline 
and galvanic corrosion along the STJ interface. 
Fusion welding processes, initially used to produce the aluminium/steel STJs with desired 
physical and mechanical features, are narrowly applied because the subsidiary precipitates 
and brittle Al/Fe inter-metallic phases, created during fusion and solidification and located 
along the interface, are severely exposed to corrosion, troubling joint cohesion (Durgutlu et 
al., 2005). The high heat input affects the different thermal properties of the two materials—
thermal expansion, heat capacity and thermal conductivity—and may lead to very complex 
stress fields. Moreover, the heat input causes the lattice transformation and the formation of 
inter-metallic phases. In iron (cubic body-centred up to 911 °C) and aluminium (cubic face-
centred) joints, the inter-metallic phases present a high hardness and low ductility. The 
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welding procedures of STJs must be carefully controlled in order to avoid disbonding 
during construction and/or failure during service. The thickness of the Al/Fe inter-metallic 
layer between parent materials plays an important role in obtaining joints with optimum 
performances. Thus, the thickness minimisation of Al/Fe inter-metallic phases represents 
one of the most important problems to solve. This is why all the heat-intensive processes 
used up until now have been designed to keep the formation of inter-metallic phases within 
tight limits or even to prevent them from occurring in the first place (Bruckner, 2003; Chen & 
Kovacevic, 2004). 
Solid-state processes seems to be more likely for producing STJs because thin inter-metallic 
thicknesses are achieved. Processes normally employed are roll bonding, pressure welding, 
friction welding, ultrasonic welding, diffusion bonding and explosive welding (Deqing et al., 
2007). Explosion-welding is a fast and efficient process to bond two or more different metals 
with satisfactory corrosive properties. The energy of an explosive detonation is used to 
create a metallurgical weld between dissimilar materials. In preparation, the cladding plate 
is placed over the backer plate with a small gap between the two, ground and fixtured 
parallel at a precise spacing. A measured quantity of a specifically formulated explosive is 
spread on top of the cladding plate. On detonation, the cladding plate collides progressively 
with the backer plate at a high velocity. This collision removes the contaminating surface 
films like oxides and absorbed gases in the form of a fine jet, bringing together two virgin 
metal surfaces to form a metallurgical bond by electron sharing. The detonation front then 
uniformly travels across the surface until the end of the plates (Durgutlu et al., 2005; Bankers 
& Nobili, 2002). The combination of surface cleaning and extreme pressure produces a 
continuous metallurgical weld (Young & Banker, 2004). Although the explosion generates 
intense heat, there is no sufficient time for the heat to conduct into the metals, avoiding bulk 
heating (ASM Handbook Vol.6). Furthermore, there are no changes in the metallurgical 
characteristics or specification compliance of the component metals. 
The objective of the present research is the evaluation of the process feasibility of applying 
laser welding to explosion-bonded STJs for the final ship assembly. This paper reports 
results achieved for as-simulated laser welded conditions by imposing severe thermal cycles 
to specimen obtained from structural transition joints with time periods longer than those 
normally recorded during laser welding. Metallurgical and mechanical characterisation of 
heat treated specimen are performed to evaluate the influence of the heat treatments on final 
joint properties. The analysis was then extended to the bead on plate and   double 
side/double square fillet T-joints. 

 
2. Problem Position 

From the chemical point of view, iron reacts with aluminium forming several FexAly inter-
metallic compounds, as the Fe-Al phase diagram shows (Figure 1). 
Only small amounts of iron can be dissolved in aluminium and only small amounts of 
aluminium can be dissolved in iron. The FeAl2, Fe2Al5, Fe2Al7 and FeAl3 are Al-rich inter-
metallic compounds while FeAl and Fe3Al are Fe-rich inter-metallic compounds (Table 1). 
The presence of Al-rich inter-metallic phases must be accurately control to reduce their 
influence on joint performances, respect to the Fe-rich phases with higher toughness values. 
In fact the complex lattice structures and too high micro-hardness values (up to 800 HV or 
more) of Al-rich inter-metallic compounds can cause a high interface fragility. 

Fig. 1. Fe-Al phase diagram at equilibrium. 
 

Phase Al Content 
(atomic %) 

Structure Micro-hardness 
(HV) 

Density 
(g/cm3)  

Fe3Al 25Ordered BCC 250-350 6.67 
FeAl 50Ordered BCC 400-520 5.37 
Fe2Al7 63Complex BCC 650-680 NA 
FeAl2 66-67Complex rhombohedral  1,000-1,050 4.36 
Fe2Al5 69.7-73.2BCC orthorhombic 1,000-1,100 4.11 
FeAl3 74-76Highly complex monoclinic BCC 820-980 3.95 
Table 1. Inter-metallic compounds (Bruckner, 2003). 
 
The inter-metallic phases occurs at temperatures below the melting point of aluminium not 
only during explosion welding but also during fusion welding necessary to connect STJs to 
the steel hull and aluminium superstructure. The formation rate of the inter-metallic phases 
is diffusion-driven, thus dependent from time and temperature variables. For this reason, 
the evaluation of joint characteristics before and after fusion welding is necessary. The 
mechanical and metallurgical properties of the bond zone are determined by means of tests 
made in the following conditions (American Bureau of Shipping, 2000): 
- As-clad condition: No preliminary treatment is given to the specimens to represent the 

as-clad product.  
- As-simulated welded condition: A preliminary heat treatment is performed to the 

specimens in order to represent the product after welding. 
The simulated welded specimens are heat-treated at 315±14°C (600F±25 °F) for 15 minutes, 
as suggested by American Bureau of Shipping. This temperature-time limit is settled-on by 
considering that a STJ exposed to a higher time or higher temperature than this limit can 
present a lower performance life than any as-clad explosion-welded STJs. However, two 
main considerations have to be made on this temperature-time limit such as: (i) the 
interaction between the temperature and time variables is not accurately evaluated and (ii) 
the welded condition normally is refereed to TIG or MIG welding processes, both 
characterised by high heat input profiles. The main hypothesis to verify is whether a very 
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heat treated specimen are performed to evaluate the influence of the heat treatments on final 
joint properties. The analysis was then extended to the bead on plate and   double 
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The inter-metallic phases occurs at temperatures below the melting point of aluminium not 
only during explosion welding but also during fusion welding necessary to connect STJs to 
the steel hull and aluminium superstructure. The formation rate of the inter-metallic phases 
is diffusion-driven, thus dependent from time and temperature variables. For this reason, 
the evaluation of joint characteristics before and after fusion welding is necessary. The 
mechanical and metallurgical properties of the bond zone are determined by means of tests 
made in the following conditions (American Bureau of Shipping, 2000): 
- As-clad condition: No preliminary treatment is given to the specimens to represent the 

as-clad product.  
- As-simulated welded condition: A preliminary heat treatment is performed to the 

specimens in order to represent the product after welding. 
The simulated welded specimens are heat-treated at 315±14°C (600F±25 °F) for 15 minutes, 
as suggested by American Bureau of Shipping. This temperature-time limit is settled-on by 
considering that a STJ exposed to a higher time or higher temperature than this limit can 
present a lower performance life than any as-clad explosion-welded STJs. However, two 
main considerations have to be made on this temperature-time limit such as: (i) the 
interaction between the temperature and time variables is not accurately evaluated and (ii) 
the welded condition normally is refereed to TIG or MIG welding processes, both 
characterised by high heat input profiles. The main hypothesis to verify is whether a very 
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short time at a high temperature may sufficient to compromise and, in the worst condition, 
destroy bond properties of explosion-welding STJs, making the application of laser welding 
unfeasible. All above considerations shift the manufacturing problem form suppliers to 
shipbuilders. In fact, the interest of an STJ is its direct application instead of the way it is 
produced. 

 
3. Specimen preparation of heat treatment 

A tri-metallic transition joint was chosen for this study due to its industrial importance for the 
fast vessel construction. The rough material was the Triclad® STJ, a trade name of Merrem & la 
Porte for aluminium/steel transition joints, produced with open-air explosion welding. In 
particular, the selected rough material consisted of an ASTM A516 steel backer plate clad to an 
AA5083 flyer plate, with commercial purity aluminium (AA1050) interlayer plate placed 
between the former two. The presence of the AA1050 interlayer was necessary to improve STJ 
diffusion resistance with both iron and aluminium (Bankers & Nobili, 2002). The investigated STJ, 
realised by the supplier in compliance with specification ASTM B898 (Chen et al., 2005), was 
analysed with ultrasonic inspection from the manufacturer to confirm the whole weld interface 
integrity. 
STJ specimens for metallographic and micro-hardness evaluation of about 28·13·3 mm3 (Figure 2) 
were sectioned by using an abrasive wheel cut-off machine in transverse direction to the length 
of the rough plate, taking care of minimising the mechanical and thermal distortions of the Al/Fe 
interface. The specimen surfaces were smoothly ground to give a uniform finish and cleaned 
before putting them in the heat treatment oven. Each specimen was heated at specific 
temperature and time in compliance with the Central Composite Design (CCD) experimental 
plan and cooled outside the heat oven to the room temperature. The CCD design is a factorial or 
fractional factorial design (with centre points) in which "star" points are added to estimate 
curvature (Montgomery, 2000). The main CCD factors were the temperature and time, ranging 
between 100 and 500°C and 5 and 25 minutes respectively. The centre point of the CCD, 
replicated five times, was fixed at 300°C for 15 minutes, according to the limit of the as-simulated 
welded condition. The entire plan, shown in Table 2, also included the as-clad condition (ID 12) 
and near-melted condition of aluminium alloys (ID 13). The temperature of the heat treatment 
oven was rapidly reached by applying a high heat power and then maintaining this temperature 
for time sufficient to guarantee stationary conditions. The specimen was then inserted into the 
oven. This process was repeated for all specimens. 
 

 
Fig. 2. Triclad® STJ. 

Specimen 
ID 

Temperature 
(°C) 

Time 
(minutes) 

1 100 5
2 100 25
3 500 5
4 500 25

5-6-7-8-9 300 15
10 300 0.86
11 300 29.14
12 17.16 15
13 582.4 15

Table 2. Central Composite DOE. 
 
The heat-treated specimens were then prepared by grinding with 200 to 1000-grit silicon 
carbide papers, followed by mechanical polishing from 6-μm to 1-μm diamond abrasive on 
short nap clothes. Etching was then performed on the steel side of specimens with Nital 
solution (2 mL HNO3 and 98 mL of C2H5OH) in distilled water for 15 seconds in order to 
highlight grain structures as well as inter-metallic phases. Keller’s reagent (5 mL HNO3 and 
190 mL of H2O) was applied for 15 seconds to aluminium side to point macro-structures.  

  
4. Metallographic examination of heat treated specimens 

The visual inspection of the STJ specimens by using the metallographic microscope was 
very useful to investigate modifications of Al/Fe interface due to heat treatments. The as-
clad specimen was initially analysed and different areas were detected, as Figure 3 shows. 
Ripples with different morphological characteristics were located at the interface. These 
ripples, formed from the rapid quenching of melt regions caused by explosion, consisted of 
a mixture of different inter-metallic phases, as the grey scale variation suggests (Figure 3-
A/B). Areas surrounding these ripples, and sometimes located inside them, exhibited the 
typical dendrite morphology of a slow cooling process after melting . Small-sized clusters of 
inter-metallic compounds, formed in not equilibrium cooling conditions, were also observed 
along the Al/Fe interface, pointing out the interface discontinuity. The cluster thickness 
ranged between 50 and 160 μm. Along the Al/Fe interface, the inter-metallic phases were 
detected as a discontinuous narrow band, less than 5 μm wide (Figure 3-C/D). This band 
was thick in areas submitted to high thermal gradient  while it was very thin or absent in 
areas subjected to very low thermal gradient. The very brittle inter-metallic phases 
identified in this band at room temperature in the as-clad STJ were the FeAl3 and Fe2Al5 on 
the aluminium side and steel side respectively, as confirmed by quantitative analysis (x-ray 
diffraction) performed with SEM (Figure 4). Further metallographic features were noted for 
the STJ base materials. The micro-structure of the ASTM A516 steel consisted of ferrite 
(lighter constituent) with pearlite (darker constituent), as Figure 3-E shows. Small-sized 
elongated grains, characteristic of the cold-working conditions, were observed near the 
interface while medium-sized regular ones were identified in areas immediately after the 
Al/Fe interface until to the specimen boundaries. As concern the AA1050 side, the micro-
structure consisted of insoluble FeAl3 particles (dark constituent) dispersed in the 
aluminium matrix (lighter constituent), as Figure 3-F shows. The morphology of these 
particles seemed to be not influenced by explosion welding. 
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Fig. 3. Details of Al/Fe interface (as-clad condition). 
 

 
Fig. 4. SEM Observation. 
 
The heat-treated specimens were accurately examined to measure changes in Al/Fe 
interface. A well-designed measurement process, divided into calibration, acquisition and 
computation steps, was applied to quantify the extension of the inter-metallic phases along 
the Al/Fe interface. The micro-structural measurements involved the use an optical 
microscope connected to a digital camera and a computerised image tool. At the end of the 
acquisition process, the entire Al/Fe interface of the specimen was captured by shooting 
multiple images at different locations, performing the brightness/contrast adjustment, 
joining them in a single frame and finally over-laying a 100 μm grid (Figure 5). 
 

Fig. 5. Al/Fe interface with grid. 
 

In the measurement step, the presence of inter-metallic phases was evaluated for each sector 
of 100 μm length. These phases, darker than aluminium and lighter than ferrite, were 
searched at interface. In case of a not very clear distinction between light and dark zones, the 
inter-metallic phases were considered as not present. The above procedure was repeated for 
all specimens and the results reported in Table 3 in terms of real inter-metallic extension and 
percentage respect to the entire specimen length of 13 mm. 
 

Specimen�ID Temperature 
(°C) 

Time 
(minutes) 

FexAly length 
(mm) (%) 

1 100 5 5.4 41.54
2 100 25 6.1 46.92
3 500 5 12.4 95.38
4 500 25 12.9 99.23
5 300 15 5.7 43.85
6 300 15 6.7 51.54
7 300 15 5.4 41.54
8 300 15 7.1 54.62
9 300 15 6.0 46.15

10 300 0.86 5.2 40.00
11 300 29.14 6.6 50.77
12 17.16 15 5.9 45.38
13 582.4 15 11.5 88.46

Table 3. Inter-metallic extensions. 
 

The expected outcome was the increase of the inter-metallic layer length with the increase of 
both temperature and time. The analysis of variance (ANOVA) of the FexAly length response 
variable pointed-out the temperature as the main factor influencing the extension growth of 
the inter-metallic phases along the Al/Fe interface while time was negligible (Table 4).  
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Fig. 3. Details of Al/Fe interface (as-clad condition). 
 

 
Fig. 4. SEM Observation. 
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Source SS DF MS F Prob>F 
Model 80.62 5 80.62 8.69 0.0065
Temperature 58.97 1 58.97 31.79 0.0008
Time 0.95 1 0.95 0.51 0.4976
Temperature·Time 10-2 1 10-2 5.4·10-3 0.9435
Temperature2 20.49 1 20.49 11.05 0.0127
Time2 1.07 1 1.07 0.57 0.4732
Residual 12.99 7 1.86
Total 93.60 12 

 
Equation of the Response Surface 
FexAly Length=+6.221-1.179·10-2·Temperature 
-7.550·10-2 ·Time-2.5000·10-5 
·Temperature·Time+4.291·10-5 

Table 4. ANOVA – Inter-metallic extensions. 
 
The good agreement between experimental and predicted results was confirmed by the high 
value of R2 and adjusted R2 of the quadratic model, respectively more than 86% and 76% 
(Figure 6). The experimental data highlighted that the specimens exposed to a thermal stress 
for temperatures below 300 °C did not exhibited a significant growth of the inter-metallic 
band extension respect to the as-clad specimen. The extension of inter-metallic phases 
covered less than 50% of the entire specimen Al/Fe interface length and the interface 
consisted of unconnected ripples and sacks. The situation drastically changed in case of 
specimens submitted to temperature equal or greater than 500 °C. The Al/Fe extension was 
more than 88% of the entire, sometimes covering the entire interface. The aspect of the 
interface was constitute by ripples and sacks connected by a continuous thin band of inter-
metallic phases (Figure 7). 
 

 
Fig. 7. Al/Fe interface (specimen ID 13). 
 
Based on above observations, the analysis was extended to measure the inter-metallic layer 
thickness of the specimens subjected to the temperature of 500°C (ID 3 and 4). The 
measurement process previous applied for FexAly extension was adapted by mounting 25x 
objective and 20x eyepieces lenses into the microscope, acquiring multiple images of the 
Al/Fe interface. Five shots per specimen were randomly selected and two grids of 10 μm 
spacing were over-laid for computing inter-metallic thickness of each shot, for a total 
number of measurements per specimen equal to 50. The results achieved pointed out the 
importance of the time variable on inter-metallic thickening. In fact, the average FexAly layer 
thickness of specimen ID 3 (Temperature=500°C and time=5 min) was equal to 5.58 μm, 
quite an half of the average thickness of specimen ID 4, equal to 11.23 μm, subjected to the 
same temperature for a total time of 25 minutes. The observations of FexAly growth and 
thickening were very important to justify the application of laser welding. In fact during 

laser welding, the high thermal input is localised in very narrow zone and the high travel 
speeds of the laser beam minimise the heat conductivity into the surrounding metal. The 
FexAly layer should become larger and thicker in area just below laser beam while it should 
remain quite the same dimensions in areas away from laser beam. 

 
5. Micro-hardness evaluation of heat treated specimens 

Micro-hardness test were performed to measure the strength of Al/Fe interface in a non-
destructive way as well as its variation under heat thermal loads.  A Vickers micro-tester 
(HX-1000TM of REMET) mounting a 40x objective and 15x eyepieces lenses was used, 
setting the indentation load to 200 g for 15 s, in compliance with ASTM standard E92. 
Analysis points were sufficiently spaced to eliminate the effect of neighbouring indentations 
while evaluating existing materials and phases. Five indentations were taken at specific 
locations at and far from Al/Fe interface (Figure 8) for three times and results then 
averaged. 
 

A=+ 3.2 mm 
B =+ 1.0 mm 
C =+ 0.0 mm 
D =- 0.1 mm 
E = - 1.5 mm 

Fig. 8. Vickers indentations. 
 
The area of measure was randomly selected for each specimen by respecting the condition 
that at least one ripple was contained in it. The hardness result was the average value of all 
inter-metallic phases embraced by the indenter diagonal. The results of Table 5 pointed-out 
that hardness values of AA5083, AA1050 and ASTM A516 steel were slightly affected from 
heat treatments. The justification of this behaviour could be that longer time at investigated 
temperatures should be necessary to allow greater diffusion fluxes. The hardness of the 
inter-metallic compounds (point C) was greatly influenced by temperature and time factors. 
 

Specimen�ID Temperature 
(°C) 

Time 
(minutes) 

Indentation ID (HV) 
A B C D E 

1 100 5 105 46 583 266 195
2 100 25 107 41 534 245 178
3 500 5 81 31 430 242 182
4 500 25 83 28 483 239 166
5 300 15 91 44 554 235 186
6 300 15 81 45 593 238 180
7 300 15 97 44 618 247 183
8 300 15 89 42 582 278 175
9 300 15 81 39 582 294 183

10 300 0.86 107 43 543 246 186
11 300 29.14 85 40 527 245 174
12 17.16 15 100 41 545 246 179
13 582.4 15 72 30 476 192 158

Table 5. Vickers results. 
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The analysis of variance (ANOVA) of the inter-metallic hardness response variable pointed-
out that increases in time and temperature lower hardness (Figure 9). In particular, 
temperature square, followed in order of importance from temperature and time square, 
were the main significant terms of the quadratic model (Table 6). This model presented R2 
and adjusted R2 values equal to 88% and 79%. The reduction in hardness could be caused by 
the inter-metallic transformation from hard to soft phases.  The fragility of the inter-metallic 
layers was also witness from the cracks present inside inter-metallic ripples. The 
investigated specimen, exposed to 300°C for 15 minutes in compliance with as-simulated 
condition, was characterised by the presence of cracks localised caused only by mechanical 
polishing. 
 

 
Fig. 9. Inter-metallic hardness. 
 

Source SS DF MS F Prob>F 
Model 27854.0 5 5570.81 11.75 0.0027
Temperature 8916.54 1 8916.54 18.81 0.0034
Time 34.79 1 34.79 0.07 0.7942
Temperature·Time 4726.56 1 4762.56 9.97 0.0160
Temperature2 10780.7 1 10780.7 22.75 0.0020
Time2 5084.84 1 5084.84 10.73 0.0136
Residual 3317.41 7 473.92
Total 31171.4 12 

 
Equation of the Response Surface 
HV of Point C=+560.674+1.658·10-1 ·Temperature 
+3.165 ·Time-1.719·10-2 ·Temperature·Time-9.842 
·10-4 ·Temperature2-0.270·10-1 ·Time2 

Table 6. ANOVA – Vickers Results of Point C. 

 
6. Mechanical strength of heat treated specimens 

STJ specimens for mechanical evaluation were fabricated with machining processes from 
Al/Fe STJ (Figure 10) in compliance with ASTM A264–03 standard by removing the 
majority of the weakest clad materials (AA5083 and AA1050) and leaving a small nub with 

length w and thickness α. The ratio between w and α was 1½ with the maximum allowed 
dimension of w equal to 3.18 mm (⅛”). Other important dimensional features were the 
specimen width equal to 25.40 mm (1”), length equal to 63.50 mm (2½”), distance between 
side surfaces equal to 19.05 mm (¾”) and minimum steel thickness t greater than 2w. The 
heat treatments of these specimens were performed by following the same temperature-time 
parameters of those defined for the CCD experimental plan of the metallographic 
evaluation. 
 

 

Fig. 10. Shear test - Specimen. 
 

Shear test was very important to assess transition joint technical conformity by measuring 
the maximum shear strength of the bond interface and comparing it to the maximum shear 
strength of the weakest material of the STJ. The shear strength of the test piece was defined 
as the peak shearing load divided by the sheared area. Interfacial bonding of the clad 
specimen was evaluated by shear stress measured with a universal test machine INSTRON 
4485 with a 200 KN loading cell and a home designed testing equipment in which the test 
piece and the jig were fitted, assuring the easy specimen blocking and high positioning 
accuracy as well as flexibility of use for other required tests. The shear test were performed 
with the mobile crosshead moving at 3.0 mm/min. The evolution of stress-displacement 
curve initially presented a rapid increase of the stress value, its stabilisation and finally its 
rapid reduction. The rupture was localised in the AA1050 and not at interface AA1050/steel, 
justifying the trend of this loading curve (specimen BM in Figure 11). The same figures 
reports the loading curves of specimen ID 8, heated at 300°C for 15 minutes, and specimen 
ID 4, heated at 500°C for 25 minutes. 
 

Fig. 11. Loading curve of heat treated specimens. 
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As figure shows, the shear strength decreased with the increase of both processing 
temperature and time, causing the rapid lowering of the maximum shear stress values. This 
trend was also confirmed by analysing the other tests. 
Table 7 reports the final results of all tests in term of maximum values of the shear stress. All 
stress values recorded during tests were decidedly higher than 50-60 MPa prescribed from 
Lloyd’s Register of Shipping, revealing the good fabrication quality of the observed STJ. The 
worst results were achieved when specimens were subjected to high temperature for a long 
time (Specimens ID 4 & 13).  
 

Specimen�ID Temperature 
(°C) 

Time 
(minutes) 

Shear stress 
(MPa) Lloyd’s 

1 100 5 69.57 Positive
2 100 25 70.37 Positive
3 500 5 75.95 Positive
4 500 25 44.50 Negative
5 300 15 80.64 Positive
6 300 15 72.09 Positive
7 300 15 70.52 Positive
8 300 15 69.73 Positive
9 300 15 71.63 Positive

10 300 0.86 73.65 Positive
11 300 29.14 69.79 Positive
12 17.16 15 69.57 Positive
13 582.4 15 5.56 Negative

Table 7. Shear stress values. 
 
The analysis of variance (ANOVA) of the shear stress response variable pointed-out that 
increases in time and temperature lowering shear strength (Figure 12). In particular, 
temperature, followed in order of importance from temperature square and time, were the 
main significant terms of the quadratic model (Table 8). This model presented R2 and 
adjusted R2 values equal to 78% and 63%. 
 

 
Fig. 12. Shear stress. 

Source SS DF MS F Prob>F 
Model 3626.63 5 725.33 5.04 0.0281
Temperature 1512.87 1 1512.87 10.52 0.0142
Time 163.00 1 163.00 1.13 0.3224
Temperature·Time 260.02 1 260.02 1.81 0.2207
Temperature2 1578.79 1 1578.79 10.98 0.0129
Time2 28.21 1 28.21 0.20 0.6712
Residual 1006.53 7 143.79
Total 4633.16 12 

 
Equation of the Response Surface 
Shear Stress=+52.815+2.177·10-1 

·Temperature+1.537·10-1 ·Time-4.031·10-3 
·Temperature·Time 

Table 8. ANOVA – Shear stress values. 
 
Some interesting considerations were performed by comparing results of shear stress 
(Figure 12), inter-metallic extension (Figure 6) and micro-hardness (Figure 9). The behaviour 
of the shear stress response surface was opposite to that of the inter-metallic extensions. In 
particular the highest and lowest values of the shear stress was achieved for the lowest and 
highest temperatures, respectively. On the contrary the highest and lowest values of the 
inter-metallic extension were achieved for the highest and lowest temperatures. For this 
reason it was possible to suppose that shear strength decreased with the increase of the 
inter-metallic length. In contrast, the relation between shear stress and inter-metallic 
hardness was not so clearly evident. In fact the highest and lowest values of the shear stress 
were achieved for the lowest and highest temperature-time couple. However in the other 
areas this trend was not quite evident and further investigation will be necessary. Based on 
the above results, it was possible to suppose that the main cause of the lowering of the shear 
strength with the temperature increase was the inter-metallic layer growth, even if the inter-
metallic phases become softer. 
The strength of the welding zone is evaluated by Ram Tensile Test. During the test, the force 
is applied to the direction perpendicular to the planes delimiting different material interface. 
A specimen with a particular parallelepiped/cylindrical shape is used in order to 
concentrate stresses in the section just above the transition area that corresponds to the bond 
interface, as Figure 13 shows. The MIL-J-24445A standard, specifies maximum dimensions 
of the bi-material specimen but its principles can be easily extended to tri-material joints. In 
this last case, the strength of the steel/AA1050 bond interface is estimated rather than that of 
the AA5083/AA1050 one. The specimen, punch and matrix prescribed by the above cited 
standard are reported in Figure 14, together with the designed testing equipment. The 
matrix is fixed while the punch moves in contact with the bond interface, compressing it 
until rupture. The MIL-J-24445A standard does not give values or suggestions linked to 
testing parameters (e.g. punch speed) and/or specimen clamping. The specimen is simply 
rested on the matrix top surface, allowing its rotation around the cylindrical axis. In the 
hypothesis that the pressure between punch and specimen during contact is uniform, the 
applied load can be considered as axial-symmetric. The thickness D of the bond zone is 
always equal to 1.72±0.1 mm, independently from the values of steel and aluminium 
thicknesses. The thickness D is achieved by simply varying the hole depth. The testing 
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concentrate stresses in the section just above the transition area that corresponds to the bond 
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thicknesses. The thickness D is achieved by simply varying the hole depth. The testing 



Laser Welding90

equipment, designed and realised in compliance with the MIL-J-24445A standard, allowed 
the easy set-up on an universal tensile testing machine. The designed equipment consisted 
of a screwed punch and a  two elements matrix with a changeable cylindrical insert. The 
punch is mounted on the top mobile crosshead of the INSTRON 4485 machine while the 
matrix is fixed to the machine basement with bolts and nuts. The choice of the changeable 
insert was justified by the need to substitute the insert in case of high wear conditions as 
well as to select the proper tolerance gap with the specimen. The correct alignment between 
the punch and specimen axes to avoid bending effects was realised by means of a guided 
groove in the low part of the matrix. The pressure of the punch caused tensile loads on 
specimen bond interface. The maximum tensile stress value recorded during test was used 
to assess the joint strength for several temperature-time cycles. The minimum value of the 
tensile stress to consider the joint as good should be greater than 75 N/mm2. 
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The designed experimental plan for mechanical testing was extended respect to the plan 
used for micro-hardness evaluation to preserve continuity with previous investigation, 
evaluate more critical conditions associated to higher time and/or temperatures and 
improve knowledge about mechanical strength limits of tri-material transitions joints. 
Metallographic examinations revealed that the heat-treated joints properties remained quite 
equal to those of as-clad specimen for temperatures lower than 300 °C and processing times 
lower than 15 minutes. The new experimental plan is reported in Table 9, in terms of 
temperature-time couples. The punch speed was set to 0.05 mm/s for all tests. 
Some important considerations can be carried-out by analysing these results. The maximum 
strength of the as-clad specimen as well as specimens processed at 300 °C were greater than 

minimum value of 120 MPa certified by the material supplier. In addition, the specimen 
resistance was mainly supported by the small thickness of AA1050, considering that the 
maximum strength of this commercial alloy was about 180-190 MPa at high cold work 
conditions. These values suggested that the thermal cycles may reduced the cold work 
conditions, with consequent reduction of the maximum strength of the tri-material joint. The 
specimen behaviour changed when processing temperature was greater than 300°C. Based 
on the above results, temperature was the main factor causing the lowering of the specimen 
mechanical strength. 
 

Specimen�ID Temperature 
(°C) 

Time 
(minutes) 

Tensile 
Force (KN) Stress (MPa) 

HTRT1 25 5 29.4 233.7
HTRT2 300 15 30.1 239.3
HTRT3 500 25 4.3 34.2
HTRT4 300 25 25.2 200.3
HTRT5 400 20 16.4 130.4
HTRT6 500 15 4.8 38.2
HTRT7 500 5 17.8 141.5
HTRT8 25 25 29.9 237.7

Table 9. Ram tensile test values. 
 
The same considerations arose from the analysis of the load-displacement data. HTRT1 and 
HTRT2 specimens were characterised by the same curves, with equivalent values of the 
maximum load and displacement, as Figure 15 reports. This behaviour pointed-out that 
mechanical properties were not greatly altered from processing temperature and time, even 
if HTRT2 specimen stayed in the oven at 300°C and HTRT1 specimen was thermally 
untreated. The maximum supported load started to drop when specimen were treated at 
temperatures higher than 300 °C. The HTRT5 specimen, processed at 400 °C for 20 minutes, 
and HTRT7 specimen, processed at 500 °C for 5 minutes, were accomplished by the 
reduction of the maximum load value with the increase of the maximum displacement 
(Figure 16). In fact, the load-displacement curves of the two specimens were perfectly 
equivalent from the mechanical point of view. The maximum load drastically drop for 
higher temperatures, as HTRT3 specimen, processed at 500 °C for 25 minutes, witnessed. 
 

Fig. 15. Load/displacement curves of HTRT1 and HTRT2 specimens. 
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equipment, designed and realised in compliance with the MIL-J-24445A standard, allowed 
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insert was justified by the need to substitute the insert in case of high wear conditions as 
well as to select the proper tolerance gap with the specimen. The correct alignment between 
the punch and specimen axes to avoid bending effects was realised by means of a guided 
groove in the low part of the matrix. The pressure of the punch caused tensile loads on 
specimen bond interface. The maximum tensile stress value recorded during test was used 
to assess the joint strength for several temperature-time cycles. The minimum value of the 
tensile stress to consider the joint as good should be greater than 75 N/mm2. 
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Fig. 16. Load/displacement curves of HTRT3, HTRT5 and HTRT7 specimens. 
 
The reduction of the mechanical strength with temperature and time becomes more evident 
with results reported in Figure 17, the ANOVA of which is reported in Table 10. 
 

 
Fig. 17. Ram tensile test. 
 

Source SS DF MS F Prob>F 
Model 50191.0 5 10038.2 20.21 0.0478
Temperature 26285.5 1 26285.5 52.91 0.0184
Time 3962.75 1 3962.75 7.98 0.1058
Temperature·Time 3391.77 1 3391.77 6.83 0.1205
Temperature2 12417.8 1 12417.8 25.00 0.0378
Time2 951.94 1 951.94 1.92 0.3005
Residual 993.55 7 496.77
Total 51184.5 12

 
Equation of the Response Surface 
Shear Stress=253.66+8.388·10-1·Temperature-8.341 
·Time-1.218·10-2 ·Temperature·Time-1.876·10-3 
·Temperature2+2.842·10-1 ·Time2 

Table 10. ANOVA – Ram tensile test values. 

The justification of this fragile behaviour was that the heat treatment at high temperature 
promoted the inter-metallic redistribution at Al/Fe bond interface, with consequence 
growth of the inter-metallic thickness, causing the lowering of the mechanical properties. 
This hypothesis has been confirmed by previous works (Tricarico et al., 2007) in which the 
influence of the thermal loading of the Al/Fe explosion welded joints was investigated by 
measuring the extension and thickness of inter-metallic compounds at Al/Fe interface. The 
metallographic analysis measurements have pointed-out that the band extension was 
mainly influenced by the temperature because the increase of the band extension with 
increasing temperature has been recorded. Observing the evolution of the inter-metallic 
band thickness, it has been observed that thickness at 500°C after 5 minutes was half than 
that obtained after 25 minutes. 
Another important aspect took into account was the shape of the fractured surfaces of the 
thermally loaded specimens. The fracture surfaces were characterised by a ductile fracture 
with very low appreciable deformation and/or absent signs of gross plastic deformation. 
This fracture may be justified by the presence of a continuous diffuse inter-metallic layer 
that triggered micro-cracks. The Figure 18 reports the fractures aspects of HTRT1, HTRT2 
and HTRT3 specimens. The pattern of the HTRT1 specimen is very irregular with evident 
differences between peaks and voids. These difference between peaks and voids were lower 
in case of HTRT3 specimen, as the fragile fracture of the specimen at the end of the test 
shows. The surface aspect of the HTRT2 specimen seemed to be intermediate between the 
other two specimen surfaces, corroborating results achieved during the ram tensile test in 
terms of maximum load and displacement. 
 

 
HTRT1  HTRT2 

 
HTRT3 

Fig. 18. Surface fractures of HTRT1, HTRT2 and HTRT3 specimens. 

 
7. Bead on plate 

Welding tests on STJs were performed on specimens machined from the same bar, which 
section and length were 26.3·26.0 mm2 and 1000.0 mm respectively. The materials of the STJ 
bar were steel - ASTM A516 grade 55 - and aluminium alloys - AA1050 and AA5083, the 
thicknesses of which were 13.7±0.4 mm for steel and 11.7±0.3 mm for aluminium alloys. 
Bead-on-plate were carried-out by using process parameters identified in the previous 
preliminary analysis and varying only the joint geometry. In this way, the laser-induced 
thermal load was kept constant on the top surface while Al/Fe interface was subject to 
different thermal stresses due to the reduction of the specimen thickness. To achieve this 
result, upper section interacting with the laser beam was machined to reduce the distance d 
between the fused zone and bond interface. For this reason specimens with different 
thicknesses were employed. The specimen length, equal to 80.0 mm, was chosen to achieve 
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bar were steel - ASTM A516 grade 55 - and aluminium alloys - AA1050 and AA5083, the 
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Bead-on-plate were carried-out by using process parameters identified in the previous 
preliminary analysis and varying only the joint geometry. In this way, the laser-induced 
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thicknesses were employed. The specimen length, equal to 80.0 mm, was chosen to achieve 
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stationary conditions during welding. Some trial tests on STJ specimens were performed to 
verify if the main geometrical parameters of weld sections were the same of those achieved 
in the preliminary analysis on the base materials. Weld geometry was characterised by the 
penetration depth and width equal to 5.4 and 5.0 mm, quite equal to those measured on the 
base materials. The small variations between results were inputted to the laser beam power 
fluctuation, specimen geometry (plate vs. bar) as well as materials compositions (mono-
material vs. tri-materials). 
The following tests on STJs were performed with the laser beam power equal to 4.3 kW and 
travel speed set to 1.5 or 1.0 m/min respectively for aluminium or steel top surface. The 
specimen LPBAL1, LPBAL2 and LPBAL3 were realised by machining the aluminium side 
(Table 11). The distance d between the melt zone and the Al/Fe was planned to 3.0, 1.5 and 
0.0 mm, assuming that the penetration depth remained constant to 5.5 mm. Table 11 also 
reports cut section, details of the weld fused area and geometrical parameters such as the 
penetration depth h and width r. In particular, these two parameters decreased with the 
reduction of the distance d, in spite of the thermal load on the top surface was the same for 
all specimens. 
 

Specimen LPBAL1 LBPBAL2 LBPBAL3 

Geometry 

Results 

  
Section 

    
Parameters r = 4.8 mm \ h = 5.1 mm  r = 4.7 mm \ h = 4.6 mm r = 4.7 mm \ h = 4.5 mm 

Table 11. Tests on STJs – Aluminium side. 
 

Possible justifications of this trend were the lower conductivity of steel, that reduced the heat 
transmission at bond interface as well as in the steel region, and the smaller aluminium thickness, 
that lowered the possibility of the laser-induced heat to quickly went away from the weld fused 
area. The decrease of the main weld parameters become more evident by comparing the as-clad 
specimen with LPBAL3. The difference of the penetration depth between these two specimen 
was equal to 0.9 mm while the difference of the penetration width was equal to 0.3 mm. 
The same experimental framework was applied for specimen welded from the steel side. The 
specimen LPBST1, LPBST2 and LPBST3, realised by the steel side, were machined from the same 
bar of the specimen processed from the aluminium side to eliminate differences due to 
manufacturing batch. The distance d between the melt zone and the Al/Fe was planned to 3.0, 
1.5 and 0.0 mm, assuming that the penetration depth remained constant to 5.0 mm. Table 12 
reports specimen dimensions, cut section, details of the weld fused area and geometrical 
parameters such as the penetration depth h and width r. The reduction of penetration depth h 
and width r with the decrease of the distance d were also detected for these tests but this 
reduction was considered as negligible.  
 

Specimen LPBST1 LPBST2 LPBST3 

Geometry 

   
Results 

 
Section 

 
 

Parameters r = 4.8 mm \ h = 5.4 mm r = 5.1 mm \ h = 5.3 mm r = 5.0 mm \ h = 5.2 mm 

Table 12. Tests on STJs – Steel side. 

 
8. Metallographic examination of bead on plate specimens 

The study of microstructure of the bond interface was manly addressed to the qualitative 
and quantitative analysis of the Al/Fe inter-metallic film in terms of variation of its 
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stationary conditions during welding. Some trial tests on STJ specimens were performed to 
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travel speed set to 1.5 or 1.0 m/min respectively for aluminium or steel top surface. The 
specimen LPBAL1, LPBAL2 and LPBAL3 were realised by machining the aluminium side 
(Table 11). The distance d between the melt zone and the Al/Fe was planned to 3.0, 1.5 and 
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reports cut section, details of the weld fused area and geometrical parameters such as the 
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reduction of the distance d, in spite of the thermal load on the top surface was the same for 
all specimens. 
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extension and thickness. The procedure was the same of that used for the heat treated 
specimens. The results of the metallographic examinations are reported in Table 13 in terms 
of the reference length LREF and the inter-metallic extension LINT as well as the ratio between 
these two measurements. The reference length LREF, equal to 15.0 mm, was the same for all 
specimens. The results pointed out that the inter-metallic extension LINT was greater than 
50% of the total length LREF of the cut section in the as-clad specimen. The length LINT 
increased with the decrease of the distance d between weld fused area and bond interface. 
This increase was more rapid for specimens welded from the steel side than those welded 
from the aluminium side. Another important aspect to underline was that the two main 
factors linked to ripples and film growth contributed to the inter-metallic extension value. 
Ripples existed in the as-clad specimen, as the main feature of the explosion welding 
process. The laser-induced heat loads influenced inter-metallic ripples, promoting their 
growth by inter-diffusion, but no new ripples were created during welding. The inter-
metallic film was mainly promoted by laser-induced thermal loads because it also aroused 
in areas in which it did not exist at all. The contribution of the inter-metallic film was by 
made more evident by the LFILM/LREF ratio in Table 13. The enlargement of the inter-metallic 
film was also in this case higher for specimens welded from the steel side. 
 

Specimen�ID Condition Distance Length Ratio 
d (mm) LREF (mm) LINT (mm) LINT/LREF LFILM/LREF 

-- As-clad -- 15.0 8.4 56.0 8.0
LPBAL1 Welded from 

aluminium side 

3.0 15.0 8.4 56.0 8.4
LPBAL2 1.5 15.0 8.4 56.0 8.6
LPBAL3 0.0 15.0 8.9 59.3 10.9
LPBST1 Welded from 

steel side 

3.0 15.0 8.4 56.0 8.4
LPBST2 1.5 15.0 9.5 63.3 14.7
LPBST3 0.0 15.0 10.4 69.3 16.1

Table 13. Inter-metallic extension. 
 
The inter-metallic film thickness was evaluated in terms of average value of several random 
measures near the fused area. The maximum and the minimum thicknesses were also 
evaluated (Table 14), considering that these values were representative of local conditions. 
The evaluation of the average value of the film growth made observations independent of 
the previous state of the as-clad material, linking results to the effects of the laser induced 
heat.  
 

Specimen�ID Condition Distance HFILM Film 
d (mm) Max (μm) Avg (μm) Min (μm) Growth 

-- As-clad -- 10.29 6.51 3.10 --
LPBAL1 Welded from 

aluminium side 

3.0 17.45 8.11 3.51 25%
LPBAL2 1.5 14.07 8.27 4.58 27%
LPBAL3 0.0 17.70 8.95 3.01 38%
LPBST1 Welded from 

steel side 

3.0 11.53 7.30 3.92 12%
LPBST2 1.5 10.65 7.40 3.43 14%
LPBST3 0.0 11.05 8.21 5.53 26%

Table 14. Inter-metallic film thickness. 
 

The average film thickness increased with the reduction of the distance d with the same 
trend independently form the material of the welding side. The increase of film thickness 
was greater for specimen welded from the aluminium side than those welded from the steel 
side. This behaviour, opposite to that recorded for the film extension growth, pointing out 
that laser induced heat remained on aluminium side of the tri-material specimen because 
steel created a thermal barrier with its lower thermal conductivity. 
The SEM analyses were then performed from the qualitative point of view by visually 
inspecting morphology of the Al/Fe interface. The back-scattered electron (BSE) images 
near the specimen Al/Fe interface showed the AA1050 in dark grey, the ASTM A516 steel in 
the light grey the “wavy” interfacial area with different grey, in function existing FexAly 
inter-metallics. Figure 19 is one of the acquired BSE images for the specimen LPBAL1, 
welded from the aluminium side. The analysis in three different positions inter-metallic 
compounds were more numerous and fragile, as figures show. Figure 19 also reports the 
results of the micro-analysis of the area indicated from the three shapes (circle, rectangle and 
triangle). With energy dispersive x-ray spectrometers (EDS), chemical compositions was 
determined quickly. Despite the ease in acquiring x-ray spectra and chemical compositions, 
the potentially major sources of error were minimised by optimising the operative 
conditions necessary to improve the statistical meaning of the electron counter. In particular, 
the scanning area was equal to 1 µm2, the incident energy was 25 keV on the specimen 
surface with a working distance of 10 mm (in this way the x-ray take-off distance was equal 
to 35°), the electronic current was tuned in order to generate a X-ray counter rate of 2000 
pulse per second and the effective counter time was equal to 100 s (Capodiceci, 2007). Figures 
20-23 reports the SEM analyses for specimen LPBAL3, LPBST1 and LPBST3. It is evident 
that the number of grey level was higher for specimen welded form the steel side than the 
aluminium one. This experimental evidence was probably due by the lower conduction 
coefficient of steel than that of aluminium, which caused heat to be slowly removed after 
welding 
 

  

  
Fig. 19. SEM analysis – LPBAL1. Fig. 20. SEM analysis – LPBAL3. 
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extension and thickness. The procedure was the same of that used for the heat treated 
specimens. The results of the metallographic examinations are reported in Table 13 in terms 
of the reference length LREF and the inter-metallic extension LINT as well as the ratio between 
these two measurements. The reference length LREF, equal to 15.0 mm, was the same for all 
specimens. The results pointed out that the inter-metallic extension LINT was greater than 
50% of the total length LREF of the cut section in the as-clad specimen. The length LINT 
increased with the decrease of the distance d between weld fused area and bond interface. 
This increase was more rapid for specimens welded from the steel side than those welded 
from the aluminium side. Another important aspect to underline was that the two main 
factors linked to ripples and film growth contributed to the inter-metallic extension value. 
Ripples existed in the as-clad specimen, as the main feature of the explosion welding 
process. The laser-induced heat loads influenced inter-metallic ripples, promoting their 
growth by inter-diffusion, but no new ripples were created during welding. The inter-
metallic film was mainly promoted by laser-induced thermal loads because it also aroused 
in areas in which it did not exist at all. The contribution of the inter-metallic film was by 
made more evident by the LFILM/LREF ratio in Table 13. The enlargement of the inter-metallic 
film was also in this case higher for specimens welded from the steel side. 
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LPBST1 Welded from 
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3.0 15.0 8.4 56.0 8.4
LPBST2 1.5 15.0 9.5 63.3 14.7
LPBST3 0.0 15.0 10.4 69.3 16.1

Table 13. Inter-metallic extension. 
 
The inter-metallic film thickness was evaluated in terms of average value of several random 
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evaluated (Table 14), considering that these values were representative of local conditions. 
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steel created a thermal barrier with its lower thermal conductivity. 
The SEM analyses were then performed from the qualitative point of view by visually 
inspecting morphology of the Al/Fe interface. The back-scattered electron (BSE) images 
near the specimen Al/Fe interface showed the AA1050 in dark grey, the ASTM A516 steel in 
the light grey the “wavy” interfacial area with different grey, in function existing FexAly 
inter-metallics. Figure 19 is one of the acquired BSE images for the specimen LPBAL1, 
welded from the aluminium side. The analysis in three different positions inter-metallic 
compounds were more numerous and fragile, as figures show. Figure 19 also reports the 
results of the micro-analysis of the area indicated from the three shapes (circle, rectangle and 
triangle). With energy dispersive x-ray spectrometers (EDS), chemical compositions was 
determined quickly. Despite the ease in acquiring x-ray spectra and chemical compositions, 
the potentially major sources of error were minimised by optimising the operative 
conditions necessary to improve the statistical meaning of the electron counter. In particular, 
the scanning area was equal to 1 µm2, the incident energy was 25 keV on the specimen 
surface with a working distance of 10 mm (in this way the x-ray take-off distance was equal 
to 35°), the electronic current was tuned in order to generate a X-ray counter rate of 2000 
pulse per second and the effective counter time was equal to 100 s (Capodiceci, 2007). Figures 
20-23 reports the SEM analyses for specimen LPBAL3, LPBST1 and LPBST3. It is evident 
that the number of grey level was higher for specimen welded form the steel side than the 
aluminium one. This experimental evidence was probably due by the lower conduction 
coefficient of steel than that of aluminium, which caused heat to be slowly removed after 
welding 
 

  

  
Fig. 19. SEM analysis – LPBAL1. Fig. 20. SEM analysis – LPBAL3. 
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Fig. 21. SEM analysis – LPBST1. Fig. 22. SEM analysis – LPBST3. 

 
9. Mechanical strength of laser welded specimens 

The mechanical characterisation of the welded specimens allowed the modifications to the 
mechanical properties (shear and tensile strengths) caused by laser beam interaction to be 
evaluated. Shear and ram tensile samples were achieved from the same plate with the 
sampling scheme shows in Figure 23 in order to avoid difference in STJ lot characteristics. 
The laser beam passed at the centre of the small nub of the shear test specimens and 
sufficient far from the ram tensile specimens. The area of the small nub of the shear 
specimens were consequently subjected to the highest thermal stresses while the bonding 
area AA1050/steel of the ram tensile specimens were uniformly thermally loaded. The 
process parameters used for bead-on-plate welds were the same of those employed for STJ 
bars in the previous experimental step. Increasing thermal loads at the bond interface were 
achieved by removing material from the surface interacting with the laser beam. The 
reduction of the plate thickness required the scaling down of specimen dimensions for some 
samples. Table 8 and Table 9 report the dimensions of shear and ram tensile test specimens. 
An additional test specimen was cut at the centre of the plate to evaluate the maximum 
welding penetration depths in comparison with those of the welded bars as well as hardness 
values (Tricarico et al, 2007). 
 

Fig. 23. Specimen sampling. 

The shear test were performed with the mobile crosshead moving at 3.0 mm/min. The 
acquisition of several high resolution digital images during tests was useful to visually 
understand the mechanisms of deformation of the small nub (Figure 24), compared with 
numerical data. 
 

 
Fig. 24. Deformation times of sample B1. 
 
The two repetitions for each welding conditions were characterised by load-displacement 
curves wholly overlaid, as Figure 25 shows for sample B1 and B2. The evolution of stress-
displacement curve initially presented a rapid increase of the stress value, its stabilisation 
and finally its rapid reduction. The rupture was localised in the AA1050 and not at interface 
AA1050/steel, justifying the trend of this loading curve. 
 

 
Fig. 25. Shear stress vs. punch stroke of sample B1 and B2. 
 
Table 15 reports the final results of all tests in term of maximum shear load and stress. All 
stress values recorded during tests were decidedly higher than 50-60 MPa prescribed from 
Lloyd’s Register of Shipping, revealing the good fabrication quality of the observed STJ. 
Results also pointed-out that the reduction of the specimen thickness and the consequent 
reduction of the distance between weld fused area and bond interface caused the decrease of 
the maximum shear strength. 
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Table 15 reports the final results of all tests in term of maximum shear load and stress. All 
stress values recorded during tests were decidedly higher than 50-60 MPa prescribed from 
Lloyd’s Register of Shipping, revealing the good fabrication quality of the observed STJ. 
Results also pointed-out that the reduction of the specimen thickness and the consequent 
reduction of the distance between weld fused area and bond interface caused the decrease of 
the maximum shear strength. 
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Specimen�ID Condition Al/Fe thick Geometry Shear 
mm/mm α (mm) w (mm) t (mm) T (KN) τ (MPa) 

-- /A1-A2 As-clad 11.7/13.7 3.00 4.50 9.00 10.0 87.4
LPBAL1 / B1-B2 Welded from 

aluminium side 

8.5/13.7 3.00 4.50 9.00 10.1 88.3
LPBAL2 / C1-C2 7.0/13.7 3.00 4.50 9.00 9.3 81.7
LPBAL3 / D1-D2 5.5/13.7 3.00 4.50 9.00 9.0 78.7
LPBST1 / E1-E2 Welded from steel 

side 

11.7/9.0 3.00 4.50 9.00 10.0 87.4
LPBST2 / F1-F2 11.7/7.5 2.50 3.75 7.50 8.8 86.6
LPBST3 / G1-G2 11.7/6.0 2.00 3.00 6.00 6.3 83.0
Table 15. Shear test – Sample dimensions & results. 
 
This decrease was more evident for specimen welded from the aluminium side than those 
welded from the steel side, as Figure 26 and Figure 27 show. 
 

 
Fig. 26. Samples B1, C1 and D1. 
 

 
Fig. 27. Samples E1, F1 and G1. 
 
The ram tensile test were then carried-out. Two repetitions for each welding condition was 
useful to assess test repeatability. Figure 28 reports results of the samples RA1 and RA2, in 
terms of stress-displacement in which the maximum tensile stress, equal to 235.3 MPa and 
corresponding to a maximum load of 29.6 KN, was equal for the two samples. The rupture 
was always localised at the Al/Fe interface due to the specimen shape. 
 

 
Fig. 28. Tensile stress vs. punch stroke – Samples RA1 and RA2. 
 

Specimen�ID Condition Al/Fe thick Diameter Tensile 
mm/mm α (mm) T (KN) σ (MPa) 

-- /RA1-RA2 As-clad 11.0/13.0 12.7 29.6 235.3
LPBAL1 / RB1-RB2 Welded from 

aluminium side 

8.0/10.0 9.7 28.5 226.4
LPBAL2 / RC1-RC2 6.5/10.0 8.2 26.8 213.0
LPBAL3 / RD1-RD2 5.0/10.0 6.7 23.9 199.9
LPBST1 / RE1-RE2 

Welded from steel side 
11.0/8.5 12.7 28.1 223.7

LPBST2 / RF1-RF2 11.0/7.0 12.7 26.6 211.2
LPBST3 / RG1-RG2 11.0/5.5 12.7 26.1 206.8
Table 16. Ram tensile test – Sample dimensions & results. 
 
Table 16 reports the final results of all tests in term of maximum tensile load and stress. The 
results showed the same trend detected during the shear test linked to the more evident 
reduction of the final strength of specimens welded from the aluminium side than those 
welded from the steel side. The reduction of the distance between the fused area and bond 
interface was less important because specimens were realised in area far from the laser beam 
interaction and consequently they were subjected to mild laser-induced thermal loads. 
The comparison between mechanical results and inter-metallic film thickness was very 
interesting. The reduction of the maximum tensile and shear stresses could be inputted to 
the increase of the inter-metallic film thickness. In fact lower values of the mechanical 
strength was detected for higher values of the film thickness. This hypothesis also confirmed 
that specimen welded from the steel side were more critical than those welded from the 
aluminium side. However, the mechanical strength of the welded specimens were only 
blindly affected by the laser beam interaction because the measured strengths were much 
more higher than those normally required. 

 
10. Mechanical strength of laser welded T-joints 

Double square fillet (2F) T-joint welds of AA5083 aluminium alloy and ASTMA516 steel 
base materials were then produced using different welding methods (laser welding with 
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Specimen�ID Condition Al/Fe thick Geometry Shear 
mm/mm α (mm) w (mm) t (mm) T (KN) τ (MPa) 
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Table 15. Shear test – Sample dimensions & results. 
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corresponding to a maximum load of 29.6 KN, was equal for the two samples. The rupture 
was always localised at the Al/Fe interface due to the specimen shape. 
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mm/mm α (mm) T (KN) σ (MPa) 

-- /RA1-RA2 As-clad 11.0/13.0 12.7 29.6 235.3
LPBAL1 / RB1-RB2 Welded from 
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8.0/10.0 9.7 28.5 226.4
LPBAL2 / RC1-RC2 6.5/10.0 8.2 26.8 213.0
LPBAL3 / RD1-RD2 5.0/10.0 6.7 23.9 199.9
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Welded from steel side 
11.0/8.5 12.7 28.1 223.7

LPBST2 / RF1-RF2 11.0/7.0 12.7 26.6 211.2
LPBST3 / RG1-RG2 11.0/5.5 12.7 26.1 206.8
Table 16. Ram tensile test – Sample dimensions & results. 
 
Table 16 reports the final results of all tests in term of maximum tensile load and stress. The 
results showed the same trend detected during the shear test linked to the more evident 
reduction of the final strength of specimens welded from the aluminium side than those 
welded from the steel side. The reduction of the distance between the fused area and bond 
interface was less important because specimens were realised in area far from the laser beam 
interaction and consequently they were subjected to mild laser-induced thermal loads. 
The comparison between mechanical results and inter-metallic film thickness was very 
interesting. The reduction of the maximum tensile and shear stresses could be inputted to 
the increase of the inter-metallic film thickness. In fact lower values of the mechanical 
strength was detected for higher values of the film thickness. This hypothesis also confirmed 
that specimen welded from the steel side were more critical than those welded from the 
aluminium side. However, the mechanical strength of the welded specimens were only 
blindly affected by the laser beam interaction because the measured strengths were much 
more higher than those normally required. 

 
10. Mechanical strength of laser welded T-joints 

Double square fillet (2F) T-joint welds of AA5083 aluminium alloy and ASTMA516 steel 
base materials were then produced using different welding methods (laser welding with 
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filler wire and hybrid laser-MIG welding). T-joint welds were realised by joining two 6.0 
mm thick plates. Steel (aluminium) 2SF T-joints were produced with the laser beam power 
equal to 5.5 (5.5) kW in continuous wave regime, travel speed set to 1.9 (1.5) m/min, filler 
feed equal to 0.8 (1.5) m/min. Additional process parameters kept constant during all tests 
were the focal length, beam focus position and Helium shielding gas flow-rate, the values of 
which were 300.0 mm, 0.0 mm (on the surface) and 30.0 Nl/min respectively. The laser head 
was angled of 51° degree respect to the Z axis to guarantee joint accessibility. The 1.2 mm 
diameter filler wire was used. The process parameters of the pulsed arc MIG welding 
during hybrid welding for steel (aluminium) were open arc voltage, peak current intensity, 
peak time, pulse frequency and background current intensity equal to 40 (27.8) V, 350 (380) 
A, 2.1 (1.7) ms, 276 (176) Hz, 80 (60) A respectively. The process evaluation in this phase was 
manly based on weld cross-section shape. Welds with incomplete penetration and high 
porosity were discarded. Figure 29 reports weld cross sections achieved during experiments. 
It was decide to considered anymore the hybrid welding process because of excessive 
undercuts detected. 
 

   
Laser on steel Laser on aluminum Hybrid on steel Hybrid on aluminum 

Fig. 29. 2F T-joints. 
 
In the second experimental phase, double side/double square fillet (2S/2F) T-joints of STJ 
bars were realised, setting-up process parameters previously identified. The main objective 
was the coupling of the information of bead-on-plate with those coming from 2SF T-joints. 
In this way, it was possible to evaluate the effects of laser welding on the final joint 
geometry. Laser welding with filler wire was the only process employed and two classes of 
specimens were considered. In particular, the STJ were welded in as-clad condition (original 
height of 25.4 mm) or in condition (final height of 12.0 mm). The machined condition 
required that thickness of steel and aluminium alloys was reduced to 6.0 mm each by 
machining. Two 6.0 mm thick web plates were finally joined to STJs. Morphological and 
metallographic analyses were initially carried out to compare welding techniques and 
estimate the influence of the heat input on the Al/Fe interface. Figure 30 shows the cross 
sections of results of this experimental activity for hybrid and laser welding. The results 
were very similar to those achieved for 2F T-joints. More important was the material testing 
of 2S/2F T-joints. Specimen cut from centre of each joint were subject to tensile test to assess 
the mechanical strength (Figure 31). Length of the entire joint and of each specimen were 
260.0 and 60.0 mm, according to specifications of American Bureau of Shipping. 
 

  
Fig. 30. Double side/double square fillet square T-joints. 
 

 

  

Fig. 31. Tensile test (specimen and equipment). 
 
Tensile test were performed by grabbing both webs along the entire length and moving the 
crosshead of INSTRON 4485 tensile machine with a travel speed equal to 3.0 mm/min. The 
tensile test were stop once rupture occurred in web/STJ welds or in aluminium/steel STJ 
interface. Several tests were performed with several repetitions. The analysis of the results 
was mainly focused on mechanical strength of 2S/2F T-joints. Table 3 reports the average 
value between repetitions of the peak tensile load, peak tensile strength and peak tensile 
load on AA5083 alloy. The first two data were evaluated at bond interface while the last 
data was calculated at web section for the ultimate tensile strength of AA5083 alloy equal to 
300 MPa. Laser beam welding led to joints with god strength in both as-clad and machined 
condition. All ruptures thus occurred on the aluminium side in aluminium welds or webs, 
satisfying the strict conditions of MILL-J-24445A (AAVV, 1997) for successful testing. 
According to this standard, each specimen tested must comply with one the following 
conditions for acceptance: i) failure in one of the web member and ii) failure of the bond 
surface at a load above that calculated to cause failure in one of the web members, based on 
the specific minimum tensile strength of the web material. It is possible to note these joints 
were also able to successfully overcome the second condition of the MIL-J-24445A, with 
TMAX equal to 155.70 and 148.05 KN, in the hypothesis that rupture was localised in the 
aluminium/steel interface. 
 
Specimen�I

D 
Condition Process Tensile Tensile MIL-J-2445A 

TMAX (KN) σMAX (MPA) TAA5083 (KN) 
2S/2F1 As-clad Laser & Filler 155.70 93.04 108.00 YES 

Machined 2S/2F2 Laser & filler 148.05 88.47 108.00 YES 
Table 17. Tensile test– Sample dimensions & results. 
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According to this standard, each specimen tested must comply with one the following 
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surface at a load above that calculated to cause failure in one of the web members, based on 
the specific minimum tensile strength of the web material. It is possible to note these joints 
were also able to successfully overcome the second condition of the MIL-J-24445A, with 
TMAX equal to 155.70 and 148.05 KN, in the hypothesis that rupture was localised in the 
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Figure 32 shows the aspect of the rupture surfaces, organised in class of welding according 
to as-clad or machined state. Laser welded 2S/SF T-joints were characterised from the 
rupture surface positioned in the aluminium web material with no damage in the weld. The 
joints in the as-clad condition presented a sound weld. No particular effects were detected. 
Photos of Figure 33 are the most critic conditions in order to point out some specific outlines 
discovered during experimentation. The photo at left side represents a specimen in the 
machined state with aluminium alloy thickness equal to 6.0 mm. In the right side photo 
thickness of the specimen was further reduced before welding. In this case, the rupture 
occurred in the aluminium/steel interface and not in the aluminium web, pointing out that 
heat induced by laser beam welding seriously affected joint integrity if reduction was too 
high. 
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Fig. 32. 2S/2F STJs after rupture (aluminium side). 
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Fig. 33. 2S/2F STJs after rupture in machined state (aluminium side). 
 
In this work the influence of different thermal loads caused by laser beam on mechanical 
strength of the Fe/Al explosion welded joints has been investigated. The present research 
has investigated the application of laser beam to weld components made of structural 
transition joints (STJs) between steel and aluminium base materials. The metallographic 
examinations and the tensile tests have pointed-out that laser-induced thermal loads 
strongly promoted inter-metallic growth at aluminium/steel interface. The condition has 
been also verified by reducing the thickness of the STJ. However, these loads have limited 
influence on integrity of bead-on-plate welds and double side/double square fillet T-joints 
because rupture mainly occurred in the web connecting the weakest material (aluminium 
alloy) with STJ. The condition has been also verified by reducing the thickness of the STJ. 
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Figure 32 shows the aspect of the rupture surfaces, organised in class of welding according 
to as-clad or machined state. Laser welded 2S/SF T-joints were characterised from the 
rupture surface positioned in the aluminium web material with no damage in the weld. The 
joints in the as-clad condition presented a sound weld. No particular effects were detected. 
Photos of Figure 33 are the most critic conditions in order to point out some specific outlines 
discovered during experimentation. The photo at left side represents a specimen in the 
machined state with aluminium alloy thickness equal to 6.0 mm. In the right side photo 
thickness of the specimen was further reduced before welding. In this case, the rupture 
occurred in the aluminium/steel interface and not in the aluminium web, pointing out that 
heat induced by laser beam welding seriously affected joint integrity if reduction was too 
high. 
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Fig. 32. 2S/2F STJs after rupture (aluminium side). 
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Fig. 33. 2S/2F STJs after rupture in machined state (aluminium side). 
 
In this work the influence of different thermal loads caused by laser beam on mechanical 
strength of the Fe/Al explosion welded joints has been investigated. The present research 
has investigated the application of laser beam to weld components made of structural 
transition joints (STJs) between steel and aluminium base materials. The metallographic 
examinations and the tensile tests have pointed-out that laser-induced thermal loads 
strongly promoted inter-metallic growth at aluminium/steel interface. The condition has 
been also verified by reducing the thickness of the STJ. However, these loads have limited 
influence on integrity of bead-on-plate welds and double side/double square fillet T-joints 
because rupture mainly occurred in the web connecting the weakest material (aluminium 
alloy) with STJ. The condition has been also verified by reducing the thickness of the STJ. 
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1. Introduction 

This chapter presents applications and research results of laser welding in crashworthiness 
parts. The term “structural crashworthiness” is used to describe an investigation into the 
impact performance of a structure when it collides with another object. This type of study is 
required in order to calculate the forces during a collision, which are needed to assess the 
damage of structures and the survivability of passengers in vehicles, for example. An 
important aspect of crashworthiness studies deals with impact energy absorption since the 
main purpose of vehicle crashworthiness is the dissipation of energy in specially designed 
zones while maintaining a survival space for passengers in stiff zones.  
Several important technologies have been used to improve the crashworthiness of 
structures. Particularly in the transportation industry, the conflicting requirements of weight 
reduction, emissions reduction, improvement of energy absorption and reduction of 
intrusion and force levels, has led to advances in different areas: materials (increased use of 
light-alloys, polymers and high-strength steels), technologies (laser welding, tailor-welded 
blanks, hydroforming), design tools (computational power, advanced software, analytical 
tools). 
The improvement of crashworthiness and reduction of weight using high strength steels (or 
other alternative materials) cannot be applied directly without considering other features. 
Thickness reduction cannot be performed without taking into account other design 
restrictions, particularly stiffness, but also dynamic stability i.e. resistance to the transition 
from progressive folding to global buckling. For this purpose design simulation tools such 
as the finite element method can make an important contribution. But also a conjugation 
with developments in technology processing can be adopted since laser welding and 
hydroforming have the potential to increase stiffness.  
The interest of laser welding is related to the concept of intelligent design wherein the 
manufacturing process can bring advantages to both energy absorption and stiffness 
thereby increasing the potential advantage of using higher strength materials. Of particular 
importance has been the use of laser welding in tailor welded blank technology, which 
further allows the use of material in a more efficient way. For example, using higher 
thickness sheet metal where it is more needed. Or using higher strength materials in areas 
where more strength is needed. The application of such concept is currently in use but can 
become more widespread with more extensive research and driven by the need to reduce 
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the introduction of new laser technology, such as high power Nd:YAG and CO2 lasers and 
fibre-optic beam delivery systems, the automotive industry is re-evaluating assembly 
systems for body manufacture.  
 

  
a) b) 

Fig. 2. Examples of laser welds: a) lap weld; b) butt weld 
 
Welding occurs when materials are heated to a molten state and fused together. Lasers 
generate light energy that can be absorbed into materials and converted to heat energy. By 
employing a light beam in the visible or infrared portion of the electromagnetic spectrum, 
energy can be transmitted from its source to the material using delivery optics which can 
focus and direct the energy to a very small, precise point. Since the laser emits coherent 
radiation, the beam of energy has minimal divergence and can travel large distances 
without significant loss of beam quality or energy. 
Laser welding techniques take advantage of the capability for applying thermal energy to 
small areas in an efficient manner. This feature offers some distinctive metallurgical 
advantages in some welding applications, but also creates some unique problems. Since the 
surface heating generated by the laser light relies upon the material's heat conductivity to 
produce the weld, penetration is usually limited to less than 2 millimeters. However, using a 
technique known as "keyholing," higher power lasers (>106 W/cm²) can make deeper 
penetrations: by heating the spot of laser focus above the boiling point, a vaporized hole is 
formed in the metal. This is filled with ionized metallic gas and becomes an effective 
absorber, trapping about 95 percent of the laser energy into a cylindrical volume, known as 
a keyhole. Temperatures within this keyhole can reach as high as 25,000 °C, making the 
keyholing technique very efficient. Instead of heat being conducted mainly downward from 
the surface, it is conducted radially outward from the keyhole, forming a molten region 
surrounding the vapor. As the laser beam moves along the work-piece, the molten metal 
fills in behind the keyhole and solidifies to form the weld.  
Generally, there are two types of lasers that are being used for welding operation: CO2 and 
Nd:YAG. Both CO2 and Nd:YAG lasers operate in the infrared region of the electromagnetic 
radiation spectrum, invisible to the human eye. The Nd:YAG provides its primary light 
output in the near-infrared, at a wavelength of 1.06 microns. This wavelength is well 
absorbed by conductive materials, with a typical reflectance of about 20 to 30 percent for 
most metals. The near-infrared radiation permits the use of standard optics to achieve 
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the introduction of new laser technology, such as high power Nd:YAG and CO2 lasers and 
fibre-optic beam delivery systems, the automotive industry is re-evaluating assembly 
systems for body manufacture.  
 

  
a) b) 

Fig. 2. Examples of laser welds: a) lap weld; b) butt weld 
 
Welding occurs when materials are heated to a molten state and fused together. Lasers 
generate light energy that can be absorbed into materials and converted to heat energy. By 
employing a light beam in the visible or infrared portion of the electromagnetic spectrum, 
energy can be transmitted from its source to the material using delivery optics which can 
focus and direct the energy to a very small, precise point. Since the laser emits coherent 
radiation, the beam of energy has minimal divergence and can travel large distances 
without significant loss of beam quality or energy. 
Laser welding techniques take advantage of the capability for applying thermal energy to 
small areas in an efficient manner. This feature offers some distinctive metallurgical 
advantages in some welding applications, but also creates some unique problems. Since the 
surface heating generated by the laser light relies upon the material's heat conductivity to 
produce the weld, penetration is usually limited to less than 2 millimeters. However, using a 
technique known as "keyholing," higher power lasers (>106 W/cm²) can make deeper 
penetrations: by heating the spot of laser focus above the boiling point, a vaporized hole is 
formed in the metal. This is filled with ionized metallic gas and becomes an effective 
absorber, trapping about 95 percent of the laser energy into a cylindrical volume, known as 
a keyhole. Temperatures within this keyhole can reach as high as 25,000 °C, making the 
keyholing technique very efficient. Instead of heat being conducted mainly downward from 
the surface, it is conducted radially outward from the keyhole, forming a molten region 
surrounding the vapor. As the laser beam moves along the work-piece, the molten metal 
fills in behind the keyhole and solidifies to form the weld.  
Generally, there are two types of lasers that are being used for welding operation: CO2 and 
Nd:YAG. Both CO2 and Nd:YAG lasers operate in the infrared region of the electromagnetic 
radiation spectrum, invisible to the human eye. The Nd:YAG provides its primary light 
output in the near-infrared, at a wavelength of 1.06 microns. This wavelength is well 
absorbed by conductive materials, with a typical reflectance of about 20 to 30 percent for 
most metals. The near-infrared radiation permits the use of standard optics to achieve 
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focused spot sizes as small as 0.025mm diameter. CO2 lasers have an output wavelength of 
10.6 micron and an initial reflectance of about 80 percent to 90 percent for most metals thus 
requiring special optics to focus the beam to a minimum spot size of 0.08mm to 0.1mm 
diameter. However, whereas Nd:YAG lasers have power outputs up to 500 watts, CO2 
systems can easily supply 10,000 watts and greater. As a result of these differences, the two 
laser types are usually employed for different applications. The powerful CO2 lasers 
overcome the high reflectance by keyholing, wherein the absorption approaches blackbody. 
The reflectivity of the metal is only important until the keyhole weld begins. Once the 
material's surface at the point of focus approaches its melting point, the reflectivity drops 
within microseconds. 
One of the most promising technologies enabled by laser welding is tailor welded blanks. 
The application of such concept is becoming more widespread, driven by the need to reduce 
weight in automobile structures. Several challenges related to tailor welded blank 
technology have been addressed in recent years. Gaied and co-authors (Gaied et al., 2009) 
performed an experimental and numerical assessment of the formability of tailor welded 
blanks, being possible to predict the behavior of forming limit curves numerically and 
match with experimental results. Another recent study (Sheng, 2008) was focused on the 
forming of tailor welded strips with the interest of application in progressive forming. Dome 
tests were conducted and compared with simulation results allowing the validation of the 
approach for progressive forming. The forming parameters and processing dial-up for tailor 
welded blanks presents its own challenges (Panda & Kumar, 2001) as described in a study 
on the improvement of formability through application of counter pressure in biaxial stretch 
forming of tailor welded parts. 
Joining of dissimilar materials has been given much attention in recent years due to their 
superior functional capabilities. The application in tailor welded blanks of different high 
strength steels has already been accomplished and tested by the author (Peixinho, 2004). The 
application in beam structures of Dual-Phase DP600 and DP1000 steel materials with 
different thicknesses allowed for improvements in specific energy absorption in impact 
loading. Another combination of dissimilar materials is of aluminium with steel due to its 
potential application in aerospace and automotive industries. Joining material combinations 
such as aluminium and steel poses a number of problems including formation of brittle 
intermetallic compounds, poor wetting behaviour of aluminium and differences in physical 
and chemical properties of the base metals. A recent numerical study by Padmanabhan and 
co-authors (Padmanabhan et al., 2008) determined the formability characteristics of 
aluminium–steel tailor-welded blanks. Aluminium (AA6016-T4) blank sheet was combined 
with a range of steel blank sheets namely, mild-steel (DC06) and high strength steels (AISI-
1018, HSLA-340, and DP600) to form four different Al–steel tailor-welded models. 
Other numerical studies on tailor welded blanks (Liu et al., 2007) and (Qiu & Chen, 2007), 
have clarified the need for reliable and numerical simulations in stamping and 
hydroforming processing of tailor welded blanks. The reliability of numerical simulations is 
a resultant of mesh quality, finite element formulation but also the availability of material 
properties that describe adequately material behaviour. For example, (Cheng et al., 2007) 
presented an experimental method of analysis to determine the tensile properties of welds 
of the heterogeneous tailor-welded blank (TWB) and its base metal. A real-time microscopic 
recording system was developed to acquire the true stress–strain data of the weld during 
tensile testing. A characterization of tensile properties of tailor welded IF steel sheets was 

also presented by Panda and co-authors (Panda et al., 2007). Efficient numerical models can 
also be used for design optimization of welded blanks, as presented by (Kim et al., 2000). 
The design of vehicle front structures for crashworthiness is commonly based on a series of 
rigid subsystems that constitute a nearly undeformable survival cell for the passengers, and 
deformable subsystems able to efficiently dissipate the vehicle kinetic energy. During frontal 
crash the front rails represent the main deformable components aimed to dissipate the 
kinetic energy of the vehicle, therefore their behaviour is crucial to obtain good vehicle 
performance, with stable and controlled energy dissipation. The design of the front rail, 
usually consisting of a thin-walled prismatic column, requires definition of materials and 
geometry: shape and dimensions of the cross section, thickness of the material. 
An important issue in automotive design the trend for adopting materials allowing more 
efficiency. Widely used materials like deep-drawing steels are being substituted by high 
strength steels (dual-phase, TRIP steels.), aluminium alloys, magnesium alloys, and various 
types of polymeric materials and composites. There are several reasons for this change: the 
structure weight reduction that allows for more accessories and safety components, the need 
for higher stiffness and strength of the car body structure and cost reduction. Several 
problems are associated to the introduction of new materials: their properties are still not 
completely known, the usually adopted technologies are sometimes not usable anymore, 
and new environmental and protection problems arise. Additional problems are associated 
to the joining techniques.  
Regarding laser-welded tubular structures subjected to impact loading there are not 
extensive results available in the literature. Radlmayr and co-authors (Radlmayr et al., 1993) 
examined octagonal sections, whereas (Geoffroy et al., 1993) reported that laser-welded 
crash boxes have slightly improved or similar energy absorption characteristics, as 
compared to spot-welded ones, but a consistent stabilization effect of the plastic folding was 
obtained. The author (Peixinho et al., 2006) presented experimental and numerical results 
for impact testing of thin-walled structures made of high strength steels and using spot-
welding, laser welding and tailor welded blanks techniques. The results highlighted the 
advantages of continuous joints in thin-walled structures and improvements in energy 
absorption using laser welding and tailor welded blank technology. Peroni and co authors 
(Peroni et al., 2009) presented results of an experimental program aimed to study the 
progressive collapse behaviour of some thin-walled closed-section structural sections made 
from deep-drawing steels and joined with different joining. Solutions characterized by 
different continuous joining technologies were examined and compared to the usual spot-
welding solution. The obtained results indicate that continuously joined structures are at 
least equivalent to and generally better than spot-welded structures, and have further 
advantages typical of these joining solutions (higher stiffness and fatigue strength, 
improved vibration response, especially in the case of adhesive joints). Stability of folding 
was reported as much improved with laser welding compared to the other joining solutions. 

 
3. Research work in laser welding applications 

3.1 Laser welded crashworthiness parts 
This section presents results from an experimental program that included quasi-static and 
dynamic testing of tubes made of high-strength steels, as described in (Peixinho, 2004). 
These included short tubes, with a length of 250 mm for axial crush testing, and tubes with a 
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focused spot sizes as small as 0.025mm diameter. CO2 lasers have an output wavelength of 
10.6 micron and an initial reflectance of about 80 percent to 90 percent for most metals thus 
requiring special optics to focus the beam to a minimum spot size of 0.08mm to 0.1mm 
diameter. However, whereas Nd:YAG lasers have power outputs up to 500 watts, CO2 
systems can easily supply 10,000 watts and greater. As a result of these differences, the two 
laser types are usually employed for different applications. The powerful CO2 lasers 
overcome the high reflectance by keyholing, wherein the absorption approaches blackbody. 
The reflectivity of the metal is only important until the keyhole weld begins. Once the 
material's surface at the point of focus approaches its melting point, the reflectivity drops 
within microseconds. 
One of the most promising technologies enabled by laser welding is tailor welded blanks. 
The application of such concept is becoming more widespread, driven by the need to reduce 
weight in automobile structures. Several challenges related to tailor welded blank 
technology have been addressed in recent years. Gaied and co-authors (Gaied et al., 2009) 
performed an experimental and numerical assessment of the formability of tailor welded 
blanks, being possible to predict the behavior of forming limit curves numerically and 
match with experimental results. Another recent study (Sheng, 2008) was focused on the 
forming of tailor welded strips with the interest of application in progressive forming. Dome 
tests were conducted and compared with simulation results allowing the validation of the 
approach for progressive forming. The forming parameters and processing dial-up for tailor 
welded blanks presents its own challenges (Panda & Kumar, 2001) as described in a study 
on the improvement of formability through application of counter pressure in biaxial stretch 
forming of tailor welded parts. 
Joining of dissimilar materials has been given much attention in recent years due to their 
superior functional capabilities. The application in tailor welded blanks of different high 
strength steels has already been accomplished and tested by the author (Peixinho, 2004). The 
application in beam structures of Dual-Phase DP600 and DP1000 steel materials with 
different thicknesses allowed for improvements in specific energy absorption in impact 
loading. Another combination of dissimilar materials is of aluminium with steel due to its 
potential application in aerospace and automotive industries. Joining material combinations 
such as aluminium and steel poses a number of problems including formation of brittle 
intermetallic compounds, poor wetting behaviour of aluminium and differences in physical 
and chemical properties of the base metals. A recent numerical study by Padmanabhan and 
co-authors (Padmanabhan et al., 2008) determined the formability characteristics of 
aluminium–steel tailor-welded blanks. Aluminium (AA6016-T4) blank sheet was combined 
with a range of steel blank sheets namely, mild-steel (DC06) and high strength steels (AISI-
1018, HSLA-340, and DP600) to form four different Al–steel tailor-welded models. 
Other numerical studies on tailor welded blanks (Liu et al., 2007) and (Qiu & Chen, 2007), 
have clarified the need for reliable and numerical simulations in stamping and 
hydroforming processing of tailor welded blanks. The reliability of numerical simulations is 
a resultant of mesh quality, finite element formulation but also the availability of material 
properties that describe adequately material behaviour. For example, (Cheng et al., 2007) 
presented an experimental method of analysis to determine the tensile properties of welds 
of the heterogeneous tailor-welded blank (TWB) and its base metal. A real-time microscopic 
recording system was developed to acquire the true stress–strain data of the weld during 
tensile testing. A characterization of tensile properties of tailor welded IF steel sheets was 

also presented by Panda and co-authors (Panda et al., 2007). Efficient numerical models can 
also be used for design optimization of welded blanks, as presented by (Kim et al., 2000). 
The design of vehicle front structures for crashworthiness is commonly based on a series of 
rigid subsystems that constitute a nearly undeformable survival cell for the passengers, and 
deformable subsystems able to efficiently dissipate the vehicle kinetic energy. During frontal 
crash the front rails represent the main deformable components aimed to dissipate the 
kinetic energy of the vehicle, therefore their behaviour is crucial to obtain good vehicle 
performance, with stable and controlled energy dissipation. The design of the front rail, 
usually consisting of a thin-walled prismatic column, requires definition of materials and 
geometry: shape and dimensions of the cross section, thickness of the material. 
An important issue in automotive design the trend for adopting materials allowing more 
efficiency. Widely used materials like deep-drawing steels are being substituted by high 
strength steels (dual-phase, TRIP steels.), aluminium alloys, magnesium alloys, and various 
types of polymeric materials and composites. There are several reasons for this change: the 
structure weight reduction that allows for more accessories and safety components, the need 
for higher stiffness and strength of the car body structure and cost reduction. Several 
problems are associated to the introduction of new materials: their properties are still not 
completely known, the usually adopted technologies are sometimes not usable anymore, 
and new environmental and protection problems arise. Additional problems are associated 
to the joining techniques.  
Regarding laser-welded tubular structures subjected to impact loading there are not 
extensive results available in the literature. Radlmayr and co-authors (Radlmayr et al., 1993) 
examined octagonal sections, whereas (Geoffroy et al., 1993) reported that laser-welded 
crash boxes have slightly improved or similar energy absorption characteristics, as 
compared to spot-welded ones, but a consistent stabilization effect of the plastic folding was 
obtained. The author (Peixinho et al., 2006) presented experimental and numerical results 
for impact testing of thin-walled structures made of high strength steels and using spot-
welding, laser welding and tailor welded blanks techniques. The results highlighted the 
advantages of continuous joints in thin-walled structures and improvements in energy 
absorption using laser welding and tailor welded blank technology. Peroni and co authors 
(Peroni et al., 2009) presented results of an experimental program aimed to study the 
progressive collapse behaviour of some thin-walled closed-section structural sections made 
from deep-drawing steels and joined with different joining. Solutions characterized by 
different continuous joining technologies were examined and compared to the usual spot-
welding solution. The obtained results indicate that continuously joined structures are at 
least equivalent to and generally better than spot-welded structures, and have further 
advantages typical of these joining solutions (higher stiffness and fatigue strength, 
improved vibration response, especially in the case of adhesive joints). Stability of folding 
was reported as much improved with laser welding compared to the other joining solutions. 

 
3. Research work in laser welding applications 

3.1 Laser welded crashworthiness parts 
This section presents results from an experimental program that included quasi-static and 
dynamic testing of tubes made of high-strength steels, as described in (Peixinho, 2004). 
These included short tubes, with a length of 250 mm for axial crush testing, and tubes with a 
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Besides the three types of steels, top-hat and hexagonal geometries, also spot welding and 
laser welding technologies were used in the manufacturing of tubes. Laser welds were 
performed continuously at the centre of the joining flanges of the tubes. After specimens 
had been cut to length, the end faces were ground to ensure the faces were square and 
parallel to each other. Generally the tubes used for dynamic testing were manufactured with 
triggers. These are indentations in the tubes used to initiate the folding process. The crush 
and bend tests were performed using three different test equipments to cater for different 
test speeds. A summary of the experimental program is shown in table 2.  In figure 5 the 
nominal dimensions of the studied sections are presented.  
The bending tests were performed on tubes with a top-hat geometry and having dimensions 
of the section presented in figure 5.a).  Some of these tubes were manufactured using two 
different steel grades: DP600 and DP800 with the manufacturing process making use of 
tailor welded blank construction. In this case, the central section of the tubes was 
manufactured with DP800 and the extremities using DP600. This type of solution is 
currently of great interest for the automotive industry since it allows the manufacture of 
components having a variable thickness. In this way greater weight efficiency can be 
achieved since higher thickness can be used in specific locations, for example in the 
impacted area of a energy-absorbing beam. In this case case, besides different thickness, also 
different materials were used which makes the welding process more difficult. The set-up 
for the bending tests is presented in figure 6. The details of the tubes manufactured using 
tailor-welded blanks are presented in figure 7. 
 

  
a) b) 

Fig. 5. Nominal dimensions of sections: a) Top-hat; b) Hexagonal 
 

Material Geometry Welding technique Trigger Reference of tests Top-hat Hexagonal Laser Spot-weld 

Axial Crush tests 

DP600 V  V  V DW1; DW2; DW3; DW4 
Dtc7; dtc8 

V  V   DW17 
QS4; QS5; QS6 

V   V  
DW5; DW6; DW7; DW8 
dtc3; dtc4 
QS1; QS2; QS3 
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Besides the three types of steels, top-hat and hexagonal geometries, also spot welding and 
laser welding technologies were used in the manufacturing of tubes. Laser welds were 
performed continuously at the centre of the joining flanges of the tubes. After specimens 
had been cut to length, the end faces were ground to ensure the faces were square and 
parallel to each other. Generally the tubes used for dynamic testing were manufactured with 
triggers. These are indentations in the tubes used to initiate the folding process. The crush 
and bend tests were performed using three different test equipments to cater for different 
test speeds. A summary of the experimental program is shown in table 2.  In figure 5 the 
nominal dimensions of the studied sections are presented.  
The bending tests were performed on tubes with a top-hat geometry and having dimensions 
of the section presented in figure 5.a).  Some of these tubes were manufactured using two 
different steel grades: DP600 and DP800 with the manufacturing process making use of 
tailor welded blank construction. In this case, the central section of the tubes was 
manufactured with DP800 and the extremities using DP600. This type of solution is 
currently of great interest for the automotive industry since it allows the manufacture of 
components having a variable thickness. In this way greater weight efficiency can be 
achieved since higher thickness can be used in specific locations, for example in the 
impacted area of a energy-absorbing beam. In this case case, besides different thickness, also 
different materials were used which makes the welding process more difficult. The set-up 
for the bending tests is presented in figure 6. The details of the tubes manufactured using 
tailor-welded blanks are presented in figure 7. 
 

  
a) b) 

Fig. 5. Nominal dimensions of sections: a) Top-hat; b) Hexagonal 
 

Material Geometry Welding technique Trigger Reference of tests Top-hat Hexagonal Laser Spot-weld 

Axial Crush tests 

DP600 V  V  V DW1; DW2; DW3; DW4 
Dtc7; dtc8 

V  V   DW17 
QS4; QS5; QS6 

V   V  
DW5; DW6; DW7; DW8 
dtc3; dtc4 
QS1; QS2; QS3 



Laser Welding114

TRIP600 
V  V  V 

DW9; DW10; DW11; 
DW12 
dtc1; dtc2 

V  V(1)  V DW22; DW23 
QS13; QS14 

 V V  V 
DW13; DW14; DW15; 
DW16 
dtc5; dtc6 

V  V   DW18 
QS7; QS8; QS9 

 V V   QS10; QS11; QS12 

V   V  
DW24; DW25; DW25; 
DW27 
QS15; QS16 

Bending tests 
DP800 V  V   DWb19; DWb20 

QSb1; QSb2 
DP800+DP600 V  V(2)   DWb21 

QSb3; QSb4 
(1) Laser-welding using two parallel welds  
(2) Tube manufacturing using tailor-welded 
blanks 
 

Legend of test nomenclature: 
DW: drop-weight crush tests 
DWb: drop-weight bending tests 
dtc: crush tests at 250 mm/s 
dtcb: bending tests at 250 mm/s 
QS: quasi-static crush tests 
QSb: quasi-static bending tests 
 

Table 2. Summary of experimental program 
 

 
Fig. 6. Schema of set-up for bending tests 
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(1) Laser-welding using two parallel welds  
(2) Tube manufacturing using tailor-welded 
blanks 
 

Legend of test nomenclature: 
DW: drop-weight crush tests 
DWb: drop-weight bending tests 
dtc: crush tests at 250 mm/s 
dtcb: bending tests at 250 mm/s 
QS: quasi-static crush tests 
QSb: quasi-static bending tests 
 

Table 2. Summary of experimental program 
 

 
Fig. 6. Schema of set-up for bending tests 


38

 

973 

38 

Fig
 
Qu
a 6
mm
str
an
com
cap
pe
Sev
DA
rec
cen
Th
top
ver
spe
ob
an

g. 7. a), b). Details

uasi-static tests on
600kN capacity. T
m/s. During the
rain-gauge load-c
d processed the 
mposed of indiv
pable of perform
rformed with onl
veral tests were 
ARTEC testing m
cording of data a
ntrally and uprig

he impact tests we
p by a falling m
rtically on an anv
ecial care was tak
tain parallel face
d the impacting f

s of tubes manufa

n thin-walled tub
The DARTEC ma
 tests, the compr

cell and a LVDT. 
measured data f

vidual strokes of
ming strokes to a m

ly one stroke of 9
performed at int

machine with a loa
also made use o

ght between two e
ere conducted on

mass, which was 
vil and hit by the
ken with the surfa
es. This included 
face of the falling

DP600 

P (3:1) 
a) 

b) 
actured using tail

bes were perform
chine was operat
ressive load and
 The machine wa
from the test ma
f 90 mm displac
maximum of 100

90 mm displaceme
termediate speed
ad capacity of 250
of a PC.  In this 
endplates but wit
n a drop hammer.
 laterally guided
e impactor. No en
aces of the anvil, 
machining the to
g mass. The impa

D

lor welded blanks

med on a DARTEC
ted at a constant 

d displacement w
as controlled by a
chine. The entire
cement, as the t

0 mm extension. T
ent. 

ds of approximate
0kN. The control 
equipment the s

thout any further 
. The crush tubes

d by rails. The s
nd constraints w
 impactor and tes
op ends of the tub
actor used in the 

DP800 

 

s 

C M1000 machin
cross-head speed

were measured u
a PC that also rec
e crushing proces
test machine wa
The bending test

ely 250 mm/s, u
of the test machin

specimens were p
 support.  
 were impacted a

specimens were p
were provided, ho
st specimens in or
bes as well as the
 dynamic bendin

DP600 

 

ne with 
d of 0.1 
using a 
corded 
ss was 
s only 
s were 

using a 
ne and 
placed 

at their 
placed 

owever 
rder to 
e anvil 

ng tests 



Laser Welding116

had a cylindrical end with a 38mm diameter and a support for the tubes as presented in 
figure 6. 
The dynamic tests were carried out at test energies ranging from 0.575 to 14.270 kJ. Different 
test energies were obtained changing the drop height and the impact mass. Figure 8 shows 
the drop hammer rig as well as associated instrumentation, test supports and specimens. A 
Laser-Doppler velocimeter was used to obtain the velocity-time history during the dynamic 
tests. It was then possible to obtain the load-time, displacement-time and load-displacement 
histories. From these data, the axial displacement, or crushing distance, as well as the 
displacement averaged mean load values may be calculated.  
 

  
a) b) 

Fig. 8. a) Drop-hammer rig and instrumentation (recording camera on the left); b) Image of 
drop-hammer rig with Laser-Doppler velocimeter in the foreground. 
 
The crushing tests of tubes were used to determine of maximum crushing force Pmáx, mean 
crushing force Pm, absorbed energy Ea, as well as to perform a qualitative analysis of the 
crushing behaviour that included the number of lobes formed, types of lobes, and collapse 
type. The specimens were accurately measured prior to and after testing. The total crushing 
distance  was measured as the difference of the height of the specimen before and after 
testing. The recorded force-displacement curves obtained in the DARTEC tests were 
integrated with respect to the deflection  to determine the mean crushing force. The mean 
load Pm was then calculated using the expression: 
 

 a
m
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EP


   (1) 

 
where f is the final deflection. The mean load is an indication of the energy-absorbing 
ability of a structure, when compared to the axial displacement required to absorb that 
energy. Subsequently, the mean load and absorbed energy were also calculated for 
prescribed displacement values. The maximum crushing force was determined from the 
load curves. However, this value is only reliably obtained in the quasi-static tests since 
inertia effects and fluctuations in the initial load peak exist in the dynamic tests which 
makes accurate recording difficult.  

In the dynamic tests the velocity-time readings obtained with the Laser-Doppler velocimeter 
were differentiated and integrated to obtain the load-time, displacement-time and load-
displacement histories. From these data, the axial displacement, or crushing distance, as 
well as the displacement averaged mean load values may be calculated using the absorbed 
energy in the same manner as with the quasi-static tests. 
In general, the spot-welds resisted well the loading and deformations. Besides localised 
material fracture, only in a few tubes and in a few locations, spot-welds were halfway torn 
apart. Laser welds only presented problems for the TRIP600 steel. Only in a few of the top-
hat tubes manufactured with this material it was possible to obtain regular progressive 
folding without separation of the hat-section and closeout panel. However, the hexagonal 
laser-welded sections and the spot-welded tubes manufactured with TRIP600 did not 
present that problem. 
The analysis of results of energy absorption properties should consider the folding 
behaviour and its initiation. Generally, the dynamic tube crushing tests made use of 
initiators or triggers in the form of indentations in the tubes. These worked satisfactorily in 
the dynamic tests, providing an efficient initialisation of the crushing process near the top of 
the specimen (proximal face to the impact mass). This feature could be observed from the 
camera recordings. Figures 9 and 10 present examples of the initiation of folding. The 
images were obtained with the recording camera rotated for best resolution within the test 
area. 
 

  
Fig. 9. Initial sequence of crushing of a hexagonal tube 
 
Generally, buckling was initiated at the proximal face of the specimens and progressed 
towards the distal end. However, in some cases, there was a simultaneous initiation of 
folding at both ends with a plastic buckle being developed near the distal end of the 
specimen. This buckle generally remained stable during further deformation of the 
specimen, which could be attributed to the contribution of the triggers at the opposite end of 
the specimens. In some of the tests with spot-welded tubes this buckle caused a near-
simultaneous progression of the crushing process from both ends, or also instability towards 
the end of the deformation process. Since the spot-welded tube did not have triggers this 
occurrence is attributed to the competition between both ends in the contribution to the 
deformation process. In figure 10  this occurrence is also observed. 
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had a cylindrical end with a 38mm diameter and a support for the tubes as presented in 
figure 6. 
The dynamic tests were carried out at test energies ranging from 0.575 to 14.270 kJ. Different 
test energies were obtained changing the drop height and the impact mass. Figure 8 shows 
the drop hammer rig as well as associated instrumentation, test supports and specimens. A 
Laser-Doppler velocimeter was used to obtain the velocity-time history during the dynamic 
tests. It was then possible to obtain the load-time, displacement-time and load-displacement 
histories. From these data, the axial displacement, or crushing distance, as well as the 
displacement averaged mean load values may be calculated.  
 

  
a) b) 

Fig. 8. a) Drop-hammer rig and instrumentation (recording camera on the left); b) Image of 
drop-hammer rig with Laser-Doppler velocimeter in the foreground. 
 
The crushing tests of tubes were used to determine of maximum crushing force Pmáx, mean 
crushing force Pm, absorbed energy Ea, as well as to perform a qualitative analysis of the 
crushing behaviour that included the number of lobes formed, types of lobes, and collapse 
type. The specimens were accurately measured prior to and after testing. The total crushing 
distance  was measured as the difference of the height of the specimen before and after 
testing. The recorded force-displacement curves obtained in the DARTEC tests were 
integrated with respect to the deflection  to determine the mean crushing force. The mean 
load Pm was then calculated using the expression: 
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where f is the final deflection. The mean load is an indication of the energy-absorbing 
ability of a structure, when compared to the axial displacement required to absorb that 
energy. Subsequently, the mean load and absorbed energy were also calculated for 
prescribed displacement values. The maximum crushing force was determined from the 
load curves. However, this value is only reliably obtained in the quasi-static tests since 
inertia effects and fluctuations in the initial load peak exist in the dynamic tests which 
makes accurate recording difficult.  

In the dynamic tests the velocity-time readings obtained with the Laser-Doppler velocimeter 
were differentiated and integrated to obtain the load-time, displacement-time and load-
displacement histories. From these data, the axial displacement, or crushing distance, as 
well as the displacement averaged mean load values may be calculated using the absorbed 
energy in the same manner as with the quasi-static tests. 
In general, the spot-welds resisted well the loading and deformations. Besides localised 
material fracture, only in a few tubes and in a few locations, spot-welds were halfway torn 
apart. Laser welds only presented problems for the TRIP600 steel. Only in a few of the top-
hat tubes manufactured with this material it was possible to obtain regular progressive 
folding without separation of the hat-section and closeout panel. However, the hexagonal 
laser-welded sections and the spot-welded tubes manufactured with TRIP600 did not 
present that problem. 
The analysis of results of energy absorption properties should consider the folding 
behaviour and its initiation. Generally, the dynamic tube crushing tests made use of 
initiators or triggers in the form of indentations in the tubes. These worked satisfactorily in 
the dynamic tests, providing an efficient initialisation of the crushing process near the top of 
the specimen (proximal face to the impact mass). This feature could be observed from the 
camera recordings. Figures 9 and 10 present examples of the initiation of folding. The 
images were obtained with the recording camera rotated for best resolution within the test 
area. 
 

  
Fig. 9. Initial sequence of crushing of a hexagonal tube 
 
Generally, buckling was initiated at the proximal face of the specimens and progressed 
towards the distal end. However, in some cases, there was a simultaneous initiation of 
folding at both ends with a plastic buckle being developed near the distal end of the 
specimen. This buckle generally remained stable during further deformation of the 
specimen, which could be attributed to the contribution of the triggers at the opposite end of 
the specimens. In some of the tests with spot-welded tubes this buckle caused a near-
simultaneous progression of the crushing process from both ends, or also instability towards 
the end of the deformation process. Since the spot-welded tube did not have triggers this 
occurrence is attributed to the competition between both ends in the contribution to the 
deformation process. In figure 10  this occurrence is also observed. 
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Fig. 10. Initial sequence of crushing of a top-hat tube 
 

 
Fig. 11. Absorbed energies for DP600, top-hat geometry, spot welding 

 
Fig. 12. Absorbed energies for DP600, top-hat geometry, laser welding 
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Several features can be observed from the results that allow a comparison of different 
materials, geometries and welding processes. This analysis can be performed by comparing 
the absorbed energies at prescribed displacements, in this case energies at 50mm and 90mm 
of crushing length. This analysis is important since the absorption of energy and its 
management are critical to obtain crashworthy structures. In figures 11 to 13 examples of 
absorbed energies at different crushing lengths (E50; E90) and different test velocities are 
presented. In these cases an increase of absorbed energies for impact loading is observed 
which was expected when considering inertia and strain rate effects.  
 

 
Fig. 13. Absorbed energies for TRIP600, hexagonal geometry, laser welding 
 

  
a) quasi-static crush tests b) dynamic crush tests 

Fig. 14. Comparison of absorbed energies for spot-welded (SW) and laser welded(LW) top-
hat tubes (DP600) 
 
One of the observed characteristics in this study was the differences between spot-welded 
and laser welded connections used in the manufacturing process of the tubes. Figures 14 
and 15 present a graphical comparison of absorbed energies in tubes manufactured using 
the two processes. The moderate increase in the amount of absorbed energy for a given 
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Fig. 10. Initial sequence of crushing of a top-hat tube 
 

 
Fig. 11. Absorbed energies for DP600, top-hat geometry, spot welding 

 
Fig. 12. Absorbed energies for DP600, top-hat geometry, laser welding 
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Several features can be observed from the results that allow a comparison of different 
materials, geometries and welding processes. This analysis can be performed by comparing 
the absorbed energies at prescribed displacements, in this case energies at 50mm and 90mm 
of crushing length. This analysis is important since the absorption of energy and its 
management are critical to obtain crashworthy structures. In figures 11 to 13 examples of 
absorbed energies at different crushing lengths (E50; E90) and different test velocities are 
presented. In these cases an increase of absorbed energies for impact loading is observed 
which was expected when considering inertia and strain rate effects.  
 

 
Fig. 13. Absorbed energies for TRIP600, hexagonal geometry, laser welding 
 

  
a) quasi-static crush tests b) dynamic crush tests 

Fig. 14. Comparison of absorbed energies for spot-welded (SW) and laser welded(LW) top-
hat tubes (DP600) 
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crush distance in laser welded connections was expected, considering previously published 
results. However, in figure 14-b) it is observed that at higher impact speeds the spot-welded 
tubes absorbed a higher amount of energy. This was not observed for TRIP600 steel, 
although with this material the difference in absorbed energies between spot-welded and 
laser welded tubes in dynamic crush testing was very small. It is possible that at impact 
loading the continuous connection obtained using laser welds has undergone some local 
separation although this was not observed in the tests considered for this analysis. 
 

  

a) quasi-static crush tests b) dynamic crush tests 
Fig. 15. Comparison of absorbed energies for spot-welded (SW) and laser welded (LW) top-
hat tubes (TRIP600) 
 
Another observed feature in the experimental tests was the efficiency of different sections 
for the purpose of energy absorption. This was possible in the tests of the TRIP600 material 
where the specific absorbed energies of top-hat and hexagonal sections were compared. 
Figure 16 presents results of that comparison. A remarkable increase in absorbed energy per 
unit weight is observed for hexagonal sections. This was expected considering existing 
results in the available literature (Auto/Steel Partnership, 1998) where the difference in the 
average static crush force between top-hat and hexagonal tubes having the same mass was 
of approximately 40%. In the present tests the increase in the average static crush force was 
of approximately 32% with the increase in the absorbed energies E50 and E90 ranging from 
32.9 to 37.4 % in the quasi-static tests and 29.6 to 35.5% in the dynamic tests. This increase in 
the efficiency of the energy absorption is expected considering that thin-walled cylindrical 
shells have more efficient folding modes and that octagonal and hexagonal thin-walled 
sections are closer to the more efficient circular shape than top-hat sections. 
In figure 17 a comparison of specific absorbed energies of DP600 and TRIP600 is presented, 
based in tests using the same geometry (top-hat). A noticeable increase in specific absorbed 
energy is observed for the TRIP600 material, in both quasi-static and dynamic tests. This 
difference can be attributed to the higher strain hardening and strength properties and also 
the higher elongation to fracture that implies a higher area under the stress-strain curve, 
which is directly related with energy absorption. However, it should be noted that the tests 
were performed in tubes manufactured using steel sheets with different thicknesses, which 
might induce differences in the folding process with consequences in the absorbed energy. 
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a) quasi-static crush tests  b) dynamic crush tests 
Fig. 16. Comparison of specific absorbed energies for top-hat and hexagonal tubes (TRIP600) 
 

  
a) quasi-static crush tests b) dynamic crush tests 

Fig. 17. Comparison of specific absorbed energies for DP600 and TRIP600 steels using top-
hat geometry 
 
The available data for bending tests allows the evaluation of some features. In figure 18 a 
comparison of quasi-static and dynamic absorbed energies is presented for the tubes 
manufactured using tailor-welded blanks. As expected a slight increase is observed for the 
dynamic case. Figure 19 presents a comparison of specific absorbed energies (E50 and total 
absorbed energy) between the tubes made of DP800 steel and the ones manufactured using 
tailor welded blanks (that use DP600 and DP800 steel grades). The tubes manufactured 
using tailor-welded blanks are more efficient because the plastic deformation is localized in 
the central area where the striker impacts the tube.  
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crush distance in laser welded connections was expected, considering previously published 
results. However, in figure 14-b) it is observed that at higher impact speeds the spot-welded 
tubes absorbed a higher amount of energy. This was not observed for TRIP600 steel, 
although with this material the difference in absorbed energies between spot-welded and 
laser welded tubes in dynamic crush testing was very small. It is possible that at impact 
loading the continuous connection obtained using laser welds has undergone some local 
separation although this was not observed in the tests considered for this analysis. 
 

  

a) quasi-static crush tests b) dynamic crush tests 
Fig. 15. Comparison of absorbed energies for spot-welded (SW) and laser welded (LW) top-
hat tubes (TRIP600) 
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where the specific absorbed energies of top-hat and hexagonal sections were compared. 
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unit weight is observed for hexagonal sections. This was expected considering existing 
results in the available literature (Auto/Steel Partnership, 1998) where the difference in the 
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shells have more efficient folding modes and that octagonal and hexagonal thin-walled 
sections are closer to the more efficient circular shape than top-hat sections. 
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a) quasi-static crush tests  b) dynamic crush tests 
Fig. 16. Comparison of specific absorbed energies for top-hat and hexagonal tubes (TRIP600) 
 

  
a) quasi-static crush tests b) dynamic crush tests 

Fig. 17. Comparison of specific absorbed energies for DP600 and TRIP600 steels using top-
hat geometry 
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Fig. 18. Comparison of absorbed energies for bending tests of tailor welded tubes tested 
quasi-statically and dynamically.   
 

 
Fig. 19. Comparison of specific absorbed energies in bending tests of tubes manufactured 
using DP800 steel and tailor-welded blanks (DP600 and DP800 steel). 

 
3.2 Application of laser welding in the development of components with localized 
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This section presents results of a study aimed at developing an approach consisting of local 
heating of aluminium alloy structures with the purpose of introducing a local modification 
of material properties. The main objective of this approach is the management of crash-
energy absorption in a cost effective manner through the introduction of triggers: by local 
heating in areas chosen for triggers, local softening of aluminium can be induced thus 

0

100

200

300

400

500

600

700

E50 Etot

En
er

gy
 (J

)
QSb3;QSb4
DWb21

0

50

100

150

200

250

E50 Etot

Sp
ec

ifi
c 

en
er

gy
 (J

/k
g)

QSb1; QSb2
QSb3; QSb4

for
de
Re
alu
(Le
on
Th
pro
fai
be 
im
ad
wh
lik
ori
In 
de
sim
com
com
Th
ma
of 
ori
do
ind
trig
str
mi
sho
sho
in 
als
 

Fig
pla

rcing the tubular
formation in the 

esearch studies 
uminium tubing 
ee et al., 1999). Th

n number, shape, 
he concept of usi
ovide for a larg
ilure. Thus fractu
 accordingly in

mplementation co
vantageous use 

hich in the prese
ke strength, work
iginally presented
 particular, the b
liberately imposi

mulation tools ca
mbined simulati
mponent subjecte

his study presen
aterial properties
this research wo

iginated from im
one by CO2 laser 
duce a micro stru
ggers of the fol

ructures. It is w
icrostructure wit
ow the behavior 
own that with tem
the microstructu

so an important fa

g. 20 – a) AA 606
astic behaviour u

r structure to in
mode of highest 
have reported a
by artificially int
he absorbed ener
and location of tr
ing thermal mod

ger global deform
ure in critical regi
ncreased. Such 
ompared to th
of aluminium is 

ent context is def
k hardening and
d (Bjørneklett & M
buckling of crash
ing local soft zon
an be used to as
ion of the therm
ed to dynamic loa

nts preliminary r
 and microstructu
ork is to improv

mpact in tubular 
 welding technol

uctural modificati
ding process in 

well known that 
h heat-treatment
 of this material 
mperature betwe

ure with decrease
actor being the te

a) 
60 T5 True stress–
sed in the numer

nitiate deformatio
energy absorptio
attempts to imp
troducing variou
rgy and crushing
riggering dents by
dification of an a
mation of a part
ions can be delay

design feature
he alternative p
 therefore possib
fined as controlle
d ductility by m
Myhr, 2003).  
h boxes during a

nes (i.e. thermally 
ssess crashworth

mal processing a
ading. 
results of tempe
ure of a selected 
ve the crushing 
 components. Th
logy applied as a
ion caused by the
 the progressive
the 6060-T5 alu

t. Technical liter
 at different temp
een 250 º C and 55
e on hardness.  I
emperature and ti

 

–strain curve and
rical simulations. 

on in prescribed
on. 
prove energy ab
s types of trigger
 morphology we
y using computer
aluminium alloy 
t and higher ene
yed and the total 
es are also hig
process of geom
ble by applying “
ed manipulation

means of non-ho

a crash situation 
 induced triggers

hiness performan
and subsequent 

erature and heat
 6060-T5 aluminiu
stability and the

he improvement 
a local heat treatm
e heating in prede
e impact energy 
uminum alloy su
rature presents d
peratures and he
50 º C there is a s
It should be men
ime interdepende

d on the heat affe
 

d locations and 

bsorption of ext
ring dents (Kim, 
re analyzed depe
r simulation.  
 in localized are
ergy absorption 
 energy absorptio
ghly cost-effecti
metric redesign.
“local material de
n of material prop
omogenous heati

 may be controll
s). For the impact
nce and even en

response in the

ting cycle influen
um alloy. The ob
e absorption of e
 of the deformat
ment. This proce
efined zones that
absorption of tu

uffers modificatio
different diagram
eat-cycle duration
significant modifi
ntioned that the t
ent 

b) 
ected zone; b) Mo

assure 

truded 
 2002); 
ending 

as can 
before 
on can 
ive in 
. This 
esign”, 
perties 
ing, as 

led by 
t event 

nable a 
e final 

nce in 
bjective 
energy 
tion is 
ss will 
t act as 
ubular 
ons in 

ms that 
n. It is 
ication 
time is 

 

odel of 



Laser welding application in crashworthiness parts 123

 
Fig. 18. Comparison of absorbed energies for bending tests of tailor welded tubes tested 
quasi-statically and dynamically.   
 

 
Fig. 19. Comparison of specific absorbed energies in bending tests of tubes manufactured 
using DP800 steel and tailor-welded blanks (DP600 and DP800 steel). 
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heating in areas chosen for triggers, local softening of aluminium can be induced thus 
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Fig. 22. Hardness results for laser heat treatment at center of HAZ (0 mm) and distance from 
center of HAZ. 
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Fig. 23. Images of the heat affected zone HAZ in samples treated with different laser speeds. 
 
The structure considered in this study is a prismatic column with square cross-section of 
aluminium 6060-T5. The dimension of the cross-section is 75x75 mm with 1.5 mm wall 
thickness, and the length of the column is 300mm. The local heating in areas chosen for 
triggers will be modelled in the numerical simulations through the modification of the 
mechanical properties, as shown in figure 20.b). The location of these triggers on aluminium 
alloy will be precisely induced thus forcing the column to deform in that zone. 
The mechanical properties considered on the numerical simulations are Young’s modulus 
E=69×103 MPa, Poisson’s ratio =0.3, density =2700Kg/m3 and the initial yield stress 
y=180MPa for the base material and y=108MPa for the heat affected zone (HAZ). The 
complete true stress–strain relation used in the simulations is shown in 20-b). As the 
aluminium is insensitive to the strain rate effect, this is neglected in the finite element 
modelling. 
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Fig. 22. Hardness results for laser heat treatment at center of HAZ (0 mm) and distance from 
center of HAZ. 
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Fig. 23. Images of the heat affected zone HAZ in samples treated with different laser speeds. 
 
The structure considered in this study is a prismatic column with square cross-section of 
aluminium 6060-T5. The dimension of the cross-section is 75x75 mm with 1.5 mm wall 
thickness, and the length of the column is 300mm. The local heating in areas chosen for 
triggers will be modelled in the numerical simulations through the modification of the 
mechanical properties, as shown in figure 20.b). The location of these triggers on aluminium 
alloy will be precisely induced thus forcing the column to deform in that zone. 
The mechanical properties considered on the numerical simulations are Young’s modulus 
E=69×103 MPa, Poisson’s ratio =0.3, density =2700Kg/m3 and the initial yield stress 
y=180MPa for the base material and y=108MPa for the heat affected zone (HAZ). The 
complete true stress–strain relation used in the simulations is shown in 20-b). As the 
aluminium is insensitive to the strain rate effect, this is neglected in the finite element 
modelling. 
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M = 70 kg 

The present simulations were performed with the commercial software LS-DYNA that is 
appropriate for non-linear explicit dynamic simulation for large deformations. The loading 
condition is the impact of a rigid mass of 70kg at an initial speed of 45km/h on the top of the 
model, as shown in Figure 24.a), being the lower part of the model clamped. 
The elements used in this type of modelling need a good bending capacity and membrane 
behaviour for large in-plane deformations allowing for axial loads. With these requirements 
the chosen element is a Belytschko-Lin-Tsay shell element of four nodes, which is commonly 
used in crash simulations. This element type is suitable for the large deformations which 
occur in the folding process. Five integration points were used in the thickness direction. 
 

 
 

 
b) 

 
c) 

Fig. 24. a) Loading Condition; b) Mesh size 3x3; c) Mesh size 1.5x1.5 
 
The contact between the rigid wall and the model is defined as surface-surface interaction 
with a friction coefficient equal to 0.1. Besides, self-contact with a friction coefficient 0.1 is 
defined on the model walls and gravitational acceleration is applied to the whole model. 
In the numerical simulations the focus of the laser heat treatment was chosen for trigger 
dimension, and appropriate mesh size triggers are also chosen, as shown in Figure 24 b) and 
c). The studies are based on the 3mm and 1.5mm width of the laser focus, that is, the weld3 
and weld1.5 as indicated in the figures. 
A total of six triggered configurations were defined, depending on number, width, and 
location. The number of triggers can be largely divided into three types, i.e. without trigger, 
triggers in opposite sides (2 sides) and triggers around of the model (4 sides of the model), 
and their width is also varied either 3 or 1.5 mm, as shown in Table 3. 
In all models the triggers are referenced to the top of the numerical model. For example, in 
reference 14x20 it is meant that the triggers are inserted in up to intervals of 20 mm, fourteen 

a) 

300mm 

V = 45 km/h 

75mm 

triggers in along of the model. When the reference is 9x30 and 6x40 the same process is 
done, inserted at even intervals of 30mm/40mm with nine/six triggers in along of the 
model, respectively. For models with the reference 4x20, 4x30 and 4x40, only the initial four 
triggers are introduced in up to intervals of 20mm, 30mm and 40mm, respectively. 
Plastic folds are initially formed in the upper part of the smart models, and continue to 
develop gradually down into the lower parts. Besides, as soon as the folds consist in a side 
of the model, they develop in the side opposed in turns. These folds are facilitating a 
mechanism to absorb the energy on the compressive deformation, therefore the tendency of 
formation of folds fulfils an important role in the absorption of energy. 
The numerical results of some smart models are shown in Figures 25-27, where it is possible 
to observe that under dynamic loading models generally had a regular progressive folding, 
but some of them exhibited irregular plastic folding during the terminal crushing stages, as 
observed in model Weld3 4sides 4x20 (Figure 27), where the folds are well induced at the 
trigger sites in the initial phase of deformation, but showing quite unstable deformation 
later on. In both models without triggers, in the middle of the plastic deformation phase the 
folds are quite irregular inducing to a structural instability. 
 

    

Fig. 25. Deformed shape along of the model (14x20) with 1.5mm width of the HAZ triggers. 
 
Crash energy absorption in the axially loaded model proceeds by the folding process. The 
elements compressed by the axial compression at the critical load loose  the stability of the 
equilibrium configuration of the structure. Figure 28 shows through the force-displacement 
curves where it is folding outward (A), contact outward (B), folding inward (C) and contact 
inward (D). Through the deformed shape of the model the last statement can be confirmed. 
When the first fold is forming, the model reaches the maximum force capacity, which represents 
the first peak and is referred to as the maximum peak force. The load decrease as the first fold is 
being developed where the folding outward is started. After the completion of the first fold, the 
force reduces to the first lowest point where the contact outward happened. The further 
deformation causes the load to increase until the next peak is formed with the formation of the 
second fold. The process repeats with the folding the third, forth, and fifth folds until the kinetic 
energy of the striking mass has been reduced to zero, as shown in Figures 29-33. 
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and their width is also varied either 3 or 1.5 mm, as shown in Table 3. 
In all models the triggers are referenced to the top of the numerical model. For example, in 
reference 14x20 it is meant that the triggers are inserted in up to intervals of 20 mm, fourteen 
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done, inserted at even intervals of 30mm/40mm with nine/six triggers in along of the 
model, respectively. For models with the reference 4x20, 4x30 and 4x40, only the initial four 
triggers are introduced in up to intervals of 20mm, 30mm and 40mm, respectively. 
Plastic folds are initially formed in the upper part of the smart models, and continue to 
develop gradually down into the lower parts. Besides, as soon as the folds consist in a side 
of the model, they develop in the side opposed in turns. These folds are facilitating a 
mechanism to absorb the energy on the compressive deformation, therefore the tendency of 
formation of folds fulfils an important role in the absorption of energy. 
The numerical results of some smart models are shown in Figures 25-27, where it is possible 
to observe that under dynamic loading models generally had a regular progressive folding, 
but some of them exhibited irregular plastic folding during the terminal crushing stages, as 
observed in model Weld3 4sides 4x20 (Figure 27), where the folds are well induced at the 
trigger sites in the initial phase of deformation, but showing quite unstable deformation 
later on. In both models without triggers, in the middle of the plastic deformation phase the 
folds are quite irregular inducing to a structural instability. 
 

    

Fig. 25. Deformed shape along of the model (14x20) with 1.5mm width of the HAZ triggers. 
 
Crash energy absorption in the axially loaded model proceeds by the folding process. The 
elements compressed by the axial compression at the critical load loose  the stability of the 
equilibrium configuration of the structure. Figure 28 shows through the force-displacement 
curves where it is folding outward (A), contact outward (B), folding inward (C) and contact 
inward (D). Through the deformed shape of the model the last statement can be confirmed. 
When the first fold is forming, the model reaches the maximum force capacity, which represents 
the first peak and is referred to as the maximum peak force. The load decrease as the first fold is 
being developed where the folding outward is started. After the completion of the first fold, the 
force reduces to the first lowest point where the contact outward happened. The further 
deformation causes the load to increase until the next peak is formed with the formation of the 
second fold. The process repeats with the folding the third, forth, and fifth folds until the kinetic 
energy of the striking mass has been reduced to zero, as shown in Figures 29-33. 



Laser Welding128

 
 

  

Fig. 26. Deformed shape along of the model (4x20) with 3mm width of the four HAZ 
triggers. 
 

   
Fig. 27. Deformed shape on model with four HAZ triggers around the model with 3mm 
width (4sides 4x20). 
 
Figure 29 shows the force-displacement and absorbed energy-displacement curves of the 
models with triggers along of the model and for the distance 40mm the results are quite 
different than the other ones because the first fold is forming in the top of the model but the 
second fold is being started at the bottom of the model. The absorption energy during the 
crushing process for the same displacement than the others is increasing. This model is an 
exception when compared to the others smart models studied here. 
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Fig. 26. Deformed shape along of the model (4x20) with 3mm width of the four HAZ 
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Fig. 27. Deformed shape on model with four HAZ triggers around the model with 3mm 
width (4sides 4x20). 
 
Figure 29 shows the force-displacement and absorbed energy-displacement curves of the 
models with triggers along of the model and for the distance 40mm the results are quite 
different than the other ones because the first fold is forming in the top of the model but the 
second fold is being started at the bottom of the model. The absorption energy during the 
crushing process for the same displacement than the others is increasing. This model is an 
exception when compared to the others smart models studied here. 
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Fig. 30. Force -displacement and absorbed energy-displacement curves of the models with 
four HAZ triggers on the opposite sides with 1.5mm of the width. 
 

  
Fig. 31. Force-displacement and absorbed energy-displacement curves of the models with 
3mm wide of the HAZ triggers, on the opposite sides at the same distance along of the 
model.  
 

  
Fig. 32. Force -displacement and absorbed energy-displacement curves of the models with 
four HAZ triggers on the opposite sides with 3mm of the width. 
 
Numerical simulations of crushing behaviour of aluminium tubes with local triggers obtained 
through heat treatment were performed. The highest efficiency of absorption energy during 
crushing is found in models that have four triggers in opposite sides with 1.5mm wide, and in 
models with four triggers around the model and 3mm width. 
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Fig. 33. Force-displacement and absorbed energy-displacement curves of the models with 
four HAZ around the entire model with 3mm of the width. 
 

ITEM 
l  Eint Fpeak Fmed 

Folds 
mm J kN kN 

Without trigger mesh 3 262.0 4508 74.6 17.6 7 
mesh 1.5 268.0 4466 74.2 15.1 10 

WELD 1.5 2 sides 

14x20 277.3 4332 63.9 16.1 8 
9x30 277.6 4364 63.8 15.6 8 
6x40 253.6 4282 64.0 16.4 8 
4x20 274.1 4562 65.2 17.3 7 
4x30 270.5 4631 65.5 17.9 7 
4x40 273.3 4593 64.8 16.4 8 

WELD 3 

2 sides 

14x20 275.9 4690 64.3 19.5 7 
9x30 258.3 4394 56.5 17.0 7 
6x40 259.7 4314 57.7 16.5 8 
4x20 273.4 4396 65.9 17.7 7 
4x30 271.7 4457 66.2 18.2 7 
4x40 271.5 4255 64.2 16.6 8 

4 sides 
4x20 267.4 4455 56.2 16.5 10 
4x30 258.4 4394 56.4 18.0 8 
4x40 259.7 4313 58.5 16.5 5 

Table 3. Numerical results 
 
The research revealed that, by using a thermal trigger, a reduction of 15% of the initial crushing 
force is achievable. It is also found that this thermal trigger can not only reduce the initial 
maximum force but also ensure stable and uniform absorbed energy at most smart models. 
The concept of using thermal modification of an aluminium alloy in localized areas for providing 
a larger global deformation of a part and higher energy absorption before failure appears as 
possible and effective in the experimental work presented and numerical simulations. 
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Numerical simulations of crushing behaviour of aluminium tubes with local triggers obtained 
through heat treatment were performed. The highest efficiency of absorption energy during 
crushing is found in models that have four triggers in opposite sides with 1.5mm wide, and in 
models with four triggers around the model and 3mm width. 

0

10

20

30

40

50

60

70

0 50 100 150 200 250 300
Displacement (mm)

Fo
rc

e 
(k

N
)

4x20_1.5
4x30_1.5
4x40_1.5

0

1000

2000

3000

4000

5000

0 50 100 150 200 250 300
Displacement (mm)

Ea
bs

 (J
)

0

10

20

30

40

50

60

70

0 50 100 150 200 250 300
Displacement (mm)

Fo
rc

e 
(k

N
)

T20
T30
T40

0

1000

2000

3000

4000

5000

0 50 100 150 200 250 300
Displacement (mm)

E
ab

s 
(J

)

0

10

20

30

40

50

60

70

0 50 100 150 200 250 300
Displacement (mm)

Fo
rc

e 
(k

N
)

4x20
4x30
4x40

0

1000

2000

3000

4000

5000

0 50 100 150 200 250 300
Displacement (mm)

E
ab

s 
(J

)

 
Fig. 33. Force-displacement and absorbed energy-displacement curves of the models with 
four HAZ around the entire model with 3mm of the width. 
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Without trigger mesh 3 262.0 4508 74.6 17.6 7 
mesh 1.5 268.0 4466 74.2 15.1 10 
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Table 3. Numerical results 
 
The research revealed that, by using a thermal trigger, a reduction of 15% of the initial crushing 
force is achievable. It is also found that this thermal trigger can not only reduce the initial 
maximum force but also ensure stable and uniform absorbed energy at most smart models. 
The concept of using thermal modification of an aluminium alloy in localized areas for providing 
a larger global deformation of a part and higher energy absorption before failure appears as 
possible and effective in the experimental work presented and numerical simulations. 
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1. Introduction 

Laser welding has the advantage of localised heat, low distortion and rapid solidification, 
and is used in wide variety of material joining applications. Laser welding is performed 
either in conduction or in keyhole mode. In conduction mode, the applied power density is 
smaller and vaporization of work piece material is absent. Keyhole mode laser welding 
involves the application of very high power density creating a vapour filled cavity into the 
work piece that also helps in greater absorption of beam energy (Benyounis et al., 2005; Liu 
et al., 1993; Tzeng, 1999). An appropriate design for welding procedure requires a-priori 
knowledge of the peak temperature, weld thermal cycle and cooling rate. Due to high peak 
temperature and small weld pool size, real-time measurements of temperature and velocity 
fields, and the growth of weld pool are difficult in laser welding (DebRoy & David, 1995; 
Zhao et al., 1999; Pitscheneder et al., 1997; Lhospitalier et al., 1999; Lee & Kim, 2004). Thus, 
the computational models, which can simulate temperature and velocity field in laser 
welding, is in ever demand.  
Conduction heat transfer based models are simpler, computationally inexpensive and yet 
can provide fairly reliable results in several simple welding systems (Trivedi et al., 2007; 
Goldak et al., 1984; Frewin & Scott, 1999; De et al., 2003). The transport phenomena based 
heat transfer and fluid flow analysis involves larger physical attributes, generally complex 
and can be computationally expensive especially for large and complex weld joint geometry 
(Bag & De, 2008; Bag & De, 2009; Mackwood & Crafer, 2005). Thus, conduction heat transfer 
based models are often preferred to the convective heat transport based weld pool 
simulations for smaller weld pool sizes and joining processes involving rapid melting and 
solidification. The conduction heat transfer based weld pool models also find tremendous 
application in the calculations of weld distortion and residual stress (Teng et al., 2001; Jung 
& Tsai, 2004; Deng et al., 2007; Cho & Kim, 2002; Trivedi et al., 2007; Deng, 2009), where the 
temperature field over a very large domain is of greater importance in comparison to its 
local variation in weld pool. We present here both of these modelling approaches and a 
comparison of the relative error in respective predictions. 
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In both the conduction and convective transport based models, the laser beam is considered 
as a surface heat source with Gaussian energy distribution. In conduction based heat 
transfer analysis, a volumetric heat source is often used further to numerically compensate 
the influence of convection heat transport in weld pool. The existing approach to define a 
volumetric heat source needs a-priori definition of its shape and size that restricts the use of 
the same (Goldak et al., 1984; Frewin & Scott, 1999; De et al., 2003). We have introduced an 
adaptive volumetric heat source term to make it more general and close to the reality. The 
adaptive volumetric term is defined by mapping the instantaneous value of the computed 
weld dimensions (length, width and depth) with respect to time step (transient) or load step 
(steady-state) and thus, the requirement of a-priori definition of the source geometry is 
avoided. Lastly, both conduction and convective heat transport based simulations of laser 
welding needs a number of parameters, which are required for model calculations and 
cannot be defined by scientific principles alone. Absorption coefficient, effective thermal 
conductivity and viscosity of molten material in weld pool, and parameter defining the 
nature of energy distribution are examples of such parameters in laser welding simulations 
(Chande & Mazumder, 1884; Tanriver et al., 2000; De & DebRoy, 2005). Here we show that a 
robust optmization algorithm integrated with the numerical process models can help in 
identifying suitable values of the uncertain model parameters and provide reliable 
computed results.  
The present work includes a finite element based three-dimensional transient and quasi-
steady heat transfer and fluid flow model for the prediction of temperature and velocity 
field, and weld dimensions in laser welding process. The novel feature introduced in the 
conduction model is the adaptive volumetric heat source term that is used to account for the 
energy absorbed by the molten weld pool in conduction based analysis. Temperature 
dependent material properties and the latent heat of melting and solidification are 
considered. The transport phenomena based heat transfer and fluid flow model considers 
effective values of thermal conductivity and viscosity to account for the effect of high 
momentum transport within small weld pool. The numerical heat transfer models are 
integrated with a differential evolution (DE) based optimization tool to estimate the value of 
uncertain parameters in an inverse manner. The predicted weld pool dimensions from the 
overall integrated model are validated successfully against similar experimentally measured 
results for laser spot and linear welding. The comparative results in terms of weld pool 
shape and size for both conduction and transport phenomena based models are presented.  

 
2. Finite element based numerical model  

The finite element formulation of 3D conduction mode heat transfer model using adaptive 
volumetric heat source both for spot and linear welding is described first. The discretization 
of transport phenomena based heat transfer and fluid flow model is presented next. Various 
issues regarding computational difficulties are also pointed out in this section. 

 
2.1 Heat transfer model with adaptive volumetric heat source  
The conduction mode heat transfer in transient state is governed by the following equation 
in 3D Cartesian coordinate system.  
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is the distance along the m = 1, 2 and 3 (same as x, y and z) orthogonal directions 

and  , Cp and k refer respectively to density, and temperature dependent specific heat and 

thermal conductivity of the work piece material. The term Q  refers to the rate of internal 
heat generation per unit volume and t refers to time variable. Physically, the internal heat 
generation due to joule heating is neglected in the present model. However the volumetric 
heat source is mathematically incorporated through the term Q . In steady state analysis, the 
transient growth of temperature field is transformed to special distribution by considering 
that the laser beam is moving with a constant velocity (Vw) (say, in x2 i.e. y-direction). 
Hence, eq. (1) is rewritten for moving heat source with reference to the moving coordinate 
system (x1, x2, x3) as 
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It is to be noted from the nature of eq. (2) that the temperature is distributed specially and it 
is termed as quasi-steady state analysis. The boundary interaction along with the solution 
domain is described in Fig. 1. Mathematically, the heat balance along with the surface is 
expressed as  
  

 src QQQ
n
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
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  (3) 

 
where Qc and Qr represent heat loss by convection and radiation from the surface, 
respectively, and Qs is the heat flux added by laser on the surface. The first term in eq. (2) 
indicates the heat conducted normal to the surface. On the symmetric surface, the 
temperature gradient normal to the surface is zero. The initial temperature of whole solution 
domain is considered as ambient temperature (T0). To avoid the computational difficulty of 
the radiation term, an effective heat transfer coefficient (combined effect of convection and 
radiation) is considered as (Frewin & Scott, 1999) 
 
 61.13

eff T104.2h    (4) 
 
where  is the emissitivity of the work piece material. Hence, the convection and radiation 
term of eq. (3) is expressed in modified form as  
 
 )TT(hQQQ 0effrcc   (5) 
 
The distribution of laser energy on the top surface follows Gaussian distribution which is 
mathematically expressed as (Goldak et al., 1984)   
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In both the conduction and convective transport based models, the laser beam is considered 
as a surface heat source with Gaussian energy distribution. In conduction based heat 
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results for laser spot and linear welding. The comparative results in terms of weld pool 
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The finite element formulation of 3D conduction mode heat transfer model using adaptive 
volumetric heat source both for spot and linear welding is described first. The discretization 
of transport phenomena based heat transfer and fluid flow model is presented next. Various 
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It is to be noted from the nature of eq. (2) that the temperature is distributed specially and it 
is termed as quasi-steady state analysis. The boundary interaction along with the solution 
domain is described in Fig. 1. Mathematically, the heat balance along with the surface is 
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where Qc and Qr represent heat loss by convection and radiation from the surface, 
respectively, and Qs is the heat flux added by laser on the surface. The first term in eq. (2) 
indicates the heat conducted normal to the surface. On the symmetric surface, the 
temperature gradient normal to the surface is zero. The initial temperature of whole solution 
domain is considered as ambient temperature (T0). To avoid the computational difficulty of 
the radiation term, an effective heat transfer coefficient (combined effect of convection and 
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where P refers to laser power, G and reff the absorption coefficient and effective radius of 
laser beam on the work piece surface, respectively, and dl the power density distribution 
factor of heat source. Figure 2 describes the typical simulation of laser heat flux distribution 
on the substrate surface. The nature of distribution with respect to maximum heat flux is 
mainly extended by the distribution factor (dl) which is typically ~ 3.5 for laser welding 
process (Frewin & Scott, 1999).  
 

 
Fig. 1. Boundary conditions applied in numerical modelling of laser welding process. 
 
Figure 3 schematically represents the shape of the volumetric heat source and it is 
mathematically represented as  
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where a1, a2 and a3 represent the computed values of the weld dimensions obtained 
iteratively after every time-step or load-step, and ηv refers to volumetric efficiency. The 
volumetric efficiency dictates the actual amount of volumetric heat that is utilised to 
develop the weld pool. The distribution of heat is uneven in the case of moving heat source 
(linear welding). The convective transport in weld pool gets lesser time to develop in the 
front of the heat source in comparison to the rear resulting in an asymmetric weld pool with 
respect to the centre of the source in the direction of weld velocity. In stationary welding, 
however, the weld pool remains symmetric owing to a symmetric energy distribution. To 
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incorporate the asymmetric effect in linear welding, eq. (7) is multiplied with an empirical 
constant f with f = 0.6 for the front and 1.4 for the rear of the weld pool (Bonifaz, 2000) with 
the dimensions of double ellipsoidal )aaanda  a  (a  a and a ,a  ,2a 2
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in Fig. 3(a). In laser spot welding, f remains as unity with a symmetrical pool shape with 
respect to the centre of the heat source (Fig.3b).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Distribution of surface heat flux on work piece following Gaussian distribution. 
 
The numerical calculations are performed through a number of small load steps in steady 
state analysis (linear welding) and time steps for transient analysis (spot welding). These 
small steps facilitate incorporation of the temperature dependence of materials properties 
through iterative procedures. The volumetric heat source term is activated when a finite size 
of molten weld pool forms. A direct iteration scheme is adopted to get a converged solution 
of temperature field by minimizing the error between the adaptive weld pool size of current 
load step and the previous load step.  
The solution domain is discretized using eight nodded isoparametric element with linear 
variation of temperature. The temperature variable, T, within the element is expressed in 
terms of nodal temperatures as 
 

   i
8

1i
i T NT 



  (8) 

 
 
 
 
 
 

Z 
(W

/m
2 ) 

X (mm) Y (mm)  



Computational modelling of conduction mode laser welding process 137

 












 


2

1m

2
m2

eff

l
2

eff

lG
s x

r
dexp

r
dPQ  (6) 

 
where P refers to laser power, G and reff the absorption coefficient and effective radius of 
laser beam on the work piece surface, respectively, and dl the power density distribution 
factor of heat source. Figure 2 describes the typical simulation of laser heat flux distribution 
on the substrate surface. The nature of distribution with respect to maximum heat flux is 
mainly extended by the distribution factor (dl) which is typically ~ 3.5 for laser welding 
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Fig. 3. Adaptive volumetric heat source in (a) linear welding and (b) transient spot welding. 
 
The governing equation along with the boundary conditions is discretised with Galerkin’s 
weighted residue technique (Gupta, 2002). By using Gauss theorem and boundary 
conditions described in eq. (3), the discretised form of the governing equation can be 
rewritten in matrix form for any specific element ‘e’ as 
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 i , j = 1, 2, 3, 4, 5, 6, 7, 8       for 8 noded brick element  (16) 
 
Here, ]K[ e represents the overall heat conduction within solution domain, ]S[ e represents 
the heat capacity of domain, ]H[ e defines the heat loss by convection and radiation from the 
surface, and }F{ e

s , }F{ e
v and }F{ e

c represent heat added by laser beam through surface, 
volumetric heat added to the domain, and heat added through surface due to reference 
temperature, respectively. Considering the contribution from all the elements, the final set of 
equation in matrix form is written as 
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However, to get the temperature distribution over time, eq. (17) is further discretised 
linearly in the time domain following Galerkin’s scheme which is unconditionally stable 
(Reddy & Gartling, 2000). Assuming that the temperature field at the beginning of the time 
interval, t , is known, the same at the end of the time interval is calculated as 
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In similar fashion, the matrix form of the equation for pseudo-steady state heat transfer 
analysis can be written as 
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The expressions of other terms are already described in transient heat transfer analysis. 
Considering the contribution from all the elements within the solution domain the final set 
of equation for pseudo-steady state heat transfer analysis is expressed as 
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Fig. 3. Adaptive volumetric heat source in (a) linear welding and (b) transient spot welding. 
 
The governing equation along with the boundary conditions is discretised with Galerkin’s 
weighted residue technique (Gupta, 2002). By using Gauss theorem and boundary 
conditions described in eq. (3), the discretised form of the governing equation can be 
rewritten in matrix form for any specific element ‘e’ as 
 

 0}F{}F{}F{}T]{H[
t
T]S[}T]{K[ e

c
e

s
e

v
eee 











   (9) 

where 

 














  
 

d
x
N

x
Nk]K[

e

3

1m
m

j

m

ie   (10) 

 



ee

dNNh]H[         ;dNNC]S[ jieff
e

jip
e  (11, 12) 

a2 

a3 

a1 

X 

Y 

Center of heat source 

Weld pool 

Z (b) 

a3 

a1 

X 

Y 

Center of heat source 
Z 

1
2a2

2a

Travel direction 

Weld pool 

(a)   






e
2

e
1

dThN}{F    ;dQN}F{ 0effi
e

csi
e

s   (13, 14) 

 



e

dQN}F{ i
e

v
   (15)  

 i , j = 1, 2, 3, 4, 5, 6, 7, 8       for 8 noded brick element  (16) 
 
Here, ]K[ e represents the overall heat conduction within solution domain, ]S[ e represents 
the heat capacity of domain, ]H[ e defines the heat loss by convection and radiation from the 
surface, and }F{ e

s , }F{ e
v and }F{ e

c represent heat added by laser beam through surface, 
volumetric heat added to the domain, and heat added through surface due to reference 
temperature, respectively. Considering the contribution from all the elements, the final set of 
equation in matrix form is written as 
 

 }F{
t
T]S[}T]{K[ 










  (17)  

where   
 }F{}F{}F{}F{        ;]H[]K[]K[ csv   (18, 19)  
 
However, to get the temperature distribution over time, eq. (17) is further discretised 
linearly in the time domain following Galerkin’s scheme which is unconditionally stable 
(Reddy & Gartling, 2000). Assuming that the temperature field at the beginning of the time 
interval, t , is known, the same at the end of the time interval is calculated as 
 

  


























F}T{]S[
t

1]K[
3
1]S[

t
1]K[

3
2 }T{ 1

1

2  (20) 

 
In similar fashion, the matrix form of the equation for pseudo-steady state heat transfer 
analysis can be written as 
 
 }F{}F{}F{}T]{H[}T]{S[}T]{K[ e

c
e

s
e
v

eee
  (21) 

where     

 








e

d
x
N

NVC]S[
2

j
iwp

e   (22) 

 
The expressions of other terms are already described in transient heat transfer analysis. 
Considering the contribution from all the elements within the solution domain the final set 
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2.2 Transport phenomena based heat transfer and fluid flow model  
In addition to the energy equation, heat transfer and fluid flow analysis requires the 
solution of the momentum conservation equation expressed as (Reddy & Gartling, 2000) 
 

 














































m

n

n

m
effmn

m

m

n

m
n

m

x
u

x
uP

x
F

x
uu

t
u  (26) 

 
where um is the velocity in respective direction and m, n = 1, 2, 3, μeff is the effective 
viscosity, P the modified pressure obtained by subtracting hydrostatic pressure from local 
pressure, Fm the body forces in respective directions, ρ the density of the material, mn is 
knocker delta. The governing equation for quasi-steady state analysis with respect to 
moving coordinate system (x1, x2, x3) is expressed as 
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Figure 1 describes various driving forces and corresponding boundary interactions during 
the heat transfer and fluid flow analysis. The body force in laser welding consists of 
buoyancy force only. The buoyancy force acts in x3 i.e. z-direction and is expressed 
considering Boussinesq approximation as (Reddy & Gartling, 2000) 
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where β is the coefficient of thermal expansion, g the gravitational acceleration, and Tref the 
reference temperature. The continuity equation (conservation of mass) for incompressible 
fluid is expressed as 
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The energy equation of transient state is expressed as  (Reddy & Gartling, 2000)  
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where keff refer to effective thermal conductivity of liquid metal. The last term of the right 
hand side indicates the energy transport within the melt pool due to movement of liquid 
metal which was absent in conduction heat transfer analysis. The equation for the 
conservation of energy in pseudo-steady state is stated in 3D Cartesian coordinate system as  
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The solution boundaries for both of mass and momentum equations are defined by the 
solid-liquid interface and the free surface of the weld pool which is assumed flat to avoid 
extra computational effort. A no-slip boundary condition for laminar flow at the solid-liquid 
interface is expressed as   
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A slip boundary condition is expressed along the symmetric plane as 
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The free surface of weld pool is subjected to surface tension force and the corresponding 
boundary conditions are expressed as 
 

  0u;
x
T

T
f

x
u;

x
T

T
f

x
u

3

2

L

3

2

1

L

3

1 





















  (34) 

 
where γ is the temperature dependent surface tension coefficient and fL is the volume 
fraction of liquid metal along the weld pool top surface.  
The penalty finite element method is designed in the present case to solve momentum 
equations by linking the continuity equation as constraint with the pressure and is 
expressed as  
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where λ is the penalty parameter that is set as equal to a large number so that it can satisfy 
the continuity equation (Reddy & Gartling, 2000). To avoid nonlinearity due to presence of 
velocity term in the convective term, the velocities ( 0

3
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1 u,u,u ) are made independent from 

the nodal velocity variables. Hence, 0
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2 uandu  for an element are calculated as average 

of the corresponding nodal velocity components. The velocity variable within the element is 
expressed 
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Equation (26) for a specific element ‘e’ can be written in a matrix form as 
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2.2 Transport phenomena based heat transfer and fluid flow model  
In addition to the energy equation, heat transfer and fluid flow analysis requires the 
solution of the momentum conservation equation expressed as (Reddy & Gartling, 2000) 
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where um is the velocity in respective direction and m, n = 1, 2, 3, μeff is the effective 
viscosity, P the modified pressure obtained by subtracting hydrostatic pressure from local 
pressure, Fm the body forces in respective directions, ρ the density of the material, mn is 
knocker delta. The governing equation for quasi-steady state analysis with respect to 
moving coordinate system (x1, x2, x3) is expressed as 
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Figure 1 describes various driving forces and corresponding boundary interactions during 
the heat transfer and fluid flow analysis. The body force in laser welding consists of 
buoyancy force only. The buoyancy force acts in x3 i.e. z-direction and is expressed 
considering Boussinesq approximation as (Reddy & Gartling, 2000) 
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where β is the coefficient of thermal expansion, g the gravitational acceleration, and Tref the 
reference temperature. The continuity equation (conservation of mass) for incompressible 
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The energy equation of transient state is expressed as  (Reddy & Gartling, 2000)  
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where keff refer to effective thermal conductivity of liquid metal. The last term of the right 
hand side indicates the energy transport within the melt pool due to movement of liquid 
metal which was absent in conduction heat transfer analysis. The equation for the 
conservation of energy in pseudo-steady state is stated in 3D Cartesian coordinate system as  
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The solution boundaries for both of mass and momentum equations are defined by the 
solid-liquid interface and the free surface of the weld pool which is assumed flat to avoid 
extra computational effort. A no-slip boundary condition for laminar flow at the solid-liquid 
interface is expressed as   
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A slip boundary condition is expressed along the symmetric plane as 
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The free surface of weld pool is subjected to surface tension force and the corresponding 
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where γ is the temperature dependent surface tension coefficient and fL is the volume 
fraction of liquid metal along the weld pool top surface.  
The penalty finite element method is designed in the present case to solve momentum 
equations by linking the continuity equation as constraint with the pressure and is 
expressed as  
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where λ is the penalty parameter that is set as equal to a large number so that it can satisfy 
the continuity equation (Reddy & Gartling, 2000). To avoid nonlinearity due to presence of 
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Equation (26) for a specific element ‘e’ can be written in a matrix form as 
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  i, j = 1, 2, 3, 4, 5, 6, 7, 8;      m, n = 1, 2, 3  (44) 
 

Similarly, eq. (27), in the case of quasi steady state analysis is expressed as 
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All other terms of eq. (45) are already defined. For all the elements in the solution domain, 
the assembly form of momentum equations for quasi-steady state analysis is further written 
as  
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However, the integral term involving the penalty function i.e. ]K̂[ matrix in the derivation of 
eq. (37) or (48), should be under-integrated (one point less) than the viscous and the 
convective terms i.e. [K] and ]C[  matrices (Reddy & Gartling, 2000).  
By similar mathematical treatment of momentum equations, the energy equation for quasi-
steady state analysis can be represented in matrix form for any specific element ‘e’ as 
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All other terms of energy equation are already defined in conduction heat transfer analysis. 
The matrix equation of transient energy equation follows similar procedure described 
above. 
The presence of surface active elements such as sulfur and oxygen play an important role in 
the formation weld pool geometry since the surface tension fore (i.e. surface tension 
coefficient) differs considerably in molten material which is a function of weight percent of 

surface active elements and temperature. The detailed variation of surface tension gradient 
as a function of temperature and activity of solute is represented as (Sahoo et al., 1988) 
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where g

o
is,s R andH  ,b  ,C    ,A  ,T/   referred to the surface tension gradient, adsorption 

coefficient, surface excess at saturation, segregation coefficient, activity of the ‘ith’ species, 
heat of adsorption and characteristic gas constant respectively. Their computed results 
showed that the surface tension decreased linearly with temperature when the sulfur 
content in the weld pool was negligible. At a constant temperature the surface tension 
showed an upward curvature with increase in sulfur content.  When the sulfur content in 
the weld pool was significant, surface tension first increased and then decreased with the 
increase in temperature as surface active elements tended to segregate at higher 
temperature. Present numerical model of heat transfer and fluid considers the formation of 
weld geometry due to the effect of surface active element present in the parent material. 

 
3. Inverse modelling approach 

The reliability of numerical model intuitively depends on correct representation of several 
input parameters that is essential in modelling calculations. A number of inverse methods 
have recently been used in conjunction with numerical models for determining suitable 
values of required uncertain model parameters (De & DebRoy, 2005; Mishra & DebRoy, 
2005; Bag & De, 2008; Bag et al., 2009; Bag & De, 2010). This is achieved in the present work 
by integrating a real number based differential evolution (DE) algorithm for the numerical 
models. The link between the numerical model and optimization algorithm as well as search 
direction towards the optimum conditions are evaluated through the formation of a suitable 
objective function which is defined as  
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where ‘c’ refers to computed value from numerical model, ‘exp’ refers to experimentally 
measured values and ‘*’ refers to non-dimensional form of the variables that indicate the 
extent of over or under-prediction of variables. The subscript l refers to specific data points 
in a series of M number of total data points. In equation (52), θ stands for the independent 
variable set which is unknown. The objective function,  O , depicts the error between the 
estimated from numerical model and the corresponding measured values with similar 
process conditions with M number of observations. However, it is pointed out that this 
integrated modelling calculation considers few experimental results. Differential evolution 
(DE), proposed by Storn (Storn, 1997), is a derivative of genetic algorithm (GA). The 
algorithm is described elsewhere (Price et al., 2005).   
Figure 4 describes the overall solution algorithm of the integrated model. The algorithm 
starts with the creation of large volume of discrete data sets that referred to as population. 
Each individual in this population is a possible solution and consists of assumed values of 
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Similarly, eq. (27), in the case of quasi steady state analysis is expressed as 
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All other terms of eq. (45) are already defined. For all the elements in the solution domain, 
the assembly form of momentum equations for quasi-steady state analysis is further written 
as  
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All other terms of energy equation are already defined in conduction heat transfer analysis. 
The matrix equation of transient energy equation follows similar procedure described 
above. 
The presence of surface active elements such as sulfur and oxygen play an important role in 
the formation weld pool geometry since the surface tension fore (i.e. surface tension 
coefficient) differs considerably in molten material which is a function of weight percent of 

surface active elements and temperature. The detailed variation of surface tension gradient 
as a function of temperature and activity of solute is represented as (Sahoo et al., 1988) 
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coefficient, surface excess at saturation, segregation coefficient, activity of the ‘ith’ species, 
heat of adsorption and characteristic gas constant respectively. Their computed results 
showed that the surface tension decreased linearly with temperature when the sulfur 
content in the weld pool was negligible. At a constant temperature the surface tension 
showed an upward curvature with increase in sulfur content.  When the sulfur content in 
the weld pool was significant, surface tension first increased and then decreased with the 
increase in temperature as surface active elements tended to segregate at higher 
temperature. Present numerical model of heat transfer and fluid considers the formation of 
weld geometry due to the effect of surface active element present in the parent material. 

 
3. Inverse modelling approach 

The reliability of numerical model intuitively depends on correct representation of several 
input parameters that is essential in modelling calculations. A number of inverse methods 
have recently been used in conjunction with numerical models for determining suitable 
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2005; Bag & De, 2008; Bag et al., 2009; Bag & De, 2010). This is achieved in the present work 
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where ‘c’ refers to computed value from numerical model, ‘exp’ refers to experimentally 
measured values and ‘*’ refers to non-dimensional form of the variables that indicate the 
extent of over or under-prediction of variables. The subscript l refers to specific data points 
in a series of M number of total data points. In equation (52), θ stands for the independent 
variable set which is unknown. The objective function,  O , depicts the error between the 
estimated from numerical model and the corresponding measured values with similar 
process conditions with M number of observations. However, it is pointed out that this 
integrated modelling calculation considers few experimental results. Differential evolution 
(DE), proposed by Storn (Storn, 1997), is a derivative of genetic algorithm (GA). The 
algorithm is described elsewhere (Price et al., 2005).   
Figure 4 describes the overall solution algorithm of the integrated model. The algorithm 
starts with the creation of large volume of discrete data sets that referred to as population. 
Each individual in this population is a possible solution and consists of assumed values of 
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the uncertain parameters, to begin with. The numerical solutions are carried out using all 
the individuals and the corresponding error in prediction (O(θ)) for each individual is 
computed. In case the minimum value of the error is beyond a pre-defined value of 
tolerance in prediction, further iteration or calculations are discouraged. The choice of the 
best solution is dictated by the numerical value of objective function after N iterations.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Overall solution algorithm of integrated model. 

 
4. Results and discussions  

The overall results of the model calculations are arranged in the following sequence. First, 
the identification of uncertain parameters is done through inverse modelling approach. A 
detail sensitivity analysis of these parameters on weld geometry is performed to get the 
range of physically meaningful values and to identify less or more sensitive parameters 
related to the process modelling. Next, the comparison between experimental and 
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numerically calculated weld geometry are described in various process conditions using the 
optimized set of uncertain parameters. The influence of surface active elements on the shape 
of weld pool geometry is highlighted here. The relative importance of various driving forces 
during momentum transport within weld pool is performed next. Finally, the numerically 
computed weld geometry is compared using conduction only heat transfer and transport 
phenomena based heat transfer and fluid flow analysis. 
To validate the numerical model, several laser weld experiments are conducted both for 
spot and linear welding using pulsed Nd:YAG laser. In addition to that some of the 
experimental results are considered from independent literature (Pitscheneder et al., 1996; 
Tzeng, 2000). The experiments are conducted at two cases: one for spot welding at average 
laser power 1.0 kW at several on-times varying from 0.5 to 2.5 s and another for linear 
welding at average power of 1.2 kW at travel speed varying from 5 to 10 mm/s with 
different weight percent of sulfur present in low carbon steel. The effective beam radius of 
the incident laser beam is measured as 1.20 mm for all the experimental conditions. The 
weld samples are prepared on 2.0 mm thick low carbon steel sheet. The chemical 
composition of the material is described elsewhere (Frewin & Scott, 1999). Table 1 describes 
the various welding conditions (six cases) and corresponding parameters used to conduct 
experiments. Figure 5 depicts the measured weld dimensions corresponding to all six cases 
used to validate the numerically computed results.  
 

                   a, b considered from literature 

Case Type of 
welding Material 

Sulfur 
content 
(wt %) 

Laser 
power 
(kW) 

Effective 
beam 
radius 
(mm) 

Power 
density 

(kW/mm2) 

Laser on-
time (s) 
/travel 
speed 

(mm/s) 
i 

Spot 
welding 

 

High-
speed 
steela 

0.002 
5.2 1.4 845 0.1 ~ 0.75 ii 0.015 

iii 
Low 

carbon 
steel 

0.002 1.0 0.6 885 0.5 ~ 2.5 

iv 
Linear 

welding 

Bare 
steelb 0.010 0.4 0.4 796 6 ~ 8 

v Low 
carbon 

steel 

0.002 
1.2 0.6 1062 

5 ~ 10 

vi 0.012 5 ~ 7 

Table 1. Experimental conditions of laser welding used in present work.  
 
It is evident from Fig. 5(a) that with the increase of laser on-time the weld pool dimensions 
increases since it absorbs more energy at higher weld time. On the other hand, the weld 
dimensions decreases with increase in travel speed (Fig. 5(b)) since the heat input per unit 
length decreases with increase in travel speed. However, it is also observed from Fig. 5 that 
the weld pool aspect ratio (penetration to width) varies from 0.14 ~ 0.60 and the power 
density varies from 796 to 1062 W/mm2, which indicates typical weld pool shapes in 
conduction mode laser welding process. The weld dimensions differ considerably between 
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the uncertain parameters, to begin with. The numerical solutions are carried out using all 
the individuals and the corresponding error in prediction (O(θ)) for each individual is 
computed. In case the minimum value of the error is beyond a pre-defined value of 
tolerance in prediction, further iteration or calculations are discouraged. The choice of the 
best solution is dictated by the numerical value of objective function after N iterations.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Overall solution algorithm of integrated model. 
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numerically calculated weld geometry are described in various process conditions using the 
optimized set of uncertain parameters. The influence of surface active elements on the shape 
of weld pool geometry is highlighted here. The relative importance of various driving forces 
during momentum transport within weld pool is performed next. Finally, the numerically 
computed weld geometry is compared using conduction only heat transfer and transport 
phenomena based heat transfer and fluid flow analysis. 
To validate the numerical model, several laser weld experiments are conducted both for 
spot and linear welding using pulsed Nd:YAG laser. In addition to that some of the 
experimental results are considered from independent literature (Pitscheneder et al., 1996; 
Tzeng, 2000). The experiments are conducted at two cases: one for spot welding at average 
laser power 1.0 kW at several on-times varying from 0.5 to 2.5 s and another for linear 
welding at average power of 1.2 kW at travel speed varying from 5 to 10 mm/s with 
different weight percent of sulfur present in low carbon steel. The effective beam radius of 
the incident laser beam is measured as 1.20 mm for all the experimental conditions. The 
weld samples are prepared on 2.0 mm thick low carbon steel sheet. The chemical 
composition of the material is described elsewhere (Frewin & Scott, 1999). Table 1 describes 
the various welding conditions (six cases) and corresponding parameters used to conduct 
experiments. Figure 5 depicts the measured weld dimensions corresponding to all six cases 
used to validate the numerically computed results.  
 

                   a, b considered from literature 

Case Type of 
welding Material 

Sulfur 
content 
(wt %) 

Laser 
power 
(kW) 

Effective 
beam 
radius 
(mm) 

Power 
density 

(kW/mm2) 

Laser on-
time (s) 
/travel 
speed 

(mm/s) 
i 

Spot 
welding 

 

High-
speed 
steela 

0.002 
5.2 1.4 845 0.1 ~ 0.75 ii 0.015 

iii 
Low 

carbon 
steel 

0.002 1.0 0.6 885 0.5 ~ 2.5 

iv 
Linear 

welding 

Bare 
steelb 0.010 0.4 0.4 796 6 ~ 8 

v Low 
carbon 

steel 

0.002 
1.2 0.6 1062 

5 ~ 10 

vi 0.012 5 ~ 7 

Table 1. Experimental conditions of laser welding used in present work.  
 
It is evident from Fig. 5(a) that with the increase of laser on-time the weld pool dimensions 
increases since it absorbs more energy at higher weld time. On the other hand, the weld 
dimensions decreases with increase in travel speed (Fig. 5(b)) since the heat input per unit 
length decreases with increase in travel speed. However, it is also observed from Fig. 5 that 
the weld pool aspect ratio (penetration to width) varies from 0.14 ~ 0.60 and the power 
density varies from 796 to 1062 W/mm2, which indicates typical weld pool shapes in 
conduction mode laser welding process. The weld dimensions differ considerably between 
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case-i and case-ii, and between case-v and case-vi irrespective of similar experimental 
conditions except the weight percent of sulfur content in the parent material. This manifests 
the predominance effect of convective heat transfer in weld pool in the presence of 
considerable amount of surface active elements. Table 2 describes the material properties 
used in present numerical calculation and to calculate various non-dimensional numbers.  

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

Fig. 5. Experimentally measured weld pool dimensions for (a) laser spot welding and (b) 
linear welding. 

 
4.1 Identification of uncertain parameters  
It is evident from theoretical formulation of finite element based numerical model that it 
involves various uncertain parameters such as absorption coefficients ),( VG  , distribution 
coefficient (dl), effective radius of laser beam (reff), coefficient of uneven heat distribution in 
linear welding (f) and material properties at high temperature ),k( effeff  . Hence, a detailed 
sensitivity analysis of the computed weld dimensions on these uncertain parameters is 
performed by using 3D numerical model at various welding conditions. It is observed that 
with the increase of absorption coefficients, the weld pool dimensions increase with the 
weld penetration being more sensitive than weld width. This is primarily due to smaller 
thickness dimension in comparison to the length and width of the plate. An increase in the 
value of effective thermal conductivity and viscosity reduces weld width and increases weld 
penetration.  Higher values of thermal conductivity reduce the surface temperature gradient 
and hence the convective transport of heat towards the periphery that reduces weld width. 
Greater values of effective viscosity also reduce the convective transport of heat leading to 
the smaller weld width. A secondary sensitivity analysis of weld dimensions is also 
performed on dl and f. It is realised that these parameters have negligible influence over a 
wide range of changes in the process parameters. Hence these are considered as known 
parameters to make the inverse approach tractable with the minimum number of uncertain 
parameters. The effective radius of laser beam is considered as certain parameter. The 
uncertain parameter sets of conduction heat transfer analysis and transport phenomena 
based heat transfer and fluid flow analysis are considered as 
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cond   (53a) 
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GeffseffG

conv µkkk   (53b) 
 
where k* and µ* is non dimensional form with respect to ks (conductivity at room 
temperature) and µ (molecular value at room temperature), respectively.  
 

Parameters 

Value 

Low carbon 
steel Bare steel 

Density (ρ) - kg m-3 7.8 x 103 8.0 x 103 

Melting temperature (Tm) - K 1790 1800 

Specific heat (Cp) - J kg-1 755.0 745.8 

Latent heat (L) - J kg-1 K-1 2.45 x 105 2.50 x 105 

Thermal conductivity (ks) - J s-1 m-1 K-1 32.4 31.2 

Coefficient of thermal expansion (β) - K-1 2.0 x 10-5 2.0 x 10-5 

Temperature coefficient of surface tension 







 

dT
d of pure iron - N m-1 K-1 -0.5 x 10-3 -0.5 x 10-3 

Molecular viscosity (µ) - kg m-1 s-1 6.0 x 10-3 6.0 x 10-3 

Table 2. Material properties used in numerical calculation.  
 
To start with the optimization calculation, the feasible ranges of uncertain parameters are 
defined first. A correct choice of the parameter ranges also influence the overall 
computational time. Table 3 reports the feasible range of parameters used for optimization 
calculation and the optimum values of uncertain parameters derived from the integrated 
model. However, the choice of the initial range of parameters is based on literature reported 
results (Benyounis et al., 2005; Liu et al., 1993; Tzeng, 1999; Tanriver et al. 2000) as well as 
the experience gained from several numerical experiments. It is to be noted that the 
parameters for case- i and case - ii are considered from independent literature (Pitscheneder 
et al., 1996) without performing any optimization calculation. Moreover, the estimation of 
the optimum parameters is independent of the presence of surface active elements i.e. the 
optimum uncertain parameter set is similar for a laser process irrespective of the surface 
active elements presents in the material. Table 4 describes the typical values of the objective 
function and the corresponding uncertain parameter set after 23 iterations for case - iii. 
Further improvement in the value of the objective function was not possible corresponding 
to predefine values of control parameters (crossover constant, mutation factor and number 
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of initial population) of DE. The optimum set of parameter is chosen from table 4 
corresponding to the minimum value of objective function.  
 

Type of 
welding 

Mode of 
analysis 

Uncertain 
parameter 

Range of 
parameter 

Optimum 
parameter 

Spot 
welding 

(case – iii) 

Conduction 
heat transfer 

G  0.20 ~ 0.50 0.37 

V  0.20 ~ 0.70 0.48 

Heat transfer 
and fluid flow 

G  0.20 ~ 0.50 0.36 
*k  1.0 ~ 10.0 5.2 
*  1.0 ~ 10.0 4.5 

Linear 
welding 
(case –iv, 

v, vi) 

Conduction 
heat transfer 

G  0.20 ~ 0.50 0.36 

V  0.20 ~ 0.70 0.51 

Heat transfer 
and fluid flow 

G  0.20 ~ 0.50 0.38 
*k  1.0 ~ 10.0 6.0 
*  1.0 ~ 10.0 7.0 

Table 3. Optimum calculation of uncertain parameters by selecting range of parameters. 
 

Individual 
index 

)(O conv X10-3 G  *k  *  

1 4.2 0.385 5.01 4.81 
2 3.6 0.391 5.42 4.53 
3 4.7 0.392 5.32 5.02 
4 1.7 0.382 5.21 4.53 
5 2.3 0.374 5.91 4.66 
6 2.2 0.365 5.65 4.12 
7 3.9 0.331 5.78 4.44 
8 1.2 0.381 5.22 4.51 
9 2.6 0.394 5.10 4.78 

Table 4. Optimum set of uncertain parameters in laser spot welding using DE corresponding 
to case – iii using only three experimental data sets.  

 
4.2 Prediction of weld geometry 
Figure 6 describes the comparative study for the prediction of a target weld pool dimensions 
using three different heat source models: surface heat flux without any volumetric heat 
source, volumetric heat source with predefined heat source term and adaptive volumetric 
heat source. It is evident from the figure that surface only heat flux is not always satisfactory 
to predict the weld dimensions whereas volumetric heat source models are more reliable to 
such prediction. Volumetric heat with predefined heat source terms predicts the target weld 
dimensions with a-priori knowledge of weld dimensions. However, adaptively defined 
volumetric heat source predicts target weld geometry without the knowledge of target weld 
dimensions since the growth of source terms evolves with time as weld pool grows. Hence, 

the adaptive nature of volumetric heat source term essentially enhances the robustness and 
applicability of conduction mode laser welding process.  
 

 
Fig. 6. Prediction of weld dimensions using various heat source models.  
 
The experimentally measured weld dimensions for laser welding process is used to compare 
the numerically computed results using the optimum set of uncertain parameters of heat 
transfer and fluid flow analysis. Figure 7 describes such comparison both for spot and linear 
welding. The relative error in this case is defined by 
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where wR or pR represents the deviation of the calculated dimensions with reference to the 
corresponding experimental values. It is evident from Fig. 7(a) that the relative errors for 
most of the cases are smaller than 0.10. However, the transport phenomena based heat 
transfer and fluid flow model is more proficient for relatively bigger weld pool (higher on-
time) for all the three cases. It is evident from Fig. 7(a) that the relative error for low laser on-
time (case – i and case – iii) is high and this is possibly due to the lack of reaching the fully 
developed flow. In this case the conduction heat transfer model may be appropriate to 
predict weld dimensions. Figure 7(b) depicts the relative errors for linear welding for three 
cases. It is evident from this figure that the relative errors are high for comparatively smaller 
weld dimensions. However, the overall relative error is below 0.07. This indicates that the 
numerical model is robust enough to predict weld dimensions over a range of variable 
process parameters (travel speed = 5 ~ 10 mm/s, sulfur content = 0.002 ~ 0.012 wt %). 
Figure 8 describes the 3D computed temperature and velocity profile for laser spot and 
linear welding corresponding to laser on-time of 1.0 s (case – iii of Table 1) and travel speed 
10 mm/s (case – v of Table 1), respectively. The temperature and velocity profile for spot 
welding is symmetric with respect to XZ plane (Fig. 8a). Sine the surface tension coefficient 
is negative (for low sulfur content), the material moves from centre of laser beam towards 
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of initial population) of DE. The optimum set of parameter is chosen from table 4 
corresponding to the minimum value of objective function.  
 

Type of 
welding 

Mode of 
analysis 

Uncertain 
parameter 

Range of 
parameter 

Optimum 
parameter 

Spot 
welding 

(case – iii) 

Conduction 
heat transfer 

G  0.20 ~ 0.50 0.37 

V  0.20 ~ 0.70 0.48 

Heat transfer 
and fluid flow 

G  0.20 ~ 0.50 0.36 
*k  1.0 ~ 10.0 5.2 
*  1.0 ~ 10.0 4.5 

Linear 
welding 
(case –iv, 

v, vi) 

Conduction 
heat transfer 

G  0.20 ~ 0.50 0.36 

V  0.20 ~ 0.70 0.51 

Heat transfer 
and fluid flow 

G  0.20 ~ 0.50 0.38 
*k  1.0 ~ 10.0 6.0 
*  1.0 ~ 10.0 7.0 

Table 3. Optimum calculation of uncertain parameters by selecting range of parameters. 
 

Individual 
index 

)(O conv X10-3 G  *k  *  

1 4.2 0.385 5.01 4.81 
2 3.6 0.391 5.42 4.53 
3 4.7 0.392 5.32 5.02 
4 1.7 0.382 5.21 4.53 
5 2.3 0.374 5.91 4.66 
6 2.2 0.365 5.65 4.12 
7 3.9 0.331 5.78 4.44 
8 1.2 0.381 5.22 4.51 
9 2.6 0.394 5.10 4.78 

Table 4. Optimum set of uncertain parameters in laser spot welding using DE corresponding 
to case – iii using only three experimental data sets.  
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applicability of conduction mode laser welding process.  
 

 
Fig. 6. Prediction of weld dimensions using various heat source models.  
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where wR or pR represents the deviation of the calculated dimensions with reference to the 
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numerical model is robust enough to predict weld dimensions over a range of variable 
process parameters (travel speed = 5 ~ 10 mm/s, sulfur content = 0.002 ~ 0.012 wt %). 
Figure 8 describes the 3D computed temperature and velocity profile for laser spot and 
linear welding corresponding to laser on-time of 1.0 s (case – iii of Table 1) and travel speed 
10 mm/s (case – v of Table 1), respectively. The temperature and velocity profile for spot 
welding is symmetric with respect to XZ plane (Fig. 8a). Sine the surface tension coefficient 
is negative (for low sulfur content), the material moves from centre of laser beam towards 
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the periphery and the buoyancy force acts in upward direction (Z direction). The combined 
effect of these two driving forces makes circulation loop in clockwise direction.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7. Comparison between computed and experimentally measured weld dimensions in 
case of (a) spot welding and (b) linear welding. 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 8. A 3D computational view of temperature and velocity distribution in (a) spot welding 
and (b) linear welding (A – 1780 K, B – 1473 K, C – 1203 K, D – 993 K). 

(b) (a) 

(a) 

(b) 

This nature of material movement in weld pool enhances weld width and decreases the 
weld penetration. Similar nature of material movement is also observed in the case of linear 
welding (Fig. 8b). However, in this case the temperature and velocity distribution is 
asymmetric due to the linear weld velocity along Y-direction. Figure 9 depicts the 
comparison between the experimentally measured macrograph (left side) with the 
computed weld geometry (right side) corresponding to travel speed of 7 mm/s for case - v. 
The cross-section of computed weld geometry is extracted from XZ plane on the location of 
the centre of laser beam. A good agreement of the shape and size of computed weld pool 
with the corresponding experimentally measured result is observed in Fig. 9. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 9. Comparison between computed and experimentally measured weld macrograph (A – 
1780 K, B – 1473 K, C – 1203 K, D – 993 K). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 10. Distribution of temperature and velocity profile in laser spot welding at on-time 0.1 
s for case – ii (A – 1620 K, B – 1500 K, C – 1200 K, D – 1000 K, E – 773 K). 
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Figure 10 shows the nature of fluid flow in laser spot welding for the material having 0.015 
weight percent of sulfur. It is evident from the figure that the liquid metal flows from 
periphery to the centre of heat source. This nature of flow is due to the positive surface 
tension coefficient at this high percentage of surface active elements present in molten 
material. It is also obvious that the reversal nature of flow reduces the weld width and 
increases the penetration as compared to molten martial having small percentage of sulfur 
for similar welding conditions. This trend is also observed in experimental results.  
Figure 11 describes the shape of weld geometry in similar welding conditions and material 
except having different quantities of sulfur. The resultant velocity direction is completely 
opposite in these two cases. This clearly indicates the importance of the coupled heat 
transfer and fluid flow simulation for the prediction of weld pool geometry in the presence 
of surface active elements within parent material. To achieve similar trend with single set of 
uncertain parameters is nearly impossible for conduction heat transfer analysis alone.  

 
4.3 Relative importance of driving forces 
The validation of numerical heat transfer and fluid flow model in fusion welding process is 
extremely difficult or nearly impossible by means of experiments (Pitscheneder et al., 1997).  
Hence, a relatively simple approach is followed by researchers (Bag et al., 2009; Oreper & 
Szekely, 1987; Hong et al., 2003; Zhang et al., 2003; He et al., 2003; He et al., 2005). The 
relative importance of driving forces for liquid metal motion is quantitatively analyzed 
using dimensionless numbers and an order of magnitude analysis is followed to estimate 
the expected velocity of liquid metal (Bag et al., 2009). A comparison of the quantative 
values obtained from the order of magnitude analysis and the numerical model stands to 
validate the fluid flow analysis in fusion welding process.  
The relative importance of the mode of heat transfer within weld pool is evaluated by using 
Peclet number (Pe) which is defined by (He et al., 2003) 
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where Uav and Lav are the average velocity and average length on the top of weld pool 
surface. It is evident from eq. (48) that the liquid metal convection affects the heat transfer 
when Pe is large whereas small Pe indicates the heat dissipation mainly by conduction. 
Hence, the fluid flow analysis of molten weld pool is significant when Pe is more than one 
or well above one. Table 5 describes the computed values of Peclet number for various 
welding conditions (case – iii and case – v). It is evident from the quantative values of Peclet 
number that convection within weld pool is significant as compared to only conduction 
analysis. Hence the transport phenomena based heat transfer analysis is necessary to predict 
weld dimensions for these welding conditions. 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 11. Distribution of temperature and velocity profile in linear laser welding at travel 
speed of 6 mm/s with different sulfur content in steel: (a) 0.002 wt % sulfur and (b) 0.012 wt 
% sulfur (A – 1780 K, B – 1473 K, C – 1203 K, D – 993 K, E – 773 K). 

 
The transport phenomena in laser welding is characterised by three driving forces such as 
surface tension force, buoyancy force and viscous force. The relative importance of surface 
tension force is described by surface tension Reynolds number (RST) which is the ratio of 
surface tension gradient force to viscous force, and is expressed as (He et al., 2005) 

 

 
2
eff

av

ST

T
TL

R






   (56) 

 

where 
T
 the temperature coefficient of surface tension and ΔT is is the mean temperature 

difference between peak pool temperature and solidus temperature on the top of weld pool. 
The Grashof number (He et al., 2003) is defined by the ratio of buoyancy force to viscous 
force and is represented as 
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where g is gravitational acceleration, β is the thermal expansion coefficient, and LCR is the 
characteristics length. To understand the relative importance between surface tension force 
and buoyancy force, the dimensionless number is defined by the ratio of surface tension 
Reynolds number and Grashof number and is expressed as  
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From the order of magnitude analysis, the maximum velocity under surface tension force, 
UST, can be done assuming a boundary layer develops due to Marangoni shear stress and 
the maximum velocity occurs at a location approximately halfway between the heat source 
and weld pool edge (DebRoy & David, 1995), 
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where 
dx
dT  is average temperature gradient on the top of weld pool at the position of w/4. 

An order of magnitude analysis of the maximum velocity due to buoyancy driven flow is 
estimated as (He et al., 2003) 
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where p is the depth of weld pool.  
The quantative estimation of various dimensionless numbers for present welding conditions 
is reported in Table 5 by using material data depicted in Table 2. It is obvious from the 
tabulated data of RST that the viscous force is less significant as compared to surface tension 
force. However, the computed values of Gr indicate that viscous force is more significant as 
compared to buoyancy force. Overall, the analysis on the quantative values of all driving 
force within molten pool indicates that surface tension force acts as the main driving force 
for the liquid metal movement in laser welding process. Hence the maximum magnitude of 
velocity is observed on the top of the weld pool (Fig. 8) due to the surface tension force. 
Figure 12 describes the comparison of maximum magnitude of expected velocity between 
order of magnitude analyses and predicted from numerical model. The relatively small 
deviation between these values indicates that the numerical model predicts the velocity 
distribution well. 

 
 
 
 
 

Type of 
welding 

On-time 
(s)/Travel 

speed 
(mm/s) 

Dimensionless numbers 

Pe RST (x103) Gr (x10-2) RST/B (x104) 

Spot 
welding 

(case – iii) 

0.5 3.04 0.36 0.20 18.0 
1.0 6.41 1.1 1.20 9.5 
1.5 7.67 1.4 1.60 9.0 
2.0 8.30 1.6 1.90 8.5 
2.5 10.5 2.3 2.90 8.0 

Linear 
welding 
(case – v) 

5 9.91 0.14 2.20 6.0 
6 8.71 0.11 1.60 6.9 
7 7.59 9.10 1.20 7.4 
8 6.20 6.70 0.79 8.5 

10 5.03 4.90 0.37 13.0 
Table 5. Quantative estimation of dimensionless numbers in fluid flow analysis of laser 
welding. 
 

 
 

 
 
 
 
 
 
 
 
 

Fig. 12 Comparison of maximum magnitude of velocity between numerical model results 
and calculated from order of magnitude analysis in case of (a) spot welding (case – iii) and 
(b) linear welding (case – v). 

 
4.4 Comparative study between conduction and transport phenomena based model 
Figure 13 describes the comparison between computed weld dimensions using both 
conduction heat transfer and transport phenomena based model in laser spot welding. This 
comparison is also performed with reference to experimentally measured results for similar 
welding conditions. It is obvious from Fig. 13(a) that the conduction model predicts weld 
geometry well in case of small geometry (low on-time) and material having low weight 
percent of sulfur whereas the transport phenomena based heat transfer and fluid flow 
model predicts bigger weld pool (high on-time) better. However, the conduction based 
model fails to predict the weld geometry for the material having considerable amount of 
surface active elements (0.015 wt % of sulfur). Figure 13(b) indicates that both the models 
predict weld geometry well since the surface active elements is less in this case (0.002 wt % 
sulfur). However, the transport phenomena based model predicts weld penetration well as 
compared to the conduction based model. Hence, it is concluded that the transport 

(a) (b) 
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4.4 Comparative study between conduction and transport phenomena based model 
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welding conditions. It is obvious from Fig. 13(a) that the conduction model predicts weld 
geometry well in case of small geometry (low on-time) and material having low weight 
percent of sulfur whereas the transport phenomena based heat transfer and fluid flow 
model predicts bigger weld pool (high on-time) better. However, the conduction based 
model fails to predict the weld geometry for the material having considerable amount of 
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phenomena based model is suitable for wide range of process capability i.e. longer laser on-
time and presence of surface active elements. Figure 14 depicts a comparative study of weld 
dimensions in linear welding between conduction and convection based model with 
reference to experimentally measured results. It is obvious from Fig. 14 (a) that the 
convection based model predicts better than conduction based model results. This possibly 
due to fact that the material contains 0.010 weight percent of sulfur that changes the shape 
of weld geometry considerably as compared to material having low sulfur (0.002 wt %). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 13. Comparison of weld geometry prediction between conduction model and transport 
phenomena based heat transfer and fluid flow model in spot welding: (a) case – i and case – 
ii) and (b) case - iii. 
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Fig. 14. Comparison of weld geometry prediction between conduction model and transport 
phenomena based heat transfer and fluid flow model in linear welding: (a) case - iv and (b) 
case – v and case vi. 

 
5. Conclusions 

An integrated model of conduction mode laser welding process is depicted in present work 
that is capable of undertaking 3D transient and pseudo-steady state heat conduction as well 
as transport phenomena based heat transfer and fluid flow analysis in weld pool using finite 
element method. The real parameter based differential evolution (DE) assists the numerical 
process model to predict uncertain parameters in an inverse manner. Conduction heat 
transfer based numerical models are important when weld geometry is small and, fast and 
repetitive calculation is of primary interest. The proposed adaptively defined volumetric 
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heat source term in the frame of conduction heat transfer analysis is successfully 
demonstrated for a number of laser spot and linear welds. Transport phenomena based heat 
transfer and fluid flow analysis enhances the reliability of computed temperature field of 
comparatively bigger weld pool and is essential for material having considerable amount of 
surface active elements. The quantitative estimation of the fluid velocity is validated 
through order of magnitude analysis. The significant quantative knowledge extracted from 
this work in laser welding is expected to improve the physical understanding of laser 
welding process and serve as a basis for the design of welding process.   
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heat source term in the frame of conduction heat transfer analysis is successfully 
demonstrated for a number of laser spot and linear welds. Transport phenomena based heat 
transfer and fluid flow analysis enhances the reliability of computed temperature field of 
comparatively bigger weld pool and is essential for material having considerable amount of 
surface active elements. The quantitative estimation of the fluid velocity is validated 
through order of magnitude analysis. The significant quantative knowledge extracted from 
this work in laser welding is expected to improve the physical understanding of laser 
welding process and serve as a basis for the design of welding process.   
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1. Context and objectives 

Expertise of packaging for optoelectronic components requires the solution of optical, 
mechanical and electrical problems in the same way. The purpose of this study is to present 
three-dimensional simulations using finite element method (FEM) of thermomechanical 
stresses and strains in transmitter Laser modules induced by Nd:YAG crystal Laser welds 
on main sub-assembly Laser submount. Non-linear FEM computations, taking into account 
of experimental σ(ε) measured curves, show that Laser welding process can induce high 
level of strains around the Laser welding zone, bearing the Laser diode, responsible of an 
optical axis shift and a gradual drop of the optical power in relation with relaxation of 
accumulated stresses in the sub-assembly (Sherry and al., 1996). Typical stresses are close to 
160 MPa with drift about 5 MPa with the dispersion of energy level of laser Nd : YAG beam. 
The introduction of both material and process dispersion in order to evaluate their impact 
on product life time distribution has been taking into account. Thermal cycles (-40°C/+85°C 
VRT) are used to estimate the robustness of the technology assembly. Previous paper 
demonstrated that Laser submount near laser welding zones is the most sensitive part of 
optical system (Deshayes and al., 2003).The gradual changes of stresses distribution from the 
laser welding process and after thermal cycles are estimate using FEM. Experimental 
analyses were also conducted to correlate simulation results and monitor the output optical 
power of Laser modules after 500 thermal cycles. 
The development of high bandwidth single mode fibre optics communication technologies 
coupled with the availability of transmitter components for wavelength multiplexing has 
created a revolution in the transmission technology during the last fifteen years. These 
performances can be reached by packaging interface and control circuits with the optical 
chips leading to the concept of high reliable technically-advanced Laser modules. Reduced 
cost, low consumption, hermetical and highly efficient optical coupling between the Laser 
diode and the single-mode fibre associated to a mechanical stability are some of the key 
issues. Moreover, packaging of such systems requires the resolution of optical, 
thermomechanical and electrical problems. 
These problems are often highly interactive and the stability of optoelectronic devices is still 
an essential factor to ensure high bandwidth data transmission, acceptable bit-error rate and 
develop reliable solutions. In actual telecommunication applications, photonic systems 
involve a non direct mechanical alignment between the laser diode and the optical fibre 
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(Deshayes and al., 2003; Breedis and al., 2001). Generally, one or two lens are used to for this 
optical alignment. For instance, mechanical stability requires tolerances less than 1 µm to 
avoid a power change higher than 10 %, which must be consistent during the lifetime of the 
module and across the temperature range. 
For optical alignment, three primary techniques have been developed to align and connect 
the light-emitter to the optical fibre associated with different package configurations (Jang, 
1996; Song and al., 1996) :  

 Solder with V-groove, 
 Epoxies, 
 Nd:YAG Laser welds. 

It has been already demonstrated that Nd:YAG Laser welding technique is the most 
effective method to satisfy performances criteria previously described. Due to inherent 
advantages, a growing number of communication systems integrators are requesting Laser 
welded packages for their end-users. However the challenge of containing the solidification 
shrinkage caused by the light-metal interaction during the welding process, resulting in a 
weld shift leading to the reduction of coupling efficiency and device throughput stability 
(Song and al., 1996). 
Standard qualification procedures, in particular power drift monitoring, must be conducted 
to validate the system with respect to tolerances through temperature cycling or storage 
temperature characterizing the limits and the margins of the technology. Actual standards 
tend to be 500 cycles in the temperature range -40°C/+85°C without failures (Goudard and 
al., 2002). These ageing tests are generally realized in order to evaluate all the parameters in 
relation with failure distribution but more than one hundred modules must be performed 
during several thousands hours mixing different life test conditions. These results can allow 
determining the robustness of the technology but due to a high complexity of the package, 
cannot give accurate information on the failure origin, which is responsible of the optical 
power drift. To face qualification challenges, new processes are now being proposed 
focusing on reliability concerns at the early stage of the product development. In this 
approach, the qualification is considered as a long-term process rather than a final exam at 
the end of the development (Goudard and al., 2002). Based on environmental and functional 
specifications, the product development can start with a technical risk analysis phase. This 
phase aims at pointing out the major risks for a given product design. In this case, physical 
simulation (thermal and/or mechanical) represents an attractive tool to assess and weigh up 
the risk criticality (Mcleod and al., 2002). 
The purpose of this paper deals with results achieved from nonlinear thermomechanical 
simulations using finite-element method (FEM) of a direct modulation 1.55 µm Laser 
module (10 mW) for telecommunication applications. This study completes the 
thermomechanical studies in laser diodes module emitting at 1550 nm (Mcleod and al., 
2002). 
This paper will be developed in three main parts: 

 description of the methodology to implement in FEM the Nd:YAG Laser welding 
using electro-thermal analogies, 

 calculations of stresses and strains after Laser welding process between the Laser 
diode platform and the lens holder taking into account of experimental process 
parameters, 

 

 impact of calculated strains on optical misalignment (angular deviation of the 
optical axis) with respect to dispersion process. 

 
2. Laser welding model for FEM 

2.1 Theory of laser material interaction 
a. Spatial structure and coherent 
The structure of laser wave is critical for understand the thermal flow during the laser 
welding process. This part presents the basic structure of laser wave. 
The spatial structure of laser wave can be expressed considering the electric field  z,y,xE  
by equation (1): 
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With 222 yxr  : transversal radius,  0,y,xEE0  : transversal electric field, 
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curvature radius of the laser beam. 
The geometry of the laser beam can be represented by the fig 1. 
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Fig. 1. Geometry of the transversal structure for the Gaussian propagation 
 
The ω0 correspond to the beam waist that is critical for la laser welding process. The beam 
waist has been experimentally explored on the optoelectronic module as the fig. 2 shown. 
There are two different zones in the laser welded joints: the melting zone (Tliq < T < Tmax) 
and the Heat Affected Zone (HAZ). The melting zone corresponds to the structure of the 
laser beam and we observe the beam waist equal to 200 µm in the case presented in fig.2. 
The quasi circular lines located in HAZ (Tlim < T < Tliq) correspond to the isothermal line. 
The laser beam intensity is described by a Gaussian Low as proposed by equation (2): 
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The Tmax is the maximal temperature estimated at 1823 K, Tmin = 600 K is the minimal 
temperature corresponds to the solidification of material and Tliq is the limit between liquid-
solid phase temperature. In this condition, the material is not liquid but melting with liquid 
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(Deshayes and al., 2003; Breedis and al., 2001). Generally, one or two lens are used to for this 
optical alignment. For instance, mechanical stability requires tolerances less than 1 µm to 
avoid a power change higher than 10 %, which must be consistent during the lifetime of the 
module and across the temperature range. 
For optical alignment, three primary techniques have been developed to align and connect 
the light-emitter to the optical fibre associated with different package configurations (Jang, 
1996; Song and al., 1996) :  

 Solder with V-groove, 
 Epoxies, 
 Nd:YAG Laser welds. 

It has been already demonstrated that Nd:YAG Laser welding technique is the most 
effective method to satisfy performances criteria previously described. Due to inherent 
advantages, a growing number of communication systems integrators are requesting Laser 
welded packages for their end-users. However the challenge of containing the solidification 
shrinkage caused by the light-metal interaction during the welding process, resulting in a 
weld shift leading to the reduction of coupling efficiency and device throughput stability 
(Song and al., 1996). 
Standard qualification procedures, in particular power drift monitoring, must be conducted 
to validate the system with respect to tolerances through temperature cycling or storage 
temperature characterizing the limits and the margins of the technology. Actual standards 
tend to be 500 cycles in the temperature range -40°C/+85°C without failures (Goudard and 
al., 2002). These ageing tests are generally realized in order to evaluate all the parameters in 
relation with failure distribution but more than one hundred modules must be performed 
during several thousands hours mixing different life test conditions. These results can allow 
determining the robustness of the technology but due to a high complexity of the package, 
cannot give accurate information on the failure origin, which is responsible of the optical 
power drift. To face qualification challenges, new processes are now being proposed 
focusing on reliability concerns at the early stage of the product development. In this 
approach, the qualification is considered as a long-term process rather than a final exam at 
the end of the development (Goudard and al., 2002). Based on environmental and functional 
specifications, the product development can start with a technical risk analysis phase. This 
phase aims at pointing out the major risks for a given product design. In this case, physical 
simulation (thermal and/or mechanical) represents an attractive tool to assess and weigh up 
the risk criticality (Mcleod and al., 2002). 
The purpose of this paper deals with results achieved from nonlinear thermomechanical 
simulations using finite-element method (FEM) of a direct modulation 1.55 µm Laser 
module (10 mW) for telecommunication applications. This study completes the 
thermomechanical studies in laser diodes module emitting at 1550 nm (Mcleod and al., 
2002). 
This paper will be developed in three main parts: 

 description of the methodology to implement in FEM the Nd:YAG Laser welding 
using electro-thermal analogies, 

 calculations of stresses and strains after Laser welding process between the Laser 
diode platform and the lens holder taking into account of experimental process 
parameters, 

 

 impact of calculated strains on optical misalignment (angular deviation of the 
optical axis) with respect to dispersion process. 

 
2. Laser welding model for FEM 

2.1 Theory of laser material interaction 
a. Spatial structure and coherent 
The structure of laser wave is critical for understand the thermal flow during the laser 
welding process. This part presents the basic structure of laser wave. 
The spatial structure of laser wave can be expressed considering the electric field  z,y,xE  
by equation (1): 
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The geometry of the laser beam can be represented by the fig 1. 
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Fig. 1. Geometry of the transversal structure for the Gaussian propagation 
 
The ω0 correspond to the beam waist that is critical for la laser welding process. The beam 
waist has been experimentally explored on the optoelectronic module as the fig. 2 shown. 
There are two different zones in the laser welded joints: the melting zone (Tliq < T < Tmax) 
and the Heat Affected Zone (HAZ). The melting zone corresponds to the structure of the 
laser beam and we observe the beam waist equal to 200 µm in the case presented in fig.2. 
The quasi circular lines located in HAZ (Tlim < T < Tliq) correspond to the isothermal line. 
The laser beam intensity is described by a Gaussian Low as proposed by equation (2): 
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The Tmax is the maximal temperature estimated at 1823 K, Tmin = 600 K is the minimal 
temperature corresponds to the solidification of material and Tliq is the limit between liquid-
solid phase temperature. In this condition, the material is not liquid but melting with liquid 
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and solid and the Young Modulus is 100 time less than solid material. This condition explain 
the HAZ until diameter around 800 µm 
 

Heat 
Affected zone 

Melting zone 

400 µm Beam waist ω0 = 200 µm 

Tlim=600 K 

Tmax=1823 K 

Tliq=1473 K 

 
Fig. 2. Geometry of the transversal structure for the Gaussian propagation 
 
The main objective of the FEM model is to simulate the same phenomenon but the great 
difficulty is to apply Gaussian thermal flux on the laser welded zone. 

 
2.2 Methodology for build FEM model 
a. Pattern geometry 
Actual graphic performances of the simulator allow, without difficulty, to building a 
complex geometric model generally coming from the design plans of the considered system. 
The most important difficulty resides in the dividing of the geometric model in finite 
elements. It is necessary to follow a procedure of model building very strict allowing to 
insure, in the final, to obtain an optimum pattern. 
 
b. Finite elements definition 
The FEM consist to find an approximate solution of exact solution with field of 
discretization defined on sub-domain Ωi of global domain Ω. The sub-domain Ωi have been 
build considering equation (3). 
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defined as polynomial function. The global field family )t,M(F~ , obtained by superposition 
of local fields, is called interpolation function space of domain Ω. 
The field for each sub-domain ΩI is determined by a finite number of value of field (or value 
of first order derivation) in arbitrary points in the sub-domain and called nodes. The local 
field is an interpolation between the values associated to nodes. The sub-domain with its 
interpolation is called element. 
Find a solution by finite element method consists in the determination of local field that can 
be attributed for each sub-domain for the global field )t,M(F~  calculated by superposition 
of local field is close to real solution of the problem. 

 

c. Elements and geometry combination 
The elements constitute for software resolution a little volume element for integration or 
differential equation resolution. In international reference, it exist only three different 
geometric references: Cartesian, geometrical and cylindrical. In Finite element model, the 
single element can be associated as an elementary discrete volume d3τ.  
For example, we consider Cartesian representation. In this case, the elementary volume is a 
parallelepiped element defined by equation (4): 
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Fig. 3. Cartesian geometric reference and elementary volume 
 
For cylindrical and spherical representation, the finite element can be adjusted to form a 
single elementary volume allowing to describe respectively cylindrical or spherical system. 
The accuracy of the simulation results for system considered is, in part, related to both 
element design and their number. 
 
d. Physical associated to element 

 Mechanical elements 
Elements of this type require material's features properties listed below: Young 
modulus, poison ratio, plastic modulus, coefficient thermal dilatation, material 
density. This element allows to perform linear or non linear simulation taking into 
account of non-linearity of materials (plastic deformation, creep,…). The non linearity 
is also induced by geometry structure as contact of area to simulate pivot link for 
example. 
 Thermal elements 

Elements of this type require material's features properties listed below: thermal 
conductivity, material density, heat capacity, and enthalpy for material phase change. 
This element allows to perform linear or non linear simulation taking into account of 
non-linearity of materials (phase change). 
 Coupled field elements 

Coupled field associate in same time the mechanical, thermal, electrical and magnetic 
simulations. In this case, the material behaviour is considered as linear and all 
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and solid and the Young Modulus is 100 time less than solid material. This condition explain 
the HAZ until diameter around 800 µm 
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Fig. 2. Geometry of the transversal structure for the Gaussian propagation 
 
The main objective of the FEM model is to simulate the same phenomenon but the great 
difficulty is to apply Gaussian thermal flux on the laser welded zone. 
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For cylindrical and spherical representation, the finite element can be adjusted to form a 
single elementary volume allowing to describe respectively cylindrical or spherical system. 
The accuracy of the simulation results for system considered is, in part, related to both 
element design and their number. 
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density. This element allows to perform linear or non linear simulation taking into 
account of non-linearity of materials (plastic deformation, creep,…). The non linearity 
is also induced by geometry structure as contact of area to simulate pivot link for 
example. 
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simulations. In this case, the material behaviour is considered as linear and all 
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simulations are performed in same time. In the case where it is necessary to perform 
thermal and mechanical simulations, for example, on the structure with non-linear 
material properties, the solution is to perform, in the first time the thermal simulation 
and in the second time to execute the mechanical simulation. The thermal simulation 
became boundary conditions of the mechanical simulation for this example. 

 
e. Geometry of elements 

 Regular elements 
Elements are also characterized by their geometry in Cartesian coordinates (x, y, z), 
cylindrical (ρ, θ, z) and spherical (ρ, θ, φ) for three dimensional simulation. Generally 
this kind of elements is constituted by 8 or 16 nodes as it indicates in fig. 4 and is 
named regular elements. 
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Fig. 4. Regular element 
 

 Tetrahedral elements 
The second geometry of elements is tetrahedral useful for mesh an intersection with 
two different regular geometry, cylindrical and cubic for example. The structure of 
this element is described by fig. 5 and the element is build with 4 or 9 nodes. 
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Fig. 5. Tetrahedral element 
 

 Prism elements 
The last geometry of elements is prism useful for mesh a centre of cylindrical 
geometry for example. The structure of this element is described by fig.6 and the 
element is build with 6 or 15 nodes. 
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Fig. 6. Prism element 

 
2.3 Building of laser welding process model 
To build the laser welding process model, the main idea is to consider an electro-thermal 
model. The electrical part can give us a Gaussian distribution of the equipotential line. For 
simple application of electrical condition, we can simulate a Gaussian spatial distribution of 
equipotential. Using a adapted electrical conductivity, the thermal heat, caused by potential 
different between two isopotential, has also a Gaussian distribution. Then it is very simple 
and optimum to elaborate an electrothermal model about laser welding process. 
Fig. 7 presents the electrical boundary condition on the cubic volume around the real laser 
weld volume. The laser beam simulate has the same characteristics than one previously 
presented in fig.2. The boundary conditions of potential are ground for five face of cube as it 
shown in fig. 7. On the last face of cube, the punctual potential VYAG is applied in the centre 
of the face O(0,0,0). The meshing method must build node for this specific point O.  
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Fig. 7. Laser welding zone in electrical boundary conditions 
 
The VLAS potential is calculated using the thermodynamic relations of enthalpy ΔH based on 
the heat transfer and phase change. To simulate laser pulse energy ELAS deposited on the 
surface of the laser welding zone, the VLAS is also a pulse. The time whitening of the pulse Δt 
is related by the total power PLAS deposited during the laser welding process.  The relation 
between electrical model and thermal one is proposed in equation (5). 
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With m: the total ma of laser welded zone, Cp : the calorific capacity of material: Lf: the latent 
heat of material. 

 
3. Modelling setup 

3.1 Design of the laser module 
Semiconductor Laser package bodies are typically either cylindrical-type or box-type styles. 
For light wave communication systems, box-type bodies are widely used and in particular 
Dual-In-Line or Butterfly packages with fibre pigtails. This study is focused on 1.55 µm 
Butterfly package Laser module and a technological description is presented in fig. 8. The 
DFB Laser diode (Distributed Feedback Laser diode InP/InGaAsP) emitting at 1.55 µm is 
soldered with a AuSn solder joint (8 µm) on the Laser submount (AlN), and then the 
submount is attached to the Laser platform (composed by a submount and 2 columns 
bearing the lens holder) in Kovar by a SnSb solder joint (8 µm). Lens 1, used to collimate the 
Laser beam from the Laser diode, and the isolator are welded to a lens holder (Kovar) by 
means of Nd:YAG Laser welding process. 
The Laser platform and the lens holder are also welded corresponding to the sub-assembly 
1. This last element is then attached to the thermoelectric cooler and mounted with a 
SnPbAg solder joint (10 µm) in a Butterfly-type package (Kovar). The sub-assembly 2 is 
composed of a second lens, used to focalized Laser beam into the fibre core, glued with an 
adhesive material into a circular ferule (Zirconia/Kovar). Finally, the sub-assembly 2 is 
Nd:YAG Laser welded to the Butterfly-type package providing a complete hermiticity for 
the system. 
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3- Thermoelectric cooler 
 
4- Lens 2 
 
5- Fiber 
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7- Butterfly package 

Sub-assembly 1 
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Fig. 8. Description of the Laser module showing the two main sub-assemblies  
 
As an alternative to the common adhesives or solders used in the light-coupling process, 
Nd:YAG Laser welding offers a number of attractive features such as high weld strength to 
weld size ratio, minimal heat affected zone, reliability providing some benefits : low heat 
distortion, non-contact process, repeatability and ability to automate (Sherry and al., 1996). 
Nevertheless, the main drawback of Laser welding is that the intense energy input, resulting 
in severe thermal gradients, can contribute to generate strains driving elements out of 
alignment. Motions in excess of 10 µm can be thus introduced and submicron alignment 
usually requires some type of motion compensation after the initial welds to hold required 
tolerances (Hayashi and al., 1996). 

 

3.2 Finite element analysis conditions 
In order to calculate levels of stresses and strains after Nd:YAG Laser welding process 
between the Laser diode platform and the lens holder, FEM simulations are performed. 
Different models and boundary conditions are defined in this part. Sub-assembly 1 is 
composed of the Laser platform and the lens holder essentially in Kovar. The model is based 
on electrical, thermal and mechanical simulation using a multiphysics approach and will 
allow to extract isothermal contour plots to evaluate magnitude of thermal gradients in the 
sub-assembly 1. The final goal is to calculate residual stresses and the resultant optical beam 
axis deviation after this process. 
Fig. 9-a presents the global model of sub-assembly 1 with a planar symmetry (Ox, Oy). 
Fixed points, considered as nodes without any degrees of freedom, represent fixing flanges 
used in manufacturing process to maintain the lens holder and the Laser platform during 
Laser welding process. The external loads are listed below: 
 

 Weight is applied on the gravity centre, 
 A Clamp forces Fpres are applied on the back of the lens holder during Laser 

welding process to guarantee an adjustment between Laser platform and lens 
holder, 

 Laser heating boundary conditions are shown in fig. 9a and modeled by Joule 
heating considering the well-known thermal/electrical analogies. The 
equipotential surface is adjusted to obtain a maximum temperature at 1400 K. We 
use two different electrical characteristics to traduce a localized heat source as 
generated by a Nd:YAG Laser beam. This part will be developed in the next 
section. 

Fig. 9 describes an optimized model with 7526 elements and 11803 nodes using three-
dimensional tetrahedral multiphysics transfer elements was used for this sub-assembly 1 
which is mainly composed of Kovar. 
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Fig. 9. Sub-assembly 1 simulated design with external loads (a), optimized FEM mesh model 
(b) 
 
Material properties are assumed to be dependent on temperature (see table 1 below). The 
time dependence of Laser welding process has conducted us to run time-dependent 
(transient) simulations. 
Fig. 10 summarizes the chronograms of pressure force, voltage of the top volume welded 
VYAG1 and voltage the bottom volume welded VYAG2. On the top of fig. 10, we note the time 
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use two different electrical characteristics to traduce a localized heat source as 
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Fig. 9. Sub-assembly 1 simulated design with external loads (a), optimized FEM mesh model 
(b) 
 
Material properties are assumed to be dependent on temperature (see table 1 below). The 
time dependence of Laser welding process has conducted us to run time-dependent 
(transient) simulations. 
Fig. 10 summarizes the chronograms of pressure force, voltage of the top volume welded 
VYAG1 and voltage the bottom volume welded VYAG2. On the top of fig. 10, we note the time 
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dependence of the thermal cartography analyses. In this study, the laser heating is modelled 
by Joule heating taking into account electrical/thermal energy considering that a Laser 
welded joint can be associated to an electrical resistance calculated from the same area of 
material (Kovar). 
 

 Kovar 
 27°C 600°C 1200°C 

CTE (µm/°C) 5.13 5.86 11.5 
Young modulus 
(GPa) 

138 138 138 

Yield strength (MPa) 345 245 50 
Poisson ratio 0.317 0.317 0.317 
Thermal conductivity 
(W.m-1.°C-1) 

17.3 17.3 17.3 

Heat capacity (J.kg-1) 439 439 649 
Melting point (°C) 1450 

Table 1. Values of the material physical properties of Kovar using in sub-assembly 1 versus 
temperature 
 
To evaluate the thermal energy developed in the volume of the welded joint, we considered 
the relation between the enthalpy variation and the electrical energy (6) : 
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with ΔH defines the enthalpy variation, R is equivalent of an electrical resistance of the 
Laser welded joint volume, V corresponds to the time-dependent applied voltage (VYAG1 
and VYAG2) and Δt is the YAG Laser pulse duration (2.5 ms).  
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Fig. 10. Time dependence of boundary conditions for Sub-assembly 1 

 

VYAG1 and VYAG2 correspond respectively to inferior and superior Laser welded joint and are 
not applied simultaneously as shown in fig. 10. 
Deposed energy with a YAG Laser is calculated considering electrical energy dissipated 
from a resistance on which an applied voltage allows to simulate a thermal energy in the 
volume of the spot weld with a temperature close to the melting temperature. Our 
simulations are based on the following expressions giving the relation between electrical 
energy and thermodynamically conditions (7): 
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Equations (7) give the heating conditions corresponding to the Laser energy quantity 
deposed on the material with Cp defines as heat capacity (in J.kg-1.°C-1) and Lf represents 
the latent heat of melting given in Joule. Cooling conditions taking into account of latent 
heat solidification Ls, given in Joule, are resumed by equation (3). It is known that, for 
Kovar, the heat capacity parameter has temperature dependence and literature allows to 
extract the value until 1200°C rather than heat latent of solidification which is difficult to 
obtain (Cheng and al., 1999). This parameter traduces cooling effect which is critical in this 
case. So proposed simulations are computed at a temperature close to 1473K corresponding 
to the temperature at which thermomechanical constants are given in table 1. All 
thermomechanical properties have been used to simulate the Laser welding process and 
give thermal and mechanical solutions. 

 
4. Results and discussions 

4.1 Thrmomechanical simulations 
Nd:YAG Laser welding process involves a highly focused Laser beam responsible of a non-
uniform temperature distribution on the focus point. Simulated energy deposed allows 
being close to melting temperature of Kovar material (1473K). Fig. 11 shows the nodal 
solution contour plot of thermal cartography of Laser platform after first Laser welding 
process.  
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dependence of the thermal cartography analyses. In this study, the laser heating is modelled 
by Joule heating taking into account electrical/thermal energy considering that a Laser 
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material (Kovar). 
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the latent heat of melting given in Joule. Cooling conditions taking into account of latent 
heat solidification Ls, given in Joule, are resumed by equation (3). It is known that, for 
Kovar, the heat capacity parameter has temperature dependence and literature allows to 
extract the value until 1200°C rather than heat latent of solidification which is difficult to 
obtain (Cheng and al., 1999). This parameter traduces cooling effect which is critical in this 
case. So proposed simulations are computed at a temperature close to 1473K corresponding 
to the temperature at which thermomechanical constants are given in table 1. All 
thermomechanical properties have been used to simulate the Laser welding process and 
give thermal and mechanical solutions. 

 
4. Results and discussions 

4.1 Thrmomechanical simulations 
Nd:YAG Laser welding process involves a highly focused Laser beam responsible of a non-
uniform temperature distribution on the focus point. Simulated energy deposed allows 
being close to melting temperature of Kovar material (1473K). Fig. 11 shows the nodal 
solution contour plot of thermal cartography of Laser platform after first Laser welding 
process.  
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Fig. 11. Variation of the temperature along the column of the Laser submount 
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The temperature variation along the column of Laser platform can be fitted by a Gaussian 
law expressed as equation (8): 
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With T0 = 1427K, the maximal temperature of Laser weld, T1 = 600K the minimal 
temperature of Laser weld and W0 the beam waist defined as the minimum radius of the 
Laser beam. 
Experimental and calculated beam waist values are the same and evaluated around 150 µm 
(Deshayes and al., 2003). The good agreement between experimental and calculated values 
validate the simulation approach for Laser Nd:YAG welding process. 
Fig. 12 compares strains in sub-assembly 1 structure before and after Nd:YAG Laser 
welding process. Strain occurring in the column is observed and this particular view 
(deformed and no deformed nodal solution plots) allows highlighting optical beam axis 
deviation of the lens holder.  
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Fig. 12. Residual effective strains deformed and undeformed view located in sub-assembly 1 
 

 
Fig. 13. Residual effective Von Mises stress (Pa) after Laser welding on the sub-assembly 1 

 

Fig. 13 clearly shows the residual effective Von Mises stresses close to 55 MPa located in the 
column base of the Laser Platform after Laser welding. 
Thermal gradients (≈ 1100K) along columns of Laser platform induce maximal 
displacements close to 2 µm located in the column base after Nd:YAG Laser welding process 
in manufacturing conditions and maximal strains of 0.05% (fig. 13). These displacements are 
observed by optical axis angular deviation θ and Δx, Δy and Δz axial deviations. Calculated 
values of previous parameters are obtained from simulation results. 
In fig. 14, two nodes of lens holder representing optical axis have been considered. We also 
reported Δx, Δy, Δz and θ deviations of optical axis allowing to give its final position after 
total Laser welding process. 
Considering this two nodes, optical axis deviation resulting from residual stress after Laser 
welds can be evaluated close to an angular deviation of θ = 0.03° and axial deviations of 
Δxmax = 2 µm, Δy = 0 and Δzmax = 0.1 µm. Experimental analyses for evaluation of optical 
coupling drop in 1550 nm Laser modules have reported that optical power losses about 40 % 
result from two critical values of parameters variation: 
 

 An angular deviation θ of 0.02° between sub-assembly 1 and sub-assembly 2, 
 Δy, Δz deviations of 10 µm between Laser diode and Lens holder. 

 
At this step of the manufacturing process, optical coupling between lens holder and Laser 
diode is correct because Δy, Δz deviations are close to 0.1 µm corresponding to optical 
coupling losses lower than 0.1%. Thus, an operator could not suspect a possible 
displacement of the first lens axis after Nd:YAG Laser welds. The assembling step between 
the pigtail and the sub-assembly 1 requires then a dynamic alignment to find maximal 
optical coupling. In this case, the operator can adjust a possible optical beam axis deviation 
without any information about the value of the previous deviation and the level of 
accumulated stresses trapped in the sub-assembly one. 
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Fig. 14. Residual effective strains deformed and unreformed view located in sub-assembly 1 
 
After Nd:YAG Laser welds, intrinsic and extrinsic stresses can appear. Intrinsic stresses are 
generally related to only Laser YAG energy deposition on metal surface. The most 
important accumulated stress is located inside the HAZ caused by huge plastic deformation 
and very rapid thermal variation in welded joints (Jang, 1996; Panin and al., 1998). Extrinsic 
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After Nd:YAG Laser welds, intrinsic and extrinsic stresses can appear. Intrinsic stresses are 
generally related to only Laser YAG energy deposition on metal surface. The most 
important accumulated stress is located inside the HAZ caused by huge plastic deformation 
and very rapid thermal variation in welded joints (Jang, 1996; Panin and al., 1998). Extrinsic 
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stresses are caused by external loads applied during process and discontinuity of materials 
on the interface (Inoue and Koguchi, 1997). In our case, the most important external load is 
represented by pressure strength Fpres used to ensure an adjustment between Laser platform 
and lens holder. 
Relaxation of accumulated stresses in the sub-assembly 1 can occur and could be accelerated 
by defects induced in the welded zone (Inoue and Koguchi, 1997; Hariprasad, Sastry and 
Jerina). Rapid solidification processing in HAZ leads to a metastable phase formation, solid 
solution or dispersion strengthened alloys and intermetallics and the whole physical 
phenomenon is at the origin of defects formation located in welded joints (Hariprasad, 
Sastry and Jerina; Cheng and Wang, 1996). It has demonstrated that metallic alloys creep 
fatigue is related to defects rate located in welded joints considered as a metallic alloy zones 
(Asayama, 2000). In particular, a model based on molecular dynamics calculations, 
developed by J.D. Vazquez, has discussed on isotropic and anisotropic relaxation 
phenomenon from simulations of lattice relaxation of metallic alloys considering the sudden 
appearance of vacancy or an interstitial site in the crystal (Dominguez-Vazquez, 1998). This 
microscopic relaxation model allows highlighting macroscopic effective displacement of 
system responsible of relaxation phase. Experimental measurements, using in particular an 
optical method, have been also conducted to observe strains, stresses and fractures of 
welded joints at the mesoscale level (Panin and al., 1998). This study has characterized, in 
bulk material, the accumulated stresses located in HAZ and their evolution after Laser 
welding process. So our interpretation of gradual optical power drift between the sub-
assembly 1 and the pigtail can be explained by relaxation phenomenon and time evolution 
can be directly related to the number and the location of defects into the welded joints but 
also in the structure. 
Experimental procedure has been established to localize strains and stresses in sub-assembly 
1 during the whole step Nd:YAG Laser welding process and evaluation of relaxation 
phenomenon after thermal cycles. 

 
4.2 Ageing tests analysis 
Qualification procedures, in particular power drift measurement, must be conducted to 
validate the system with respect to tolerances through temperature cycles or storage 
temperature characterizing the limits and the margins of the technology. Actual standards 
tend to be 500 cycles in the temperature range -40°C/+85°C with a failure criterion of 10% of 
optical power drift. The methodology of failure diagnostic for optoelectronics components 
and modules for telecommunication applications imposed to do ageing tests to validate 
different assumptions coming from the simulation results. The detailed of this procedure is 
presented by (Y. Deshayes and al., 2003). 
First ageing tests have been made on 1550 nm InGaAsP/InP DFB Laser diodes. After 500 
thermal cycles –40°C/+85°C, no failure occurred on Laser diodes. Measurements have been 
made with a specific test bench with temperature dependence has been developed to 
monitor P(I), I(V) and L(E). This result demonstrates that optical power drift is only 
associated to misalignment in relation with thermomechanical aspects. The second ageing 
test is made on nine different optoelectronic modules in final packaging. Fig. 13 shows 
variations of ΔEta (%) defined by :  
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with Popt is initial optical power measurement of the laser module, ΔPopt is the difference 
between optical power measured after ageing time and initial optical power measurement 
and I is the current value for optical power measurement. 
This experimental procedure has been applied on nine InGaAsP/ InP 1550 nm Laser 
modules (LM1 to LM9) versus thermal cycles –40°C/+85°C. In fig. 8, evolution of ΔEta (%) 
measured at 100 mA from 0 to 500 thermal cycles (-40°C/+85°C) are reported. Experimental 
and simulation results lead to give failure modes and assumptions on failure location 
(Deshayes and al., 2003): 

 sudden total optical power drop explained by a break located in the optical fibre 
core, 

 gradual optical power drift outside the failure criteria limit in relation with 
thermomechanical aspect responsible of columns deformation in sub-assembly 1 
and related by stresses relaxation phenomenon, 

 gradual optical power drift inside the failure criteria demonstrating the relative 
instability of optical coupling in Laser module especially on sub-assembly 1. 
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Fig. 15. Ageing test results on 1550 nm InGaAsP/InP Laser module 

 
4.3 Optical misalignment using process dispersion 
The new method proposed in the introduction of this paper corresponds to an evolution of 
optoelectronic qualification practices needing to develop new working methods than the 
usual "go-no go" qualification tests. The final objective is to define relevant tests performed 
to define "generic" accelerated test and assess both robustness and reliability of the 
component. In this case, technological dispersion modelling represents an attractive tool to 
identify the effect of a critical technological parameter on the optical deviation distribution 
and reduce time duration of tests. Among these parameters, we can list: material properties, 
geometric dimensions, welding and solder processes… 
Fig. 13 reveals the difference of behaviour between optical modules in term of optical 
coupling deviations, could be related to manufacturing process dispersion. As we have yet 
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demonstrated, the most sensitive manufacturing process is Nd:YAG Laser welding 
associated to clamp forces Fpres and Laser heating conditions (E0). Until now, 3D FEM 
simulations have been performed considering Fpres and E as average constant values called 
Fpres0 and E0. The range of these last parameters is limited by manufacturing process. The 
parameter Fpres is set from Fpres0 ±20% and laser Nd:YAG energy from E0 ±20% according 
with manufacturer specification (Gibet, 2001).  
In the case of clamp force Fpres variation limited by Fpres0 ±20%, less than 10-5 degree on 
angular deviation is observed and stresses stay constant. For this configuration, the impact 
of clamp force variations on the optical coupling efficiency could be considered as 
negligible. 
The Laser Nd:YAG energy E corresponds to the one absorbed by the welded joint. The 
amplitude of dispersion can be correlated both to the reflectance of the Laser impact area 
and thickness of gold deposed on the Kovar mainly composing the sub assembly 1. The 
absorbance of Laser energy is related to the thickness of gold, water concentration and 
roughness of the material surface (Watanabe and al., 2004; Martin, Blanchard and 
Weightman, 2003; Zhang, 2004). The thin film of gold allows to adsorbed infrared 1µm 
wavelength laser Nd:YAG beam. 
Fig. 16 reports variations of optical angular deviation versus energy of the Laser beam. In 
the same time, we report the maximal stress located in top welded zones. The global study 
indicates that welding zone is the most critical zone, so FEM simulation has been optimized 
to precise stresses in welding zone. After specific analyses, we identify that top welding 
zone is the most critical zone and amplitude of stress is optimized. The energy variation is 
the experimental data given by manufacturer. It is shown that higher is the energy deposed 
on the welded zone, higher is the stress level but lower is the optical deviation. This key 
result is closely correlated with results reported by W.H. Cheng (Jerina; Cheng and Wang, 
1996). The displacement is critical because 2/100° induces 40 % of optical power losses and 
explain the magnitude of ΔEta (%) shows in fig. 8. The drift of stresses and displacements 
versus energy E/E0 is weak and indicates that energy level of Nd: YAG cannot be adjusting 
to reduce the optical misalignment. So, this key result indicates that the architecture of the 
system should be optimized to reduce the impact of laser welding process on the optical 
misalignment.  
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Fig. 16. Optical angular deviation and stresses accumulated versus energy laser Nd:YAG 

 

The different behaviour of different modules shows in fig.16 can be explained by the initial 
stresses and displacements. This phenomenon is associated to the fact that laser submount 
and lens support are hyper static system. The methodology presented in this paper conduct 
manufacturer to modified the design of laser submount taking into account all these results. 
The new optical module are now qualified using the same standard requirements for 
telecommunication applications. 

 
5. Conclusion and perspectives 

Laser welding process in sub-assembly 1 has been identified as the most potential critical 
zone and to correlate simulation results using ANSYS software, experimental analyses have 
been also investigated (Deshayes, Béchou and Danto, 2001). 
Calculated optical misalignment in sub-assembly 1 have demonstrated an angular optical 
beam axis deviation of 0.03° and responsible of a possible first lens axis movement 
confirming that Laser welding process can induce optical instability of Laser modules and 
degradation of performances for telecommunication applications. The main solution could 
be given by a better optimization of the Nd:YAG Laser power density close to 1.5.105 
W/cm2. For this technology, average Nd:YAG Laser power density reaches 2.5.105W/cm2 
and can generate bulk defects and thermal stresses in welded joints (fig. 17). W.H. Cheng 
has established that optical losses in Laser modules can relate to the presence of bulk 
fractures (Jerina; Cheng and Wang, 1996). It has also been highlight that power density is 
responsible of bulk defects and accumulative stresses. In our case, the presence of bulk 
defects, observed in fig. 17, could explain random acceleration of time stress relaxation 
allowing optical power decrease. The time before failure corresponding to ±10% of the 
optical power drift is directly related to the manufacturing process and to the order of static 
non determination from a mechanical point of view of the system strongly dependent on the 
Laser platform and the lens holder design. All conditions are correlated to a mechanical 
misalignment between Lens axis and pigtail. The major cause of bulk defects formation in 
the Laser welding process for sub-assembly 1 is due to the excess Laser energy. The other 
causes are gas bubbles trapped within the weld sections and the heterogeneous nucleation 
in welded joints (Jerina; Cheng and Wang, 1996). 
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Fig. 17. Bulk defects formation in a Laser weld joint 
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Laser platform and the lens holder design. All conditions are correlated to a mechanical 
misalignment between Lens axis and pigtail. The major cause of bulk defects formation in 
the Laser welding process for sub-assembly 1 is due to the excess Laser energy. The other 
causes are gas bubbles trapped within the weld sections and the heterogeneous nucleation 
in welded joints (Jerina; Cheng and Wang, 1996). 
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Fig. 17. Bulk defects formation in a Laser weld joint 
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This chapter reports 3D thermomechanical simulations and experimental tests in order to 
identify critical zones in a Butterfly-package Laser module showing that three main zones 
must be carefully analyzed: shape and volume of glue in the ferule, solders and, in 
particular, Laser welds. Laser welding process is a useful and effective method to ensure 
hermeticity and secure metal parts but the mechanical distortions due to severe thermal 
gradients should be controlled within allowance limits. The accumulated stresses are close 
to 160 MPa in welded zones. The main advantages of this technique are given by precision 
of alignment close to ±0.2 µm, the whole process fully automated to contain the cycle's time 
within 60 to 90 seconds. But it has been shown that one of the main inconvenient of the 
Laser welding process is the excess of deposed Laser energy resulting in high thermal 
gradients (700 K on 200 µm) and residual stresses (around 160 MPa) in the Laser platform 
responsible of an optical misalignment and a possible failure in terms of optical power drift 
requirements. We have demonstrated that FEM simulations, to predict distortion of Laser 
welding which is very difficult to measure, is very attractive and can be applied to different 
package configurations. 
Such a study is attractive for the definition of more realistic and optimized realistic life cycle 
profiles, taking advantages of previous methodologies already experienced in the field of 
microelectronics or military industries. 
Experimental failure analyses will be also conducted to validate thermomechanical 
simulations, focused in particular on Laser welded joints in order to propose assumptions 
for accumulated strains relaxation phenomenon. In this context, both thermal, electrical and 
thermomechanical simulations on the package must be realized using an original approach 
based on multiphysics computations of ANSYS software, in particular for electro-thermal 
Nd:YAG Laser modelling (Fricke, Keim and Schmidt, 2001). First, a description of the Laser 
module is given and 3D-FEM models of each sub-assembly are presented taking into 
account of the different materials characteristics versus temperature and external loads 
related to manufacturing steps. The last section gives simulation results of the main sub-
assemblies of the Laser module concluding on thermomechanical sensitivity of critical zones 
and the impact on a possible optical axis misalignment. 
Our activities are now focused on FEM predictions that could be improved by a detailed 
knowledge of the effect of bulk defects located in Laser welded joints on stresses relaxation 
phenomenon and also by a better implementation of heating and cooling conditions in 
computations. The final objective is to improve packaging design rules and optical 
misalignment reduction in order to achieve highly reliable bandwidth single mode fibre 
communication systems. 
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1. Introduction     

Because of the extremely globalized competition, all manufacturing enterprises not only 
have to decrease the product development time and reduce manufacturing cost, but also 
develop new technologies. Automotive enterprises are facing to two market requirements 
such as the increment in demand for improvement of safety and the reduction of fuel 
consumption. From the design point of view, the improvement of safety means high 
strength of car body while the reduction of fuel consumption is treated to light car body. 
Because car body consists of panels, the improvement of strength can be treated as material 
property and welding structure. Welding structure is considered as an important factor in 
case of car body strength. Also, as a part of efforts to lighten car body in automotive 
enterprises, they try to make car body using new technologies such as TWB(Tailor Welded 
Blank) (Ku et al., 2004; Zhang, 2006) or hydro forming (Gao et al., 2006; Park et al., 2002; 
Saito et al., 2006; Suh et al., 2006) which can minimize the overlapping areas of welding. At 
the same time, they attempt to lighten car body by substituting the existing steel–oriented 
panel with new materials such as aluminum or magnesium. 
The existing spot welding is not anymore appropriate for strength of welding structure and 
new materials. In order to overcome these problems, laser welding is studied and carried 
out for car body welding instead of spot welding. Because laser welding has so many 
advantages such as good accessibility, fast welding speed and good welding quality, the 
automotive enterprises try to develop and apply laser welding technology. BMW and 
Volkswagen try to design two layer structures for application of Nd:YAG laser which 
increase greatly the flexibility of welding process. And AUDI used seam tracking system to 
perform laser welding without jig/fixture (Emmelmann, 2000; Koerber et al., 2001; Sasabe et 
al., 2003) (Fig. 1). In case of Korean automotive enterprises, laser welding is still not 
activated so that just some parts of car body are welded by laser welding (Jung et al., 2002). 
But they began to recognize the necessity of laser welding and then carry out many 
experiments and researches for the extensive application. In spite of the high performance of 
laser welding, it is currently used in only a few area of the theoretically possible application. 
This is due to the fact that a lot of companies, owing to the complex, time-consuming and 
cost intensive planning of the laser welding cell, exercise restraint when it comes to entering 
the field of laser material processing, such inhibitions can be eliminated by providing 
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application specific solution, i.e. a reasonable planning method when planning complex 
system like a laser welding cell. 
 

 
Fig. 1. Application of laser welding in car body assembly 
 
The objective of this paper therefore is to conceive a method of the planning of laser welding 
cell and its implementation with digital manufacturing. 
For the implementation of the laser welding cell as planning object, this means that 
it should be followed the systematic planning procedure(Fig. 2). 
 

 
Fig. 2. Systematic procedure for planning laser welding cell 
 

 

Through the analysis of product as the first step the requirements for executing a welding 
process and configuring a welding cell are grasped. Based on the these information, the 
process parameters guaranteeing the welding quality are chosen and grouped for planning 
the welding sequence and for deriving the needed characteristics of the cell components. To 
execute the appropriate components are determined through the comparison between the 
requirement profiles of them and the ability of the commercial products. With the selected 
components, the cell configurations are generated and evaluated using digital 
manufacturing. 

 
2. Characteristics of laser welding 

2.1 Advantages of laser welding compared spot welding  
Most automotive enterprises have assembled car body using spot welding. With this 
technology, spot guns are big, heavy and have to take lots of direction change to perform the 
welding task. These problems lead to decrease the flexibility of system and tool accessibility. 
As a result, the number of cell to perform the welding task increases. However, laser 
welding using laser beam radiated from optic head can weld, even if accessibility of optic 
head is allowed at only one side. As laser welding is applied, it offers greatly flexibility of 
product design and tool accessibility and dramatically decreases welding time than the 
existing spot welding. In addition, laser welding is expected to improve the welding 
strength, to prevent from car body deformation as well as to have better quality. Also, we 
can make the lighter car body through benefits of laser welding such as elimination of 
redundant reinforcements, minimization of part numbers and overlapping areas of panels. 

 
2.2 Influential factors and process parameters of laser welding  
For laser welding, heat conduction welding and deep penetration welding can be 
distinguished (Dawes, 1992; William, 2001). In the heat conduction welding method, the 
material melts due to the absorption and thermal conduction of laser beam radiated from 
optic head. This method has fast welding speed but has low penetration depth because of 
insufficient thermal energy. The other is deep penetration welding or keyhole welding 
method, which is normally used for welding car body to ensure reliability of quality and to 
be easy to exhaust fusion vapor of material. Because of diffused reflection of laser beam in 
keyhole, welding depth is deep and welding speed is fast. 
In order to perform laser welding effectively, process planning should be generated after a 
examining factors that influence to the laser welding process. The first important factor was 
gap between panels which was recognized through lots of experiments with the different 
combination of materials(Fig. 3). 
The results of the experiments carried out with the different materials and gaps show that in 
case of gap greater than 0.2 mm the laser beam cannot penetrate the panels at all 
combinations. At the first- and second combination, the welding quality was satisfied when 
welding with the given range of the gap, i.e., 0.0 ≤gap ≤0.2 mm. In the last two case, the 
welding failures such as sinking, protrusion, etc. occurred by welding without a gap. 
In case of galvanized steel usually used for car body, if there is no exit for evaporated zinc 
vapor, it may permeate into the inside of welding area because the evaporation point of zinc 
coated layer is lower than the melting point of steel (1320°C) and could be the main reason 
of poor welding. Thus, gap between panels should satisfy the gap between 0.1 mm to 0.2 
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mm and jig was used to keep the suitable gap. As the results of the experiments, a jointing 
area with more than 4 layers or high reflexibility also produced poor welding because of 
insufficient thermal energy. 
 

 
Fig. 3. Welding quality according to material combination and gap condition. 
 

 
Fig. 4. Important influential variables of laser welding process. 
 
Contrary to spot welding, laser welding has various lengths of welding lines called stitch i.e. 
the unit length of laser welding path. Fig. 4 presents some influential process variables 

 

obtained from laser welding experiments. Because it was impossible to consider all of the 
influential variables to control welding process, angle of beam incidence, laser power, 
welding speed, welding depth and stitch path were chosen as the most important process 
variables for laser welding.  
The values of these process variables were determined by the state of the joint variables such 
as the location and shape of stitch and material. Joint variables were also divided into the 
geometrical and the technical variables concerning to shape and material of welding area 
respectively. The geometrical variables include joint type, location of welding area, 
curvature in the normal direction and tangential direction and stitch path. The technical 
variables are represented by material, thickness, panel layers, gap, surface condition and 
surface coating condition. In order to find out the correlation between the process variables 
and the joint variables, matrix shown at Fig. 5 was developed based on the analysis of the 
results of the experiments to determine relevant process variables corresponding to joint 
variables of each stitch. 
 

 
Fig. 5. Relationship of the process variables and the joint variables. 

 
3.Concept for implementation of laser welding system  

3.1 Generation of stitch through product analysis 
The conventional assembly method of side panel is spot welding, which is formed by about 
250 spot points. In order to change it to laser welding, the possibility of laser welding 
application and its requirements have to be surveyed through the exact analysis of product. 
For the flawless generation of welding stitch that is the basic element of laser welding, first 
of all, the gap between panels must fulfill the condition for quality assurance, i.e, 0.1 ≤gap 
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≤0.2 mm. This is accomplished by jig for fixing locations. With the condition that the key 
points and the inapplicable and inappropriate points for laser welding are performed by 
spot welding, the determination of jig locations is carried out. The key points are the 
welding points for forming shape of a module of car body at the beginning stage of welding. 
The inapplicable points can’t be welded with today’s laser welding technology. That is, 
Nd:YAG laser which is popular for welding car body in automobile industry can’t penetrate 
4 layers welding structure. With regard to the inappropriate points, many jig points are 
normally needed in corner area for securing of the gap. Some of them can be replaced with 
spot points to reduce the number of jigs. In Fig. 6, the jig points for the laser welding of side 
panel are presented considering only the secure of gap. 
Since the left part of side panel has a little unevenness, jig point was created with 
comparatively regular interval. But in case of right rear side due to 4 layers structure or 
panel combination having severe unevenness, jig points exist close each other shown at Fig. 
6. 
 

 
Fig. 6. Jig points of side panel 
 
There are some parts where the application of laser welding is not easy because the existing 
car body is oriented to spot welding. This leads that it is difficult or impossible to use only 
laser welding for side panel assembly. Also laser welding results in more unnecessary jigs 
than that of the existing spot welding. 
The side panel has some structures where laser welding is not acceptable such as 4 layers, 
high reflexibility and so on. For solving these problems, spot welding is applied to the 
inapplicable points. This contributes to assure quality and reduce whole assembly time by 
decreasing set up time. After determination of jig points and spot welding points, laser 
welding stitches are generated between jig points and spot welding points. 
The path of stitches is intended to have shape of straight line to make robot teaching easily. 
The stitch length of 20-30 mm is found on the basis of the experiment results and references. 
The interval of stitches is set to be greater than 10 mm regarding strength and thermal stress. 
As a result, 92 stitches are generated on the side panel. Jig points, spot welding points and 
laser welding stitches generated on the side panel are shown in Fig. 7. 
 

 

 
Fig. 7. Determination of jig points, spot welding points and laser welding stitches. 

 
3.2 Derivation of process parameters 
In order to ensure the quality in carrying out laser welding for the generated stitches, 
process parameters should be determined. As explained in section 2, process parameters are 
determined by analyzing joint variables of each stitch. Joint variables were investigated 
from the analysis of BOM, process plan, 3D modeling files and measuring data of the side 
panel in a real car. Fig. 8 shows joint parameters acquired from stitch No. 01. After the 
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6. 
 

 
Fig. 6. Jig points of side panel 
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Fig. 9. Process parameters of laser welding stitches 

 
3.3 Determination of system components 
For the configuration of laser welding cell, optimal components should be determined 
which can effectively perform the required process. Optic head which is one of important 
equipments to build laser welding cell is a device to focus laser beam on the welding area. 
Optic heads are offered in variety according to laser type, focal length and existence or 
nonexistence of injection device of protection gas or filler wire. 
 

 
Fig. 10. Selection of optimal components (optic head). 
 
In order to select optimal optic head, the ability of optic head was grasped through the 
developed form for technical profiles(Fig. 10). The requirement profileswere derived from 
the analysis of welding problem. 

 

In the following step, evaluation for the best applicable optic head was carried out in the 
consideration of flexibility, availability, price and compatibility with company specific 
conditions, e.g. mechanics and information interface, and so on. As the result, the optimal 
optic head emerged for the definite problem. 

 
4. Digital laser welding system  

Digital manufacturing is a technology which uses sophisticated computer to model physical and 
logical schema and behavior of real manufacturing systems including manufacturing resources, 
environments and products. 
Based on these models, digital manufacturing supports decision making and error checking in 
the entire manufacturing processes (Lin et al., 2001; Park et al., 2004; Zhai et al., 2005). 
Implementation of digital cell is started from the modeling of the selected components and the 
processes(Fig. 11). 
 

 
Fig. 11. Procedure for digital laser welding cell 
 
The components are modeled based on object-oriented modeling method by using 3D CAD tools. 
The models of car body panels, handling devices, transfer devices, jigs and robots modeled from 
different tools used in virtual environment of the DELMIA’s IGRIP tool to layout the workspaces 
of them and to investigate their kinetic behaviors. For modeling the dynamic components like 
robot, the kinetic characteristics such as freedom degree, range of motion and angular velocity etc. 
are assigned to each element of a component according to the design specification of it by using 
the function of IGRIP “Kinematics”, e.g., θ(motion range):  -120°< θ <158° and ω(angular 
velocity): ω=140°/s for the third axis of the robot used for building the cell. Auxiliary 
components such as booth, fiber, laser generator and so on, which have variable dimension, are 
modeled by using CATIA v5 based on dimensional information acquired from field. These 3D 
models of the components are systematically stored in library by using the function “Catalog” of 
CATIA v5 and used for new configuration of cells by calling back through a search. After that, 
the process modeling is performed to define the cell functions and the static and dynamic 
relationship among the components. 
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The IDEF0(Integration DEFinition0) model is used for describing those functions and the control 
mechanism of the cell for executing a welding process. The class diagram and the sequence 
diagram of UML(Unified Modeling Language) (Martin, 2003; Rosenberg et al., 2001) are used to 
describe the relationships among the components. 
The class diagram defines the static relationships among the components to model the static 
design view of a system. Laser welding cell consists of two activities, one is a fixing task of 
components and the other is a welding task. The interfaces and relationships of the components 
for the cell are grasped with respects to two tasks. 
Generally, according to the lapse of time, the events of the components proceed in sequence. The 
sequence diagram, which represents the messages among the components, is used to describe 
the dynamic relationship among the components. The sequence diagram shows a set of 
components and the messages sent and received by those components. The dynamic processes 
described in the sequence diagram are expressed as the movements of the components by the 
GSL(Graphic Simulation Language) offered from IGRIP. After modeling the components and the 
processes, it is needed to allocate the components optimally in satisfaction of constraints given 
for building the cell, e.g. operation sequence, production organization and type, automation 
degree, allowed space and investment cost etc. The satisfaction of cycle time and minimization of 
transfer time for material flow are main points because assembly of car body is the typical type of 
mass production. The cell is configured so that the quality is ensured by executing welding 
processes properly in considering the management of tool and jig/fixture, the control regulation 
planned with the sequence diagram and the connection relationship between pre and post cell. 
Three types of the cell layout are proposed as the result of allocation planning. 
To verify the executing capability of processes within three generated cells and to evaluate the 
complex behavior of them for selecting the optimal one, simulation should be performed in the 
reality based and computer generated environment. 
The geometry information such as the dimension of the cell and the components and the 
technology information for welding process and material handling are required for OLP (Off 
Line Programming). For simulating the detailed welding tasks, the OLP of the robot is executed. 
To generate kinetically correct and collision free robot cell, the tool paths of the robot are planned 
with tag points in a virtual environment. The robot program is accomplished based on these 
information by using GSL (Graphic Simulation Language). 
After fully examining the accessibility of optic head to all stitches, the collisions with equipments 
such as jig etc., the welding parameters for the secure of quality, the applicability of sensor to 
tracing welding path and the operation sequences for preventing from distortion of parts, the 
program is generated to execute the events offered from the sequence diagram. Three types of 
the proposed configuration of cell are evaluated through the simulation of laser welding for the 
side panel with the generated program. The evaluation regarding to technology is done in terms 
of cycle time related to productivity, minimization shortest moving distance, automation degree, 
flexibility, available space and possibility of modular system adapting to change of 
manufacturing environment and so on. From the organization and economy point of view, the 
terms of expansion ability, control logic, interface between stations and investment and operating 
cost are chosen for the evaluation. As the result of evaluation, the cell configuration having the 
parallel arrangement of two robots is selected as optimal due to high score in the load balancing 
of each robot(the cycle time of each robot is 47.1 sec and 48 sec) and the minimal area required for 
implementation. The total cycle time for welding the side panel is also saved 3 sec compared to 

 

two another cell configurations. In addition, the selected cell has the following technical and 
geometrical parameters as shown in Table 1. 
 

 
Table 1. The specifications of the laser welding cell 

 
5. Conclusion 

The laser as economical and flexible tool has established a solid ground in industrial 
manufacturing area. Specially at welding BIW (Body In White) in automobile industry, the 
importance of it has been increased due to the technological characteristics such as high process 
speed, slim seam and good capability of automation and so on. 
For application of laser welding technique, welding principle and influential factors were 
investigated based on the analysis of laser welding processes. With that, the main process 
parameters were determined according to the material and shape of the welding area through a 
lot of experiments. The results show the best quality was gained when welding with the gap (0.2 
mm), welding speed (0.04~0.09 m/s) and laser power 4 kW. The correlation matrix between the 
process variables and joint variables was also developed for forming the welding group to carry 
out the welding process.  
The whole stitches for welding side panels were classified to three groups in terms of the process 
parameter for executing the welding processes efficiently. And the appropriate equipments were 
selected through the comparison the requirement profiles with the ability of them.  
For the configuration of a laser welding cell, a methodology was pursued, which is based on 
digital manufacturing technique and the application of model analysis concept to validate the 
cell’s behavior.  
First, the model was created for analyzing the static and dynamic behavior of the cell by using 
the class- and sequence diagram of UML. Based on that, a layout planning were executed for 
structuring the working area. For the motion simulation process, a technology- and machine-
oriented offline programming was carried out to optimize the spatial position of tool path in 
consideration of the welding process as well as the kinetic properties of the selected equipments. 
The results of the layout planning and the simulation were the three laser welding cells. Through 
the final evaluation, the laser welding cell having the specification shown in table 1 proved to be 
the best suited one for welding the side panels. The decisive criteria were the required cycle time 
of the robot and the space requirement.  
The presented method of implementing the laser welding cell based on digital manufacturing 
permits substantially improved applying of laser technology and structuring of manufacturing 
system.  
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Abstract:A numerical model based on the kinetic theory of gases and the thermodynamic 
laws is developed for keyhole formation in pulsed laser welding. For a single incoming 
pulse the spatial profile of the created keyhole was simulated as a function of time using this 
model. Since undesirable loss of the volatile elements affects on the weld metal composition 
and properties we have focused in our model to find the process conditions that minimum 
of these losses take place during pulsed laser welding. The major laser welding process 
parameters including pulse properties have been examined formerly in this model. The 
power density and pulse duration were the main investigated variables. The model predicts 
that loss of alloying elements increase at higher peak powers and longer pulse durations. 
The model was used for two different kinds of metals, one from the ferrous compounds -
Stainless Steel 316- and the other an aluminum alloy- 5754 Aluminum alloy-. By running the 
model for SS316 it was found that concentrations of the Fe base and Nickel were increased 
in the weld metal region while concentrations of the chromium and manganese were 
decreased. Pulsed laser welding of stainless steel 316 in keyhole mode was experimentally 
studied too. The welding work piece was 2 mm thick SS316 sheet metal. After welding 
experiments, samples were cut and weld cross sections were analyzed. The concentrations 
of iron, chromium, nickel and manganese were determined in the weld pool by means of the 
Proton-Induced X-ray Emission (PIXE) and Energy Dispersive X-ray/Wavelength 
Dispersive X-ray (EDX/WDX) analysis. It was shown that the composition alteration, 
predicted by the model due to varying of the laser parameters is in well accordance to the 
corresponding experimental data.  
Al5754 was the second material used for laser welding experiments. Weld metal 
composition change of this alloy in keyhole mode welding, using a long pulsed Nd:YAG 
laser was investigated by use of the developed numerical model and supported with 
experimental measurements. During laser welding process, the significant variables were 
laser pulse duration and power density. It was predicted in the model and concurred 
experimentally that, the concentration of magnesium in the weld metal decreases by 
increasing the laser pulse duration, while the aluminum concentration increases. Moreover, 
the concentrations of aluminum and magnesium elements, in the weld metal were 
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determined by laser induced breakdown spectroscopy (LIBS) for different welding 
conditions. 
 
Keywords: Pulsed laser welding, Nd:YAG Laser, Alloying element losses, Keyhole 
formation model, Stainless Steel 316, Aluminum alloy 5754, LIBS 

 
1. Introduction 
During laser beam welding of many important alloys, vaporization usually takes place from 
the weld pool surface. Undesirable vaporization of volatile alloying elements changes the 
weld metal composition relative to the base metal and resultantly the mechanical and 
metallurgical properties of the weld metal will change too. To realize a quantitative 
estimation of the weld metal composition, while varying the irradiation parameters, a 
comprehensive model is required. Several authors have used Longmuir equation for the 
calculation of the changes in weld metal composition due to various welding processes 
[1,2].The equation is useful for calculation of relative vaporization rates from different 
alloying elements in vacuum and it results to a higher absolute rate than actual values[2-5].     
Mundra and T.Debroy [2] derived equations for the vaporization rate of various alloying 
elements in conduction mode laser welding of high-manganese stainless steel with a CW 

2CO laser. The model is based on the coupling of the principles of weld pool transport 
phenomena and vapor phase gas dynamics. In a similar work developed by X.He and 
T.Debroy [5] the composition changes of stainless steel were estimated during Nd: YAG 
laser welding. Although these models are valid for conduction mode welding but, when the 
laser power density is increased to a level sufficient to evaporate a thin layer of material and 
the second kind of laser welding mode known as keyhole welding occurs they are not able 
to evaluate the composition change. By keyhole formation, a deep hole is created inside the 
weld pool, which is an effective trap for the laser beam [6]. Therefore, creation of keyhole 
will increase the laser energy coupling to the material. U. Dilthey and co-workers [7] 
developed a theoretical model based on the diffusion equation to evaluate the composition 
change of aluminum alloy during laser welding with a continuous wave (CW) 2CO  source. 
They suggested a quasi-stationary model and considered keyhole as a cylinder, with an 
invariable radius and depth. 
In order to obtain a quantitative understanding of composition change in keyhole welding 
with pulsed lasers, it is necessary to propose a model that predicts the keyhole formation as 
well as the corresponding physical phenomena that occurs.  
In this work, at first the vaporization rates of SS316 alloying elements such as Fe, Ni, Mn 
and Cr were determined through a theoretical model based on keyhole welding with pulsed 
Nd:YAG laser. The influences of laser pulse energy and duration on the composition change 
of the weld metals were predicted by model and compared with the experimental results 
obtained from WDX analysis.  
Secondly, a LIBS (Laser Induced Breakdown Spectroscopy) analysis as a technique of atomic 
emission spectroscopy (AES) was used in this work to measure the composition change of 
the weld metal. The purpose is to determine the elemental composition of the sample. LIBS 
performs real time composition analysis that can be very superficial. Laser-induced 
breakdown spectroscopy (LIBS), also sometimes called Laser-induced plasma spectroscopy 

(LIPS) has developed rapidly as an analytical technique over the past two decades. The 
technique employs a low-energy pulsed laser (typically ten to hundreds of mJ per pulse) 
and a focusing lens to generate plasma that vaporizes a small amount of a sample. A portion 
of the plasma light is collected and a spectrometer disperses the light emitted by excited 
atomic and ionic species in the plasma, a detector records the emission signals, and 
electronics take over to digitize and display the results. The spectra emitted are used to 
determine the sample’s elemental constituents [8]. The analysis is ranging from a simple 
identification of the atomic constituents to a more detailed determination of relative 
concentrations or absolute masses [8-13]. LIBS technique is regarded as a superior elemental 
analysis method including simultaneous multi-element detection capability. In addition, 
because the laser spark uses focused optical radiation rather than a physical device such as a 
pair of electrodes to form the plasma, LIBS has several advantages compared with 
conventional AES-based analytical methods. These advantages are simplicity, rapid and 
real-time analysis, no need for sample preparation, allowing in situ analysis, detection 
ability of gaseous samples, as well as liquids and solids, and good sensitivity for halogen 
elements difficult to monitor with other methods [8, 9]. In general, several solid state lasers 
and in particular, Q-switched Nd:YAG lasers with nanosecond duration are typically used 
for LIBS measurements. Other types of lasers, most notably the pulsed CO2 laser and the 
UV excimer lasers have been also employed for LIBS exposure [9]. 
Here, the composition change of the weld metal due to long pulsed Nd:YAG laser welding 
of Al5754 alloy was studied using the LIBS method based on ArF excimer laser exposure, in 
order to determine the trace of element loss in the weld metal after welding process. 
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There are several models for prediction of keyhole shape during laser welding [14-16]. The 
fundamentals of the present model are principally similar to the model that was developed 
by Semak [16]. Accordingly, in the speeds lower than 1cm/s the profile of keyhole is 
assumed symmetrical, co-axial with the laser beam. Moreover, keyhole is held open due to 
balance of the surface tension and the (recoil) ablation pressures. At high speed, keyhole 
axis is deviated from beam axis such that the recoil pressure exceeds the surface tension, 
whereby the keyhole wall moves inside the weld pool with velocity equal to summation of 
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In this work, welding process speed is chosen to be 0.5 cm/s, therefore the keyhole’s shape 
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Where 0I is laser intensity at the beam axis, and q denote a modification factor to obtain an 
angular dependence close to the typical experimental curve that depended on the metal. The 
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determined by laser induced breakdown spectroscopy (LIBS) for different welding 
conditions. 
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parameter 0A =0.27 ascertains the absorption coefficient for normal incidence in boiling 
temperature of SS316, the x-axis is parallel to the metal surface, and the y-axis coincides with 
the beam axis. The i quantity refers to the point number on the keyhole surface, a(i) 
represent to the angle made by beam and keyhole surface vector (see figure1) and   is the 
inverse Bremsstrahlung absorption coefficient that can be calculated from the following 
equation[17]: 
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Where Z is the average ionic charge in the plasma, c is the speed of light, em is the electron mass, 
 is the angular frequency, 0 is the permittivity of free space, in is the ion density, en is the 
electron density, and g is the mechanical Gaunt factor. Where en  and eT are the electron density 
and temperature of welding plasma respectively. These parameters have been measured for 
Nd:YAG pulsed laser welding by J. Sabbaghzadeh and his co-workers [22] 
Figure1 illustrates the schemes of curve interaction with keyhole surface and the 
corresponding velocity components.   
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Fig. 1. Schematic illustration of laser interaction with keyhole surface and the corresponding 
velocity components. 
 
The local energy flux balance can be shown by:  
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Where k is the heat conductivity, and vL  is the latent heat of vaporization and m is melted 
metal density. Temperature gradient on the right-hand side of equation (3) can be estimated 
to be [16] 
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Where a, u, Ts and Tm are heat diffusivity, laser beam translation speed, boiling and melting 
temperatures respectively. 
Substituting equations (1) and (4) in to equation (3) ,the evaporation velocity of the ith point 
on the keyhole surface is given by: 
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Variation of the melt thickness is depended on the mass source and sinks due to melting and 
evaporation and expulsion velocies [16, 23]. Change of the melt layer can be shown by 
following equation:   

    mdvebt
b VVV    (6) 

 

Where eV  , mV , dvV  are the expulsion, melting and evaporation velocities respectively and 

b denotes the melt layer thickness. As mentioned above we assume that eV  equals to zero 
because of negligible process speed, thus variation of the melt thickness is due to the 
melting and evaporation events. 
Since the weld pool profile is strongly affected by the pattern of fluid flow in the weld pool, 
the convection is significant. There are four different driving forces in the molten weld pool 
during laser welding causing to convection phenomenon, which affects the pool’s shape. 
These forces are 1-buoyancy or gravity force, 2-surface tension gradient force or Marangoni 
force, 3-electromagnetic, electromotive force (emf) or Lorentz force and 4-impining or 
friction force. Lorentz force is absent for gas and laser beam welding [19]. In the weld pool, 
temperature difference induces a variation in density, thus, the molten metal in the pool 
boundary is cooler and denser than that on near the center of the weld pool which sinks 
under the force of gravity. Where as oppositely the molten metal near the center of weld 
pool is displaced and rise.  The circulated velocity is created by gravity force about 1 cm/s. 
The impinging force is the result of momentum transfer through friction between impinging 
particles and metal atoms in the molten weld pool. This force induces convection velocity 
about 1-10 cm/s [24] 
Surface tension of liquid depends on the temperature of that liquid. So a temperature 
gradient causes to a gradient in surface tension. This gradient exerts a force ( F ) given by:  
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Where  indicate the surface tension of the molten metal, T is temperature, and T  is the 
temperature gradient at the weld pool surface. In commonly used welding conditions 
Surface tension gradients induce strong circulation at rates from 10-100 cm/s from the 
hotter, lower surface tension liquid at the center of the weld pool to the cooler, higher 
surface tension liquid at the pool edges [18] (figure 2). Finally a dominant Marangoni force 
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parameter 0A =0.27 ascertains the absorption coefficient for normal incidence in boiling 
temperature of SS316, the x-axis is parallel to the metal surface, and the y-axis coincides with 
the beam axis. The i quantity refers to the point number on the keyhole surface, a(i) 
represent to the angle made by beam and keyhole surface vector (see figure1) and   is the 
inverse Bremsstrahlung absorption coefficient that can be calculated from the following 
equation[17]: 
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Where Z is the average ionic charge in the plasma, c is the speed of light, em is the electron mass, 
 is the angular frequency, 0 is the permittivity of free space, in is the ion density, en is the 
electron density, and g is the mechanical Gaunt factor. Where en  and eT are the electron density 
and temperature of welding plasma respectively. These parameters have been measured for 
Nd:YAG pulsed laser welding by J. Sabbaghzadeh and his co-workers [22] 
Figure1 illustrates the schemes of curve interaction with keyhole surface and the 
corresponding velocity components.   
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Variation of the melt thickness is depended on the mass source and sinks due to melting and 
evaporation and expulsion velocies [16, 23]. Change of the melt layer can be shown by 
following equation:   
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pool is displaced and rise.  The circulated velocity is created by gravity force about 1 cm/s. 
The impinging force is the result of momentum transfer through friction between impinging 
particles and metal atoms in the molten weld pool. This force induces convection velocity 
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Surface tension of liquid depends on the temperature of that liquid. So a temperature 
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Where  indicate the surface tension of the molten metal, T is temperature, and T  is the 
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Surface tension gradients induce strong circulation at rates from 10-100 cm/s from the 
hotter, lower surface tension liquid at the center of the weld pool to the cooler, higher 
surface tension liquid at the pool edges [18] (figure 2). Finally a dominant Marangoni force 
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is suggested, which results in a wider and shallower weld pool than previous one without 
the convection. 
The Marangoni effect is taken in to account by a simple solution that is considering an 
artificially higher thermal conductivity for the material in the presence of convection. 
Effective thermal conductivity in the presence of Marangoni flow is assumed to be at least 
twice the stationary melt conductivity [18,19,20]. 
An arbitrary shape of the keyhole wall was assumed in order to start generating the actual 
keyhole.  
The melt thickness is also presumed to be constant during the formation of keyhole. On the 
other hand, the melting front also moves together with the keyhole wall and a new portion 
of the metal is melted to replace the evaporation  melt, Thus, b is taken to be  constant such 
that ddvm VVV   

Where dV  refers to the velocity of the keyhole wall. It is perpendicular to the keyhole 
surface and its components are given by [16]: 
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Fig. 2. Marangoni effect inside the weld pool and keyhole pattern. 
 
Subsequently, the change in the position of the ith point on the keyhole surface can be 
determined as below  

 tiVixx dxnew  )()(   (12) 
 tiViyy dynew  )()(   (13) 

 
Where xnew(i) and ynew(i) are new coordinates after the time interval t . The time interval t is 
selected as nearly 1/1000 of pulse duration. Components of the velocity are shown in figure 1. 
The results of first stage of the model containing the shape and depth of the created keyhole for 
each set of processing parameters was used for the next step of model (vaporization of alloying 
elements). The computed surface and volume of the keyhole as a function of time are used to 
determine the vaporization rate as well as the composition change of alloying elements. Results 
of calculated penetration depth of keyhole are compared with the results obtained from 
experimental weld profiles of SS316 in figure 3. The thermo physical properties of metal used 
in the model are presented summarized in table 1. 
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Fig. 3.The calculated penetration depth and the measured penetration for various durations 
of laser pulses. 
 

 
PROPERTY                                                             VALUE 

 
Density(kg/m3) 7200 
Melting point (K) 1727 
Boiling point (K) 3100 
Thermal conductivity of solid W/mK 29 
Effective viscosity(kg/m5) 0.1 
Ratio of specific heats of vapor   1.667 

Beam radius (µm) 200 
Heat of evaporation of (J/kg) 6.52E6 

 
Table 1. SS316 Data used for the calculation of vaporization rate and the composition change. 



Estimation of composition change in pulsed Nd:YAG laser welding 199

is suggested, which results in a wider and shallower weld pool than previous one without 
the convection. 
The Marangoni effect is taken in to account by a simple solution that is considering an 
artificially higher thermal conductivity for the material in the presence of convection. 
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3. Vaporization of Alloying Elements 

Vaporization of the alloying element is due to the difference in partial vapor pressure and 
concentration gradient of each component. The materials vaporization mainly takes place at 
the keyhole inner wall sheath [2-4].  
Pressure and concentration of alloying elements are higher near the weld pool surface in the 
Knudsen layer than in the bulk shielding gas and in the keyhole bulk (In fact, the pressure of 
the vapor inside the keyhole is close to the ambient pressure [23]). Partial pressure of each 
alloying element in the Knudsen layer is related to equilibrium temperature of this layer and 
can be calculated using the following equation [25]: 

 2
10 10log ( ) logTBp A C DT ET

T
       (14) 

Where A, B, C, D, and E are constant coefficients which usually differs for the various 
elements, and T refers to the temperature. For the main elements of table 1 i.e/, Fe, Mn, Ni, 
and Cr, the corresponding coefficients are listed in table 2 [25].  
 

 A B C D E 

Fe 
 

55.11

 

19538  6254.  927E

 

131908 E

 
Mn 9.123

 

5984  07.47  014.

 

45.1 E  

 Cr 07.87
 

3505  65.33  929.
 

73.8 E  

Ni 3.214

 

3519  94.74  018.

 

71.15 E  

Table 2. Constant coefficients for calculation of equilibrium vapor pressure of various 
alloying elements of SS-316.                              
 
Figure 4 illustrates the equilibrium vapor pressure (atm) as a function of temperature (k).  
 

 
Fig. 4. Equilibrium vapor pressure (atm) of different constituents of SS316 as a function of 
temperature (K). 

Total vapor pressure at the weld pool surface (Knudsen layer) is obtained from summation 
of the equilibrium vapor pressure of various alloying elements. 
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Where ia  and 0
iP  are the activity and equilibrium vapor pressure of the alloying element i 

respectively where as i refers to the number of alloying elements. 
It is suggested that Knudsen layer is filled only with metal vapor and no shielding gas 
attends inside.  The calculated pressure of the Knudsen layer is subsequently used to obtain 
the loss of each alloying element due to concentration and pressure gradient vaporization 
rates. 

 
3.1 Vaporization due to concentration gradient  
The vaporization flux due to concentration gradient can be predicted from the kinetic theory 
of gases [2-5, 26]: 
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Where icJ ,  is the vaporization flux of element i due to concentration gradient, giP ,  is vapor 

pressure of the alloying element i in the keyhole,  iM  denotes the molecular weight of the 

element i, R represents  gas constant and igK ,  ascertains the mass  transfer coefficient of 

element i . In addition the mass transfer coefficient of element i between the weld pool 
surface and the shielding gas, outside the keyhole is calculated from the graphical results of 
Schlunder and Gniclinski for a jet impinging on a flat surface and can be expressed by: [2-5] 
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Where d is the diameter of the shielding gas nozzle(Figure 5), r is the radial distance on the 

weld pool surface, igD , denotes the diffusivity of the element in shielding gas in
s
m2

(see 

appendix), Re represents the Reynolds number at the nozzle exit and Sh ascertains the 
Schmit number of the element. 
Mass transfer coefficient inside the keyhole is given by: 
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Where D is mean diameter of the keyhole. Gilliand and Sherwood derived equation (19) for 
mass transfer between the liquid that flows on the wall of the pipe and the gas current that 
flows inside the pipe [27].  
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3. Vaporization of Alloying Elements 

Vaporization of the alloying element is due to the difference in partial vapor pressure and 
concentration gradient of each component. The materials vaporization mainly takes place at 
the keyhole inner wall sheath [2-4].  
Pressure and concentration of alloying elements are higher near the weld pool surface in the 
Knudsen layer than in the bulk shielding gas and in the keyhole bulk (In fact, the pressure of 
the vapor inside the keyhole is close to the ambient pressure [23]). Partial pressure of each 
alloying element in the Knudsen layer is related to equilibrium temperature of this layer and 
can be calculated using the following equation [25]: 

 2
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T
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Where A, B, C, D, and E are constant coefficients which usually differs for the various 
elements, and T refers to the temperature. For the main elements of table 1 i.e/, Fe, Mn, Ni, 
and Cr, the corresponding coefficients are listed in table 2 [25].  
 

 A B C D E 

Fe 
 

55.11

 

19538  6254.  927E

 

131908 E

 
Mn 9.123

 

5984  07.47  014.

 

45.1 E  

 Cr 07.87
 

3505  65.33  929.
 

73.8 E  

Ni 3.214

 

3519  94.74  018.

 

71.15 E  

Table 2. Constant coefficients for calculation of equilibrium vapor pressure of various 
alloying elements of SS-316.                              
 
Figure 4 illustrates the equilibrium vapor pressure (atm) as a function of temperature (k).  
 

 
Fig. 4. Equilibrium vapor pressure (atm) of different constituents of SS316 as a function of 
temperature (K). 

Total vapor pressure at the weld pool surface (Knudsen layer) is obtained from summation 
of the equilibrium vapor pressure of various alloying elements. 
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Where ia  and 0
iP  are the activity and equilibrium vapor pressure of the alloying element i 

respectively where as i refers to the number of alloying elements. 
It is suggested that Knudsen layer is filled only with metal vapor and no shielding gas 
attends inside.  The calculated pressure of the Knudsen layer is subsequently used to obtain 
the loss of each alloying element due to concentration and pressure gradient vaporization 
rates. 
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The vaporization flux due to concentration gradient can be predicted from the kinetic theory 
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Where icJ ,  is the vaporization flux of element i due to concentration gradient, giP ,  is vapor 

pressure of the alloying element i in the keyhole,  iM  denotes the molecular weight of the 

element i, R represents  gas constant and igK ,  ascertains the mass  transfer coefficient of 

element i . In addition the mass transfer coefficient of element i between the weld pool 
surface and the shielding gas, outside the keyhole is calculated from the graphical results of 
Schlunder and Gniclinski for a jet impinging on a flat surface and can be expressed by: [2-5] 
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Where d is the diameter of the shielding gas nozzle(Figure 5), r is the radial distance on the 
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Schmit number of the element. 
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Where D is mean diameter of the keyhole. Gilliand and Sherwood derived equation (19) for 
mass transfer between the liquid that flows on the wall of the pipe and the gas current that 
flows inside the pipe [27].  
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The longitudinal velocity of the vapor flow inside the keyhole is derived to determine the 
Schmit number in the keyhole through the following equation [7]:  
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Where Z coordinate origin is taken from the keyhole bottom, A , aP , a and  are atom 
mass of the admixture, external pressure, mean radius and  coefficient of surface tension 
respectively. Mean velocity was written as : 
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Were H is keyhole depth.  
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Fig. 5. Schematic illustration of keyhole’s geometry and shielding gas nozzle 

 
3.2. Vaporization due to pressure gradient 
The vaporization flux due to pressure gradient at the weld pool surface corresponding to a 
local surface temperature sT   (boiling temperature) is given by [2-5]:  
 
 nP uJ    (21) 
 
Where nu and   are the mean velocity of particles and density of the vapor at edge of the 
Knudsen layer. According to kinetic theory of gases the mean velocity of particles can be 
calculated by equation: 

 sMun .   (22) 
Where M is the Mach number and s is the propagation speed of sound in the gas. 
Knudsen layer provokes a rapid change in the density and temperature of the vapor state by 
its treatment as a gas dynamic discontinuity. In fact, temperature, density, pressure and 
mean velocity of vapor at the edge of the Knudsen layer can be related to such quantities of 
vapor on the liquid surface [2-5, 28]. The variations in quantities throughout the Knudsen 
layer are given by: 
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Where 2
Mm   and   is the ratio of specific heat of vapor which is treated as a mono-

atomic gas,  ,T , ssT ,   are temperature and density at the edge of Knudsen layer as 
well as the temperature and density of the vapor at the liquid surface  respectively. 
The Mach number is also determined in order to obtain T  and   . In this model the Mach 
number is derived from the pressure balance and the mechanical stability of the keyhole. 
The main forces acting on the keyhole wall are assumed to be the ablation pressure opposed 
by the surface tension forces. The ablation pressure is given in terms of the density at the 
edge of the Knudsen layer and the square of the ejected gas mean velocity through equation 
such that: 

 2
nFeabl umP   (25) 

 
Figure 6 shows the values of the Mach number versus laser power for different welding 
speeds. 

 
Figure6. Values of the Mach number versus laser power for different welding speeds, a 
focused  Gaussian beam was used with radius  0.2 mm on stainless steel 316. 
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The longitudinal velocity of the vapor flow inside the keyhole is derived to determine the 
Schmit number in the keyhole through the following equation [7]:  
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Fig. 5. Schematic illustration of keyhole’s geometry and shielding gas nozzle 

 
3.2. Vaporization due to pressure gradient 
The vaporization flux due to pressure gradient at the weld pool surface corresponding to a 
local surface temperature sT   (boiling temperature) is given by [2-5]:  
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Where 2
Mm   and   is the ratio of specific heat of vapor which is treated as a mono-

atomic gas,  ,T , ssT ,   are temperature and density at the edge of Knudsen layer as 
well as the temperature and density of the vapor at the liquid surface  respectively. 
The Mach number is also determined in order to obtain T  and   . In this model the Mach 
number is derived from the pressure balance and the mechanical stability of the keyhole. 
The main forces acting on the keyhole wall are assumed to be the ablation pressure opposed 
by the surface tension forces. The ablation pressure is given in terms of the density at the 
edge of the Knudsen layer and the square of the ejected gas mean velocity through equation 
such that: 
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Figure 6 shows the values of the Mach number versus laser power for different welding 
speeds. 

 
Figure6. Values of the Mach number versus laser power for different welding speeds, a 
focused  Gaussian beam was used with radius  0.2 mm on stainless steel 316. 
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As a result, by increasing the welding speed, the keyhole becomes narrower and surface 
tension forces arise at the keyhole boundary, thus ablation pressure must increase in order 
to fulfill pressure balance. Therefore, the mean velocity of the ejected gas at the edge of the 
Knudsen layer enhances according to eq (25). Thus, regarding eq (22), the Mach number at 
higher speeds is grater for same laser power. 
Vaporization flux due to pressure gradient of an alloying element, ipJ , , [2-5] is given by: 
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Where M is the mean molecular weight of the vapor species in the Knudsen layer that is 
given by: 
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Therefore, the total vaporization flux, itotalJ , , for an element i is given by: 
 

 , , ,total i P i C iJ J J    (28) 

 
If the surface and volume of the weld pool (keyhole profile) are known as functions of time, 
the total rate of vaporization and the vaporization rate of each alloying element can be 
obtained using itotalJ , . The vaporization rate of element i, iG  is found by integrating the 

vapor flux over the entire weld pool surface, and the total vaporization rate of all of 
elements, G, is given by: 
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Where s refers to the weld pool surface. The weight percent of an element i, itWt ,%)( as 

function of time is given by:  
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Where W and iW  are total mass of the weld metal and mass of species i in the weld metal 
respectively and t represents time. 

 
4. Laser welding of SS316 

4.1. Experimental setup  
A long pulsed Nd: YAG laser Model IQL-10 with mean power of 400 W and standard 
square shape pulse is chosen as the welding laser source to carry out the experiments. The 
pulse energy of laser was varied from 3 to 18 joules while the pulse duration could be 
changed from 2 to 12 ms as well. The process speed (5 mm/s) and the pulse repetition rate 

(20 HZ) were kept to be invariant during the experiment. Model LA300W-LP Ophir joule 
meter is used to measure the pulse energies. A focusing optical system composed of three 
lenses is used with 75 mm focal length and 200 m minimum spot size. The welding work 
piece was a 2 mm thick SS316 sheet metal such that the corresponding chemical composition 
is presented in table 3. 10 lit/min flow of pure Ar gas, blowing from a coaxial nozzle was 
employed   to shield the welded area against the oxidation.  
At first, several set of SS316 samples cmcm 33  were cut and the welding process was 
done using laser pulses with 1500 W peak power and 2-12 ms duration. Subsequently, the 
samples were prepared for the transverse cross section analysis. The samples were etched 
with a composition of HCL, HCOOH and HNO3 to develop the weld region. After welding, 
EDX/WDX and PIXE analysis were performed to study the constituents of the weld metal. 
Under the same irradiation conditions, the EDX/WDX analysis were carried out using 10 
individual points, on the transverse cross  section of the weld metal for each sample to 
determine  the concentration of the alloying  elements. 
 

Element C      Mn      Cr     Ni         Si      MO       P        S       Al      Co      Cu   
Nb     Ti      V       Fe 

Wt% .05   1.27   18.1   8.04      .49     .33      .02    .003    .003    .13      .32   
.02   .002    .05    balance 

Table 3. Constituents of 316 stainless steel. 

 
4.2.Comparison of theoretical and experimental results  
Average and standard deviation of each set of data was taken for statistical analysis. The 
Quick calculus software (online calculator for science) was used to determine t-statistic and 
p-value of the untreated and various laser treated samples to be p<0.01. It shows that those 
are statistically significant and the differences are quite meaningful, as to approve the use of 
EDX/WDX as a reliable tool for the species identification and subsequent analysis. The 
results of the modeling indicate that those are consistent with the experiments. Figure 7 
depicts the variation of the significant alloying elements including Mn, Cr, Ni and Fe in the 
weld metal. It is seen that the concentrations of iron and nickel in the weld metal increase 
whereas the concentrations of the manganese and chromium decrease after the welding 
process.  
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As a result, by increasing the welding speed, the keyhole becomes narrower and surface 
tension forces arise at the keyhole boundary, thus ablation pressure must increase in order 
to fulfill pressure balance. Therefore, the mean velocity of the ejected gas at the edge of the 
Knudsen layer enhances according to eq (25). Thus, regarding eq (22), the Mach number at 
higher speeds is grater for same laser power. 
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Fig. 7. Experimental and calculated concentration of the constituent alloying elements, as 
function of pulse duration for a power density of 12 GW/m2. 
 
Although the total mass of iron and nickel in the weld pool is lower than those before the 
welding, the total mass of the weld pool has decreased at higher proportion because of the 
loss of manganese, chromium, iron, and nickel. As a result, the concentrations of iron and 
nickel in the fusion zone are higher than those in the base metal because of the loss of 
manganese and chromium. 
The geometry of the keyhole including surface to volume of the weld pool were studied 
using data of section (3.1) in order to calculate the vaporization rate. The keyhole surface 
temperature was assumed to be the boiling temperature of the base metal due to the two-
phase characterizations of the keyhole surface during high power laser irradiation. It is 
believed that, both pressure and concentration gradients contribute to migrate the alloying 
elements outside the process area. The results obtained by the model show that the 
vaporization flux due to the pressure gradient is larger than that of the concentration 
gradient in the keyhole. 
The vaporization mostly  occurs not only at the  surface of the keyhole but also in the region 
near the keyhole edge, where the temperature is taken close to the boiling point such that 
the  vaporization out of this region is negligible corresponding to the concentration gradient 
(diffusion).            
 

 
Fig. 8. Ratio of area to volume of the weld pool at end of pulse versus pulse duration for 12 
GW/m2 power Density 

According to the theory, the composition changes are mainly due to the volume and surface 
of the keyhole profile. Model shows that composition changes decrease with increase of the 
weld pool volume. The reduction of the keyhole surface causes to decrease in elements 
evaporation from the weld metal thus, a slight composition change happens. In other 
words, the keyhole area acts as sink and keyhole volume operates as source of alloying 
elements in the fusion zone. The pulse duration affects on the ratio of area to volume of the 
keyhole which is illustrated in figure 8. 
Figure 9 displays the spectra taken by EDX for the weld and base metal with 4ms pulse 
duration and power density of 12 GW/m2.The respected picks of various elements show 
that the concentrations of Mn and Cr decrease in the weld metal while concentrations of Fe 
and Ni increase.    

     
Fig. 9. EDX spectra of (a) base metal, (b) weld metal with power density of 12 GW/m2 and 
pulse duration of 4 ms 
 
Figure 10 illustrates the concentration profile of the constituent alloying elements using 
PIXE analysis. It obviously indicates that the manganese and chromium concentrations in 
the weld area decreases regarding the chemical composition of base metal. 
 

 
Probe trace 

Fig. 10. Measured concentrations of Cr and Mn in the weld metal and surrounding base 
metal using PIXE.   
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Fig. 10. Measured concentrations of Cr and Mn in the weld metal and surrounding base 
metal using PIXE.   
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Similarly, the Mn and Cr densities in the weld metal for power densities of 10-20 GW/m2 
were measured at constant pulse duration (8ms) as shown in figure 11. It indicates that the 
concentration of manganese and chromium in the weld area decreases linearly versus 
increasing power density. 
The influence of the laser power density on the ratio of the area to volume of the weld pool 
is depicted in figure 12. It is obvious that the ratio grows linearly with power density, 
leading to a linear reduction of Mn and Cr with power density mainly because the surface 
enlargement is dominant relative to volume growth, thus, the composition change 
significantly increases with laser power density. As the laser power density enhances, both 
the volume and surface of weld area enlarges, but area increase rate is greater than volume 
increase rate, thus, composition change in the weld pool increases with the laser power. 
 

 
Fig. 11. Concentration of Mn and Cr in weld pool with different power density for 8ms 
pulse durations. 

 
Fig. 12. Ratio of area to volume of the weld pool at end of pulse versus power density (pulse 
duration=8ms) 

 
5. Laser welding of Al5754 

5.1. Laser welding set up 
The Specimens of aluminium alloy5754 were irradiated with a long pulsed Nd:YAG laser 
model IQL-10 with mean power of 400W and standard square shaped pulses. The pulse 
energy of laser was varied from 4.5 to 10.5 joules while the pulse duration could be changed 
from 3 to 7ms as well. The process speed (9mm/s) and the pulse repetition rate (10HZ) were 

kept to be invariant during the experiments. The details of the power measuring 
equipments, and optical focusing system are the same as mentioned in section 4.1. The 
welding work piece was a 2mm thick aluminium alloy 5754 sheet metal such that the 
corresponding chemical composition is presented in table 4. 10lit/min flow of pure Ar gas, 
blowing from a coaxial nozzle was employed to shield the welding area against the 
oxidation. 
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Table 4. Chemical composition of aluminun alloy 5754. 

 
5.2. LIBS Set Up 
After welding processes, the concentrations of aluminum and magnesium in the weld and 
base meal were determined using LIBS analysis. Experimental set-up consists of conducting 
and focusing optics, laser pulse diagnostics, delay generator, spectrometer, and the 
processor as shown in Fig.13/1. An excimer laser (Lambda physics LPX200) with 
40mJ/pulse, 20ns duration, and pulse repetition rate of 1-10Hz, has been used as the 
coherent source at 193nm to generate the micro plasma on the target surface. A couple of a 
quartz lens with 75, and 150mm focal lengths are situated in front of the main laser beam to 
increase the incident power density irradiating on the Al5754 samples. A semiconductor 
detector (PIN diode, EG&G, FNT100), a 300-MHz digital storage Tektronix 30145, 2.5Gb/sec 
oscilloscope, as well as a 400-MHz Tektronix 7844 oscilloscope, and a Coherent TM joule / 
power meter (Field Master, LM-P10 & LM-P5 100 heads) were used for the relative and 
absolute measurements of laser power and pulse energy.  

 
Fig. 13. LIBS set up using excimer laser. 
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Similarly, the Mn and Cr densities in the weld metal for power densities of 10-20 GW/m2 
were measured at constant pulse duration (8ms) as shown in figure 11. It indicates that the 
concentration of manganese and chromium in the weld area decreases linearly versus 
increasing power density. 
The influence of the laser power density on the ratio of the area to volume of the weld pool 
is depicted in figure 12. It is obvious that the ratio grows linearly with power density, 
leading to a linear reduction of Mn and Cr with power density mainly because the surface 
enlargement is dominant relative to volume growth, thus, the composition change 
significantly increases with laser power density. As the laser power density enhances, both 
the volume and surface of weld area enlarges, but area increase rate is greater than volume 
increase rate, thus, composition change in the weld pool increases with the laser power. 
 

 
Fig. 11. Concentration of Mn and Cr in weld pool with different power density for 8ms 
pulse durations. 

 
Fig. 12. Ratio of area to volume of the weld pool at end of pulse versus power density (pulse 
duration=8ms) 
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A fiber bundle (UV 600/660 type with SMA-905 fiber connector and 1m length) collected the 
light emission of the plasma using a quartz lens (25mm diameter, 50mm focal length) placed 
80mm away from the sample. The fiber output was coupled to the entrance slit of a compact 
wide range spectrometer (200-1100nm) model S150 Solar Laser Systems TM (50mm focal 
length, transmission diffraction grating with 200 grooves/mm with 0.02mm×3.0mm of 
entrance slit and 0.5nm spectral resolutions). A charge-coupled device (CCD) detector array 
model Toshiba TCD 1304AP with 3648 number of pixels was used to detect the dispersed 
light, subsequently. The CCD camera was triggered ~2 μs after the onset of laser shot using 
a suitable delay generator in order to reduce the continuum Bremsstrahlung radiation. 

 
5.3 Calculation of the relative density of alloying elements using LIBS analysis  
Under LTE (local thermodynamic equilibrium) condition, the population of the exited levels 
for each species follows the Boltzmann distribution [9]: 
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Where s
in  indicates the population density of the excited level i of species s, sn  is the total 

number density of the species s in the plasma, ijA , iE , ig , K, and )(TU s  are the 

transition probability, the excitation energy of the level, the statistical weight for upper level, 
Boltzmann constant and the partition  unction of the species at electronic temperature T, 
respectively. The coefficients ijA and ig  are taken from the National Institute for Standards 

and Technology (NIST), atomic spectra database [19]. 
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With the detectors typically used in the LIBS measurements, an alternative formula in terms 
of the integrated line intensity (number of transitions per unit volume per unit time) is 
preferred by: 
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Now, by considering two lines, ij and mn , of the same species, characterized by different 

values of the upper level energy ( mi EE  ), the relative intensity ratio can be used to 
calculate the plasma temperature [9] 
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When selecting a line pair, it is advisable to choose two lines as close as possible in 
wavelength and as far apart as possible in excitation energy. This is to limit the effect of 

varying spectral response of the apparatus, as well as to minimize the sensitivity to small 
fluctuations in emission intensity. 
To calculate the concentration ratios of the main components in the samples from the 
intensity ratios, it is desirable to compute the intensity ratio of two different lines from 
elements A and B. Concentration ratios of the elements A and B can derive from following 
equation: 
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5.4. Theoretical modeling 
A well-tested ’hydrodynamic’ physical model described was used to simulate the keyhole 
profile as a function of time. The keyhole profile as a function of time was then used to 
calculate the vaporization rates of alloying elements. The data used for the keyhole 
formation during pulsed Nd:YAG laser welding of Al5754 [14] are presented in table 5. 
 

 
PROPERTY                                                             VALUE

 
Density(kg/m3) 2370 
Melting point (K) 933 
Boiling point (K) 2792 
Thermal conductivity of solid W/mK 237 
Effective viscosity(kg/m5) 1.1 
Ratio of specific heats of vapor   1.667 

Beam radius (µm) 200 
Heat of evaporation of (J/mol) 294000 

 
Table 5. Date used for the keyhole formation during pulsed Nd:YAG laser welding of 
Al5754. 
 
Close to the liquid phase, inside the keyhole on its walls, vaporization of material takes 
place within a sheath. The so-called Knudsen layer is governed by the transition from a non-
equilibrium state at the keyhole wall to an equilibrium state a few mean free paths distant 
from the liquid boundary. Vaporization of the alloying elements is due to the difference in 
partial vapor pressure and concentration gradient of each component. Pressure and 
concentration of alloying elements are higher near the weld pool surface in the Knudsen 
layer than in the bulk shielding gas and in the keyhole bulk [2-5,28] (In fact, the pressure of 
the vapor inside the keyhole is close to the ambient pressure [23]). 
Partial pressure of each alloying element in the Knudsen layer is related to equilibrium 
temperature of this layer and can be calculated using the equation (14).Where A, B, C, D, 
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A fiber bundle (UV 600/660 type with SMA-905 fiber connector and 1m length) collected the 
light emission of the plasma using a quartz lens (25mm diameter, 50mm focal length) placed 
80mm away from the sample. The fiber output was coupled to the entrance slit of a compact 
wide range spectrometer (200-1100nm) model S150 Solar Laser Systems TM (50mm focal 
length, transmission diffraction grating with 200 grooves/mm with 0.02mm×3.0mm of 
entrance slit and 0.5nm spectral resolutions). A charge-coupled device (CCD) detector array 
model Toshiba TCD 1304AP with 3648 number of pixels was used to detect the dispersed 
light, subsequently. The CCD camera was triggered ~2 μs after the onset of laser shot using 
a suitable delay generator in order to reduce the continuum Bremsstrahlung radiation. 

 
5.3 Calculation of the relative density of alloying elements using LIBS analysis  
Under LTE (local thermodynamic equilibrium) condition, the population of the exited levels 
for each species follows the Boltzmann distribution [9]: 
 

 kT
E

s
s
is

i

i

en
TU

g
n




)(

 (31) 

Where s
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number density of the species s in the plasma, ijA , iE , ig , K, and )(TU s  are the 

transition probability, the excitation energy of the level, the statistical weight for upper level, 
Boltzmann constant and the partition  unction of the species at electronic temperature T, 
respectively. The coefficients ijA and ig  are taken from the National Institute for Standards 

and Technology (NIST), atomic spectra database [19]. 
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With the detectors typically used in the LIBS measurements, an alternative formula in terms 
of the integrated line intensity (number of transitions per unit volume per unit time) is 
preferred by: 
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calculate the plasma temperature [9] 
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When selecting a line pair, it is advisable to choose two lines as close as possible in 
wavelength and as far apart as possible in excitation energy. This is to limit the effect of 

varying spectral response of the apparatus, as well as to minimize the sensitivity to small 
fluctuations in emission intensity. 
To calculate the concentration ratios of the main components in the samples from the 
intensity ratios, it is desirable to compute the intensity ratio of two different lines from 
elements A and B. Concentration ratios of the elements A and B can derive from following 
equation: 
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5.4. Theoretical modeling 
A well-tested ’hydrodynamic’ physical model described was used to simulate the keyhole 
profile as a function of time. The keyhole profile as a function of time was then used to 
calculate the vaporization rates of alloying elements. The data used for the keyhole 
formation during pulsed Nd:YAG laser welding of Al5754 [14] are presented in table 5. 
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Density(kg/m3) 2370 
Melting point (K) 933 
Boiling point (K) 2792 
Thermal conductivity of solid W/mK 237 
Effective viscosity(kg/m5) 1.1 
Ratio of specific heats of vapor   1.667 

Beam radius (µm) 200 
Heat of evaporation of (J/mol) 294000 

 
Table 5. Date used for the keyhole formation during pulsed Nd:YAG laser welding of 
Al5754. 
 
Close to the liquid phase, inside the keyhole on its walls, vaporization of material takes 
place within a sheath. The so-called Knudsen layer is governed by the transition from a non-
equilibrium state at the keyhole wall to an equilibrium state a few mean free paths distant 
from the liquid boundary. Vaporization of the alloying elements is due to the difference in 
partial vapor pressure and concentration gradient of each component. Pressure and 
concentration of alloying elements are higher near the weld pool surface in the Knudsen 
layer than in the bulk shielding gas and in the keyhole bulk [2-5,28] (In fact, the pressure of 
the vapor inside the keyhole is close to the ambient pressure [23]). 
Partial pressure of each alloying element in the Knudsen layer is related to equilibrium 
temperature of this layer and can be calculated using the equation (14).Where A, B, C, D, 
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and E are constant coefficients, which usually differs for the various elements, and T refers 
to the temperature. For the main elements of table 4 i.e. Al, and Mg, the corresponding 
coefficients are listed in table 6 [14]. 
 

 A B C D E 

Al 9.98 -1.38E+4 -.345 1.13E-11 -1.21E-15 

Mg -72.65 -4.201E+3 30.26 -1.55E-2 2.64E-6 

Table 6. Constant coefficients required for calculation of equilibrium vapor pressure of Al 
and Mg. 
 
Total vapor pressure at the weld pool surface (Knudsen layer) is obtained from summation 
of the equilibrium vapor pressure of various alloying elements (equation 15). 
It is suggested that Knudsen layer is filled only with metal vapor and no shielding gas 
attends inside. The calculated pressure of the Knudsen layer is subsequently used to obtain 
the loss of each alloying element due to concentration and pressure gradient vaporization 
rates. 

 
5.5.Comparison of theoretical and experimental results 
Several sets of aluminium alloy 5754 samples with 5cm×5cm area were cut and the welding 
process was done using laser pulses with 1500W peak power and 3-7ms durations. After 
welding, LIBS analysis was performed to study the constituents of the weld metal. 
Emission spectra were taken from weld metal in atmospheric air employing a standard LIBS 
arrangement shown in figure13, using a UV ArF laser (40mj, 10Hz, 20ns, 193nm) whose 
beam was focused through a quartz lens on the weld region of the solid sample. The 
collected light was launched into an optical fiber bundle coupled to the spectrometer, and 
recorded with an intensified charge coupled device (CCD) array. 
In LIBS, the pulsed laser is initially focused on the target surface. The energies involved are 
in the GWcm-2 range for the nanosecond duration, which are high enough to result in 
plasma formation through the subsequent process of vaporization, atomization and 
ionization in a single step. It leads to a high-temperature dense plasma that can be spectrally 
resolved and detected which contains the characteristic peaks with significant information 
on the nature and concentration of the elements. The integrated emission of the individual 
spectral lines, in principle, is associated with the number density of the corresponding 
emitting species in the plume. However, this, in turn, can be correlated with the element 
concentration in the sample, via the various calibration methods leading to the quantitative 
analysis. In general, it is desirable to increase the signal-to noise ratio (S/N) by scaling the 
strength of the signal for precision measurements of trace elements. The plasma 
characteristics are influenced by the laser-target interaction mechanisms including various 
laser properties such as wavelength, power density, laser pulse duration and energy. 
LIBS analysis can be done using IR or UV laser exposure. The selective evaporation is the 
main mechanism, which becomes much more pronounced during IR laser irradiation of the 
target. The effect could be suppressed to a notable extent by UV laser exposure mainly due 
to the fact that absorption coefficient for the UV wavelength is considerably higher than IR 

[29]. Here, the emission spectra from the weld metal were taken using a UV excimer laser. It 
was shown that there was a good linear relation between the intensity of emission atomic 
spectral lines and the contents of alloying elements in samples. In fact, selective evaporation 
is not a dominant mechanism in UV laser. Therefore the plume concentration is nearly 
similar to that in the target during UV photo ablation. While using IR laser irradiation, the 
evaporation of the volatile elements alters the plume concentration from what is found in 
the target base. Figure 14 illustrates the typical LIBS spectrum obtained from weld metal. 
The selected lines are Al emission line at 396.1nm and the Mg characteristic line at 285.2nm 
that are shown more clearly in figure 14(b) for welding condition with various pulse 
durations. In fact, a proper delay time is required to eliminate the continuum spectrum as 
the background noise that mostly arises from the ion recombination with free electrons. The 
strong emission characteristic lines due to dominant neutral Al and Mg trace were used to 

determine the relative density ( Al

Mg

n
n

) subsequently. 

Reliability was examined through mean and relative standard deviation (%RSD) of each set 
of experimental data taken from LIBS repeated measurements. 
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and E are constant coefficients, which usually differs for the various elements, and T refers 
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coefficients are listed in table 6 [14]. 
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It is suggested that Knudsen layer is filled only with metal vapor and no shielding gas 
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the loss of each alloying element due to concentration and pressure gradient vaporization 
rates. 

 
5.5.Comparison of theoretical and experimental results 
Several sets of aluminium alloy 5754 samples with 5cm×5cm area were cut and the welding 
process was done using laser pulses with 1500W peak power and 3-7ms durations. After 
welding, LIBS analysis was performed to study the constituents of the weld metal. 
Emission spectra were taken from weld metal in atmospheric air employing a standard LIBS 
arrangement shown in figure13, using a UV ArF laser (40mj, 10Hz, 20ns, 193nm) whose 
beam was focused through a quartz lens on the weld region of the solid sample. The 
collected light was launched into an optical fiber bundle coupled to the spectrometer, and 
recorded with an intensified charge coupled device (CCD) array. 
In LIBS, the pulsed laser is initially focused on the target surface. The energies involved are 
in the GWcm-2 range for the nanosecond duration, which are high enough to result in 
plasma formation through the subsequent process of vaporization, atomization and 
ionization in a single step. It leads to a high-temperature dense plasma that can be spectrally 
resolved and detected which contains the characteristic peaks with significant information 
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spectral lines, in principle, is associated with the number density of the corresponding 
emitting species in the plume. However, this, in turn, can be correlated with the element 
concentration in the sample, via the various calibration methods leading to the quantitative 
analysis. In general, it is desirable to increase the signal-to noise ratio (S/N) by scaling the 
strength of the signal for precision measurements of trace elements. The plasma 
characteristics are influenced by the laser-target interaction mechanisms including various 
laser properties such as wavelength, power density, laser pulse duration and energy. 
LIBS analysis can be done using IR or UV laser exposure. The selective evaporation is the 
main mechanism, which becomes much more pronounced during IR laser irradiation of the 
target. The effect could be suppressed to a notable extent by UV laser exposure mainly due 
to the fact that absorption coefficient for the UV wavelength is considerably higher than IR 

[29]. Here, the emission spectra from the weld metal were taken using a UV excimer laser. It 
was shown that there was a good linear relation between the intensity of emission atomic 
spectral lines and the contents of alloying elements in samples. In fact, selective evaporation 
is not a dominant mechanism in UV laser. Therefore the plume concentration is nearly 
similar to that in the target during UV photo ablation. While using IR laser irradiation, the 
evaporation of the volatile elements alters the plume concentration from what is found in 
the target base. Figure 14 illustrates the typical LIBS spectrum obtained from weld metal. 
The selected lines are Al emission line at 396.1nm and the Mg characteristic line at 285.2nm 
that are shown more clearly in figure 14(b) for welding condition with various pulse 
durations. In fact, a proper delay time is required to eliminate the continuum spectrum as 
the background noise that mostly arises from the ion recombination with free electrons. The 
strong emission characteristic lines due to dominant neutral Al and Mg trace were used to 
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of experimental data taken from LIBS repeated measurements. 
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Fig. 14. (a)A typical spectrum of weld metal Al5754  using a long pulse Nd:YAG with 7ms 
pulse duration  and 15Gw/m2 power density  (b) the emission characteristic lines of Al 
(396.1nm) and Mg (285.2 nm) for laser welding with different pulse duration (3and 5msec) 
 
Mean Intensities of Al and Mg emission lines for various conditions of the laser welding 
process (3-7msec pulse duration) are revealed in table 7. 
 

Pulse duration  of laser welding process 3msec 4msec 5msec 6msec 7msec 

mean Intensity (285.2 nm, MgI) 211 202 197 193 190 

%RSD (285.2 nm, MgI) 2 1.3 1.5 2.2 1.9 

mean Intensity ( 396.1 nm, AlI) 2563 2993 3021 3205 3421 

%RSD (396.1 nm, AlI)   1.9 1.8 2.1 2.2 1.9 

Table 7. Mean Intensities of Al and Mg emission lines in LIBS analysis for 3-7msec pulse 
durations of laser welding   
 
The generated plasma in the laser ablation process is assumed to be in local thermodynamic 
equilibrium (LTE). The LTE condition is given by [30]: 
 

 32/112106.1 ETNe    (36) 
 
Where Ne ascertains the electron density, T (K) denotes the plasma temperature, and 
ΔE(eV)is the largest energy transition for which the condition holds. Electron density is 
known as an important plasma parameter, which gives indications about the thermal 
equilibrium. A common method for spectroscopic determination of Ne is based on the Stark 
effect of the atomic or ionic lines whereas for typical LIBS, the contribution of ion 
broadening could be negligible. Therefore, the Stark broadening s of the neutral line 
expressed as the FWHM in nanometers is simplified as [13, 31]: 
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Where W is the electron impact parameter. 
Therefore, the line width s corresponding to the typical characteristic NII line was 
determined to estimate the electron density. The experiment satisfies equation (36) to 
emphasize the validity of LTE condition. Thus, Boltzmann equation is used to relate the 
population of an excited level to the number density of the species within the plasma. The 
typical electron density and temperature were determined to be~ 1018cm-3 and ~104K 
respectively. It is notable to mention that emission line of NII at 500.5nm is an intense line 
with the stark broadening of about 5nm that is one order of magnitude greater than the 
optical resolution of the spectrometer (0.5nm) and concludes to an acceptable accuracy in 
determination of Ne. 
Because the transitions are element specific and quantized or of a specific wavelength, a 
given species has the highest probability of reabsorbing a photon emitted by a member of 
the same species. Because of the high density of atoms in the micro plasma and its 
characteristically high temperature and electron density gradients, cool atoms, residing 
mostly in the ground state, will populate the outer layer of the plasma. The central core of 
the plasma will contain a higher density of excited atoms. As these atoms decay to the 
ground state, the emitted photons corresponding to resonance transitions will have a high 
probability of being absorbed by the cooler atoms in the outer layers, thereby reducing the 
observed intensity of the emission line. As the concentration of the atoms in the target 
sample increases, the number of cooler atoms in the outer layer increases and self-
absorption becomes evident [8]. Consequently in quantitative laser induced breakdown 
spectroscopy it is essential to account for the effect of self-absorption on the emission lines 
intensity. 
The self-absorption coefficient (SA) is defined as the ratio of the measured height peak to the 
value of the line peak in absence of self-absorption. It is clear that, in the presence of Self 
absorption, the intensity of the line at its maximum (i.e. for 0   ) is lower than in 
optically thin condition, according to the following relation [32]: 
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0 0( )I   represents the line profile assuming negligible self-absorption. In turn, the 
knowledge of the coefficient (SA) allows correcting the peak line intensity. (SA) is equal to 
one if the line is optically thin, while it decreases to zero as the line becomes optically thick. 
Self-absorption coefficient is easily derived, using equation (39). 
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Where   is line width that is directly obtained from the spectrum analysis and W 
parameter of the regarded line is obtained from relevant literatures [32, 33]. 
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Fig. 14. (a)A typical spectrum of weld metal Al5754  using a long pulse Nd:YAG with 7ms 
pulse duration  and 15Gw/m2 power density  (b) the emission characteristic lines of Al 
(396.1nm) and Mg (285.2 nm) for laser welding with different pulse duration (3and 5msec) 
 
Mean Intensities of Al and Mg emission lines for various conditions of the laser welding 
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Where W is the electron impact parameter. 
Therefore, the line width s corresponding to the typical characteristic NII line was 
determined to estimate the electron density. The experiment satisfies equation (36) to 
emphasize the validity of LTE condition. Thus, Boltzmann equation is used to relate the 
population of an excited level to the number density of the species within the plasma. The 
typical electron density and temperature were determined to be~ 1018cm-3 and ~104K 
respectively. It is notable to mention that emission line of NII at 500.5nm is an intense line 
with the stark broadening of about 5nm that is one order of magnitude greater than the 
optical resolution of the spectrometer (0.5nm) and concludes to an acceptable accuracy in 
determination of Ne. 
Because the transitions are element specific and quantized or of a specific wavelength, a 
given species has the highest probability of reabsorbing a photon emitted by a member of 
the same species. Because of the high density of atoms in the micro plasma and its 
characteristically high temperature and electron density gradients, cool atoms, residing 
mostly in the ground state, will populate the outer layer of the plasma. The central core of 
the plasma will contain a higher density of excited atoms. As these atoms decay to the 
ground state, the emitted photons corresponding to resonance transitions will have a high 
probability of being absorbed by the cooler atoms in the outer layers, thereby reducing the 
observed intensity of the emission line. As the concentration of the atoms in the target 
sample increases, the number of cooler atoms in the outer layer increases and self-
absorption becomes evident [8]. Consequently in quantitative laser induced breakdown 
spectroscopy it is essential to account for the effect of self-absorption on the emission lines 
intensity. 
The self-absorption coefficient (SA) is defined as the ratio of the measured height peak to the 
value of the line peak in absence of self-absorption. It is clear that, in the presence of Self 
absorption, the intensity of the line at its maximum (i.e. for 0   ) is lower than in 
optically thin condition, according to the following relation [32]: 
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0 0( )I   represents the line profile assuming negligible self-absorption. In turn, the 
knowledge of the coefficient (SA) allows correcting the peak line intensity. (SA) is equal to 
one if the line is optically thin, while it decreases to zero as the line becomes optically thick. 
Self-absorption coefficient is easily derived, using equation (39). 
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Where   is line width that is directly obtained from the spectrum analysis and W 
parameter of the regarded line is obtained from relevant literatures [32, 33]. 
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Self-absorption coefficients SA were evaluated for emission characteristic line of neutral Al 
at (396.1nm) and neutral Mg at (285.2nm) in order to correct relative density of Al to Mg. 
Figure 15 depicts the ratio of relative concentration of alloying elements in the weld metal as 
a function of the welding laser pulse duration. It is seen that the ratio of aluminium to 
magnesium concentrations linearly increases in terms of pulse duration. In other words, 
magnesium concentration in the weld metal decreases, whereas the aluminium 
concentration increases simultaneously. It indicates that Mg loss significantly increases with 
longer pulses. 

 
Fig. 15. Ratio of aluminium to magnesium concentrations as a function of pulse duration in 
Nd:YAG laser welding. 
 
The geometry of the keyhole, i.e. surface to volume of the weld pool, is required to estimate 
the vaporization rate that was investigated in our previous work exhaustively. Therefore, 
surface and volume of the keyhole are essentially taken into account as a couple of 
significant parameters for the element loss measurement. The keyhole area acts as sink and 
its volume functions as a source of alloying elements within the fusion zone. The reduction 
of the keyhole surface causes to decrease of the element evaporation leading to smaller loss 
of element such that, a slight change in the composition occurs. In fact, the pulse duration 
strongly affects on the ratio of area to volume of the keyhole as displayed in figure 16. 
Computational results indicate that ratio of area to volume increases with pulse duration of 
a single shot accompanied by an increase of the vaporization rate. The element loss becomes 
more significant during long pulsed welding accordingly. 
The keyhole surface temperature was assumed to be kept at the boiling temperature of the 
base metal due to two-phase characterization of the keyhole surface during high power laser 
irradiation. The model shows that the vaporization flux due to the pressure gradient is 
larger than the vaporization flux due to the concentration gradient in the keyhole. 
The influence of the laser power density on the ratio of keyhole area to volume as well as the 
ratio of aluminum to magnesium concentrations in the weld pool are shown in figure17(a, b). 
Figure 17(a) illustrates that the ratio of keyhole area to volume is kept nearly invariant for a 
wide range of power densities to indicate that is not very sensitive to variation of laser 
power. In addition, figure 17(b) displays that, the ratio of the relative concentrations of 

magnesium and aluminum within the weld metal are independent of the laser power 
density. This fact was inferred from the model and confirmed by the experimental data 
obtained from LIBS analysis. 
 

 
Fig.16. Ratio of keyhole area to volume of the weld pool at the end of a single pulse for 
various pulse durations at 15GW/m2 power density 
 

 
Fig. 17. (a) The ratio of keyhole area to volume, and (b) ratio of aluminium to magnesium 
concentrations versus laser power density. 

 
6. Conclusion 

Here, we have shown that the alloying elements are controlled in the weld metal by 
changing the laser parameters in the keyhole welding of SS316 and Al5754 using a long 
pulsed Nd:YAG laser. Sَeveral experiments were performed and a theoretical model was 
developed for the determination of significant alloying element losses such as Mn, Cr, Ni, 
and Fe in SS316 and Al and Mg in Al5754. Despite laser welding is a complicated process, 
here, the effect of laser parameters (mainly for various pulse duration at constant power 
density, as well as the different power densities at the invariant pulse duration.) were 
investigated on the composition alteration of the weld metal. 
Based on the analysis and modeling, we have shown that in SS316 welding the Mn, Cr 
concentrations reduce within the weld metal however, those of Fe, Ni increase 
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investigated on the composition alteration of the weld metal. 
Based on the analysis and modeling, we have shown that in SS316 welding the Mn, Cr 
concentrations reduce within the weld metal however, those of Fe, Ni increase 
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simultaneously, mainly due to the higher equilibrium pressure of Mn and Cr respect to Fe 
and Ni according to figure 4 [34]. 
In fact, a couple of competitive mechanisms are involved including keyhole shape (surface 
to volume ratio) and the diffusion time of the migrated elements. The concentrations of 
alloying elements are nonlinear in terms of the laser pulse duration due to the nonlinearity 
of surface to volume ratio versus the pulse duration. It was found that the keyhole shape is 
significant for shorter pulse duration; however, the diffusion time becomes dominant at 
longer pulses according to figures 8 and 16. 
Moreover, when power density varies from 10 GW/m2 to 20 GW/m2 while the laser pulse 
duration is kept unchanged, then the element loss increases linearly mainly due to the linear 
correlation of surface to volume ratio with peak power density. 
Elemental change of Al5754 alloy after laser welding was extensively investigated using 
LIBS technique for element tracing in the weld metal [35]. ArF laser was employed to create 
micro plasma over the weld region. The LIBS analysis includes the significant finding as 
below: 
i) Mg loss linearly increases with increasing the pulse duration of the laser welding. 
ii) The variation of Mg trace is negligible while varying the laser power density. 
Moreover, the ratio of keyhole area to volume strongly depends on the pulse duration 
which is in good agreement to the above conclusion (i). 
Finally the keyhole geometry obtained from model remains invariant with the laser power 
density of pulsed Nd:YAG laser source which is in accordance with the above conclusion 
(ii). Eventually in order to increase the welding depth, it is suggested to increase the laser 
power densities rather than using longer pulse durations to assure of minimum Mg loss. 

 
Appendix 
The mass diffusivity of an element a in the shielding gas b at temperature T is given by [2] 
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Where   refers to the intermolecular force parameter.  
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simultaneously, mainly due to the higher equilibrium pressure of Mn and Cr respect to Fe 
and Ni according to figure 4 [34]. 
In fact, a couple of competitive mechanisms are involved including keyhole shape (surface 
to volume ratio) and the diffusion time of the migrated elements. The concentrations of 
alloying elements are nonlinear in terms of the laser pulse duration due to the nonlinearity 
of surface to volume ratio versus the pulse duration. It was found that the keyhole shape is 
significant for shorter pulse duration; however, the diffusion time becomes dominant at 
longer pulses according to figures 8 and 16. 
Moreover, when power density varies from 10 GW/m2 to 20 GW/m2 while the laser pulse 
duration is kept unchanged, then the element loss increases linearly mainly due to the linear 
correlation of surface to volume ratio with peak power density. 
Elemental change of Al5754 alloy after laser welding was extensively investigated using 
LIBS technique for element tracing in the weld metal [35]. ArF laser was employed to create 
micro plasma over the weld region. The LIBS analysis includes the significant finding as 
below: 
i) Mg loss linearly increases with increasing the pulse duration of the laser welding. 
ii) The variation of Mg trace is negligible while varying the laser power density. 
Moreover, the ratio of keyhole area to volume strongly depends on the pulse duration 
which is in good agreement to the above conclusion (i). 
Finally the keyhole geometry obtained from model remains invariant with the laser power 
density of pulsed Nd:YAG laser source which is in accordance with the above conclusion 
(ii). Eventually in order to increase the welding depth, it is suggested to increase the laser 
power densities rather than using longer pulse durations to assure of minimum Mg loss. 
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1. Background     

As shown in Figure 1, Laser Welding is a non-contact fusion process with various lasers 
applying to materials. Laser welding accomplishes the welding work through laser beam. 
With laser beam, energy is concentrated and used directly on the small welding area. 
Consequently, the welding zone is very narrow and hardly distorted due to little heat 
influence. Compared to traditional processes, Laser Welding is of potential. Its non-contact, 
localized, and narrow heat zone can create high quality result. Common re-working and 
after-work procedure are no more required, which saves cost and labour. Till now, Laser 
welding as been widely applied in various fields including automotive, microelectronics, 
aerospace, etc. 

 
Fig. 1. Simple laser welding process 
 
Common types of lasers applied to welding include CO2 gas laser, Solid state laser (YAG 
type), and Diode laser welding. CO2 laser uses a mixture of high purity carbon dioxide with 
helium and nitrogen as the medium, infrared of 10.6 micro-meters. Argon or helium is 
additionally used to prevent oxidation. YAG laser takes advantage of a solid bar of yttrium 
aluminium garnet doped with neodymium as the medium, whose infrared is only 1.06 
micro-meters. Diode laser is mostly based on the conversion between high electrical to 
optical powers (Migliore 1998,  Sun 1999, Sun 2002, Pedrotti 1993, Williams 1997). 
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Despite the quality performance in Laser Welding, the going concerns centres on any 
possible compromise of human and environmental health and safety. Indeed, these 
considerations have been challenging engineers to develop advanced automatic 
manufacturing process without any need of human involvements. However, successful 
development of automation system is beyond challenging because first of all, no exact 
model has been developed to describe the process and even it does, the model is much more 
complicate for control design; second of all, intelligent welding system requires appropriate 
and real time measurement working with specific developed control algorithm so that the 
process is robust and adaptive.  
The major focus of this chapter will be on the real time sensing and control methods to the 
laser welding such that a practical automation system can be developed and implemented 
for heavy manufacturing and industry. 

 
2. Overview of Laser Welding 

Laser welding is an advanced fusion joining process that applies the energy converted from 
a laser beam to melt and joint metal pieces together. Laser beams can be either continuous or 
pulsed. Continuous laser systems are mostly used for very deep welding, whereas pulse 
lasers are used to weld very thin materials together. Depending on how the laser light is 
generated, Laser can be categorized into solid state lasers and gas lasers. Solid state lasers 
use solid media, such as synthetic ruby and crystal, to form the laser beam, such as Nd:YAG 
laser and Diode laser. Gas lasers use gaseous media, such as helium, nitrogen and carbon 
dioxide to form the laser beam, such as CO2 laser. Solid state lasers operate on much shorter 
wavelength than gas lasers, but they have much lower power outputs.  
As shown in Figure 2, the advantage of laser welding is remarkable, e.g. low distortion, high 
speed and small heat affected zone. This is mostly because laser welding is applying a beam 
of light that is monochromatic, collimated and of sufficient power density. With adjustment 
power density, very high values of irradiance and much localized heating can be easily 
achieved. Because the light is collimated and monochromatic, the heat-affected zone can be 
very small without need of post processing, especially in the case of spot welding with 
extremely small weld diameter. System set up and configuration is also relatively easier and 
there is no contact of any material with the work piece. The disadvantage of laser welding is 
its cost and possibly limited capability. The initial capital cost of laser machine is usually 
very high. Depending on the laser system capacity, the depth of penetration in laser welding 
is also limited. Careful process monitoring and control is also required to avoid material 
vaporization due to high temperature around the weld.  
 

 
Fig. 2. Standard diode laser (1KW) welding results (9.5mm/s), 1.5mm thickness steel 

 

By far Laser welding has been benefiting as many industries as possible from its advantages. 
Its applications vary with power-generation capability. Low-power applications are mostly 
seen in the instrumentation and electronics industries, while higher-power applications exist 
in the automotive, shipbuilding and aerospace industries. One potential disadvantage 
limiting its application is the cost, the more power of the laser provides, the higher cost it 
requires. For each application, the trade-off always involves with the capital cost of laser 
systems and the future economic returns.  

 
Fig. 3a. Conductivity based Laser Welding; 3b: Penetration based Laser Welding 
 
Figure 3 presents standard system configuration for laser welding. As introduced earlier, 
fundamentally laser welding is through heat distribution process. Accordingly any factors 
that affect the laser power, welding speed and material complexity can impact the whole 
melting and jointing process. As shown in Figure 3a, heat distribution has the most 
significant impacts on the welding performance. For a laser with low power density, mostly 
heat converted from optical energy is completed through a conductive distribution. When 
laser power density is as big as KW level, heating the spot after laser focus transferred to the 
surface can boil and even vaporize the metal; accordingly a hole can be formed and filled 
with ionized metallic gas. The hole is also frequently referred as key-hole. The advantage of 
the cylindrical keyhole is that with key-hole formation, more effective heat energy will be 
absorbed and significantly boost welding process, especially by penetration, as shown in 
Fig. 3b. As a result, not only is the welding speed going to be much faster, but also the weld 
seam depth to width ratio much bigger. In addition, the heat-affected-zone can be relatively 
smaller, which is the most critical factor to welding quality. 

 
3. Importance of Welding Automation 

As introduced above, although laser welding highly advantageous, its process is potentially 
hazardous. For example, because of the heat and melting, particular fume, toxic noises and 
irradiation will be generated and exhausted to the working environment. Although with 
special care and human maintenance, these hazards can be reduced significantly, the risk of 
human error to some extent exposes operators and those around them to latent risks. 
Accordingly, it is always necessary to develop automatic control laser welding processes 
with limited or even without any need of human interference. Automation as a result offers 
a means of removing the operator from the process, reducing application-related hazards, 
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and more importantly improving the control of the welding environment. This is 
particularly beneficial for those heavy-duty manufacturing systems. 

 
Fig. 4. standard automatic control laser welding process 
 
Figure 4 represents a standard automatic laser welding process. Certainly any successful 
automation requires suitable sensor system for process signal acquisition and processing 
and practical control development for self adjustment. This way, control development and 
sensing system can constitute complete close-loop automation and intelligently make 
possible corrections online based on the current system state. For example, increase laser 
power when it is low; decrease travelling speed when it is high. The problem is that to 
perform online adjustment in general requires sufficient knowing knowledge about how the 
welding conditions such as laser power and speed impact the welding performance, i.e. 
weld pool geometry. In other words, the difficulty is how to implement a suitable relation to 
evaluate the process. Apparently successful control of the power and the speed during the 
welding process is the most significant step for the automation implementation. Since laser 
welding takes advantage of the heat energy to melt and joint the weld pieces, critical 
parameters that impact the energy should be taken care of at first. Power and travel speed 
are always considered the influential factors before designing laser welding automation. An 
easiest way is, taking the power and travel speed as input, the welding quality parameter as 
output, laser welding process could be achieved as a tracking control.  

 
4. Real time sensing: a prerequisite for automation 

As shown in Fig. 4, sensor system acquires and processes signals regarding the welding 
process such that any successful decision can be made, without which automation can not 
be complete. Sensing system development proves necessary to reduce any impacts on 
human health, detect any weld detect in real time and reduce overall operational cost, 
although it can be challenging because laser welding is dynamic, complex and uncertain. 
When the focused laser beam is applied to a material piece, spot of surface will be melted 
and around the fusion zone, energy is emitted in various forms. Each signal might carry 
information describing the characteristics of laser welding process. Figure 5 shows a 
selection of detectable emissions, such as optical, acoustic, infrared, vibration, and so on. 
Because of the significance of penetration, most of the sensing system is aimed at detecting 
either in-complete or over-penetration. In addition, the geometrical parameters of the 
keyhole and melt pool to some extent represent the welding quality. Accordingly analysis 
based on these measurable signals can help understand characteristics of the welding 

 

process. So far, various studies have been done to monitor the laser welding process. Some 
focused on the emission signals such as acoustic, infrared, ultraviolet, plasma, and so on 
(Shao 2005, Ostendorf 2003, Ono 1992, Li 2002, Farson 1999, Steen 1986, Gu 1996). Others 
aimed to the weld pool images acquired with CCD cameras (Beersiek 2001, Zhang 1996, Na 
2009, Beersiek 1999). 

 
Fig. 5. Signal emissions and sensors in laser welding 

 
5. Acoustic Signal sensing system 

A lot of studies have been made on acoustic sensing for laser welding process (Sun 2002, 
Shao 2005, Ostendorf 2003, Ono 1992, Li 2002, Farson 1999, Steen 1986, Gu 1996). Others 
aimed to the weld pool images acquired with CCD cameras (Beersiek 2001, Zhang 1996, Na 
2009, Beersiek 1999). Though it is promising, its application might be compromised by the 
complexity and noises in the laser welding. As shown in Fig. 6, in general the sensor is used 
to convert the measured sounds (e.g. weld pool surface) into electrical variable. The signal 
frequency can be up to 1MHz, from the human audible to ultrasonic range. 
Because a normal audible signal falls into the range of 20Hz to 20 kHz, to monitor acoustic 
signal variation, a regular microphone can be used in applications. As presented in (Shao 
2005, Farson 1999) it is quite possible to take advantage of micro-phone acquired acoustic 
signal to correlate the acoustic signal and welding performance. For example, spectrum 
analysis could indicate welding progress by analyzing any spike like fluctuations. A model 
was built describing the spectrum characteristics of the weld pool under various conditions. 
It has been demonstrated that there is a possible relation between key-hole oscillation and 
the frequency (Kroos 1993)  
Ultrasonic signals were specifically investigated in search of a pattern or relationship 
describing the emission and the welding performance, e.g. weld pool geometry. A 
piezoelectric sensor is installed on the back of laser beam to capture any acoustic mirror 
signal generated by the back-reflected laser signal (Li 2002). Doing so was considering the 
dynamic vibration of the weld pool surface cause fluctuation of the reflected laser beam 
during welding process. It has been demonstrated that the signal strength varies with the 
distance from the weld pool. Moreover, in the case of deep penetration, i.e. generating a 
key-hole, a signal spike was noticed whenever key-hole was about to complete. Similar 
results were also shown in (Steen 1986) . In a study presented in (Gu 1996), FFT (Fast Fourier 
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Transform) was applied to obtain the frequency response between 20 kHz and 0.5 MHz to 
investigate resonant relationship during last welding. It has been proved that with 
manipulating frequency components, it was possible to isolate welding process from over-
penetration or partial penetration. Similar studies are also described in (Miller 2002, Klein 
2002)  
 

 
Fig. 6. Acoustic sensing system set up 
 
With aid of acoustic emission signal analysis, reliable and applicable measurement and 
control of laser welding becomes possible. The disadvantage of these methods is its limit 
while differentiate from partial penetration and full penetration. The sensing system is also 
very easily influenced by instable noise. 

 
6. Optical Signal sensing system 

As shown in Figure 7, Optical sensor is mostly based on the detection of plasma plume 
emission and the thermal radiation of the weld pool. Fundamentally this is considering the 
associative relation between the degree of penetration and the emission intensity 
measurement. Various studies have been done on optical signal sensor design (Ostendorf 
2004, Tonshoff 1998, Park 1999, Park 2002, Sforza 2002). In (Tonshoff 1998), a silicon 
photodiode assisted with a preamplifier is developed to detect dynamic plasma intensity 
fluctuation during laser welding. Similar study is also done in (Park 2002) based on Ultra-
violet photodiodes and Infrared photodiode to measure the emission from the plasma and 
metal vapor in the CO2 laser welding searching for a relationship describing the heat 
distribution and the emissions. A pattern to correlate the laser energy under conditions such 
as optimal heat input, slightly low heat input and low heat input with welding quality such 
as complete and partial joining is also developed. Similar experiments were implemented in 
(Park 1999, Park 2002) to develop a relationship between the plasma and spatter and bead 
shape according to the welding variables, based on a multiple regression analysis and 
neural network to estimate the penetration depth and width of the weld bead. In (Sforza 

 

2002, Zhang 2004), IR and UV signals were captured and analyzed to detect the IR and UV 
waveband of the optical emissions induced in the underwater laser welding and searched 
for a relationship between the optical signals and the weld quality with various shielding 
conditions.  

 
Fig. 7. Optical Signal Sensors 
 
Similar to those acoustic sensing system, optical sensor is easier to implement and of low 
cost. However, its accuracy is compromised by the system noises. 

 
7. Vision based Keyhole Sensing with CCD/CMOS Camera 

During the process of laser welding, high energy of laser beam is focused onto a single 
location and a keyhole is created. As shown in Figure 8, to ensure successful welding and 
avoid effects like burnt-through, keyhole depth should be controlled not too much beyond 
the height of the material. The advantage of Keyhole sensing is the possible small heated 
zone, which results in better after-work quality.  

 
Fig. 8. Vision Sensor 
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Fig. 9. Weld pool (1a) Laser Welding (1b) 
 
As shown in Figure 9, the full knowledge of the weld pool geometry includes the length, the 
width, and the depth. Weld pool images were acquired with CCD/CMOS cameras and 
studied to investigate the relations among various parameters along with laser welding 
process. Various Researches has been done related to welding pool measurement based on 
the vision sensing tool such as monochrome camera and optic sensors. Through the sensors, 
welding related information is achieved online or offline so that control loop can adjust the 
welding process parameters. Considering the role of penetration to welding process, many 
study started with penetration measurement and control. Successful 2D or 3D measurement 
can provide sufficient geometric weld pool information and consequently the control 
performance (Farson 1999, Lankalpall 1996, Becker 1995). In 0, a camera system was 
developed to measure the surface geometric size of the weld pool. In (Na 2009, Zhang 
1996,Beersiek 2000), a system for process monitoring of laser beam welding based on a 
CMOS-camera was presented. The system observed the welding process online and coaxial 
to the laser beam. It was used to investigate the geometrical parameters of the keyhole.  

 
8. Other sensing techniques 

Besides acoustic and optical signals, temperature distribution can also be examined. In (Jeon 
1998), the surface temperature variation in the laser brazing of a pin-to-hole joint is studied 
using an infrared radiation sensor. In (Bertrand 2000), surface temperature in Nd:YAG 
continuous laser welding is monitored to identify the variation of brightness temperature 
whenever certain welding defects occur. In (Lim 1998) an infrared sensor is used to study 
laser spot welding. In (Li 1996) a special plasma charge sensor (PCS) based on plasma 
density and ionization variation is implemented to measure weld penetration and detect 
weld defects. Some other researches are also involved with direct mode estimation (Morgan 
1990, Sun 1993) to assist better control development. 

 
9. Vision sensor based system identification and control 

Figure 10 presents a standard diode laser welding system, developed in the Welding 
Research Lab at the University of Kentucky. The laser is current-driven and the output 
energy is theoretically proportional to its input current. According to the manufacturing 
configuration, the wavelength of the laser light is 850nm and the power can reach to 1 
Wk at most, which corresponds to the current at the level of 58mA. The workstation 

 

holding the work-piece is driven by a servo motor. Both the driving current of the laser and 
the welding speed are controlled by a digital computer. In addition, there are two other 
parameters, namely the laser focus distance and incident angle. For simplification purposes, 
the authors adjusted the laser focus distance and incident angle at 89mm and 42 degree 
respectively according to manufacturing settings. As shown in Figure 11, the vision sensor 
measures the top surface width for model identification and control design. A close seam 
tracking is finally possible. 
 

 
Fig. 10. Standard vision sensor based automatic diode laser welding system 
 

      
Fig. 11. raw picture of Weld pool (a) Simple view of Edge Detection (b) 

 
10. Nonlinear Hammerstein identification (Na 2009) 

As introduced above, Laser welding is a complicated thermodynamic and physicochemical 
process, which involves material melting, evaporating, plasma forming, keyhole occurrence 
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10. Nonlinear Hammerstein identification (Na 2009) 
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and so on. The weld shape is determined by many parameters in the thermodynamic and 
physicochemical process, such as the relative speed between the laser and the work-piece. 
Thus, the laser welding should be treated as a nonlinear process. Traditionally, a linear 
model is often used to approximate a nonlinear system. However, the linear model can only 
describe the local dynamics in the vicinity of the set point and the control system designed 
by using the linear approximated model has small operation region. To 
understand/describe the global behavior of the laser welding process and to obtain a large 
operation region for the control system, a nonlinear model is preferred. However, the 
process is so complicated that it is hardly possible to build the model solely through 
physicochemical analysis. Therefore, nonlinear identification, which is based on input-
output data, is needed. 
 

 
Fig. 12. Continuous Hammerstein structure 
 
Figure 12 is the continuous Hammerstein structure used for identifying a practical model to 
the laser welding process. The structure consists of nonlinearity in series with a linear 
dynamics, where u and y are the input and the output respectively. The linear dynamics 
can in general be represented by a linear transfer function: 
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where  niai ,1,0,  and   mibi ,1,0,   are parameters of the linear dynamics; and 

the nonlinearity   tuf  can be considered as a nonlinear function of the system input and 
the input of the linear dynamics. Further, as will be seen later, the linear dynamics of the 
diode laser process can be sufficiently approximated without zeros, in other words, a class 
of nonlinear dynamic systems whose linear dynamics is of minimum phase. 
Then in the Laplace domain: 
 
        tufLsGsy  , (2) 

where L is the operator of Laplace transform. 
Without loss of generality, denote 
 1na   (3) 

          tufLsBLtuK 1 , (4) 

where 1L is the operator of inverse Laplace transform. 
Then with substitution, (2) can be rewritten as: 
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Rewrite (5) into matrix form: 
 
     tty T   (6) 
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Accordingly this Nonlinear Hammerstein identification becomes to estimate unknown 
parameters in (8). Among these parameters only   tuK will vary with the inputs. 

Suppose   tuf is a polynomial: 
 
       tuCtuCCtuf p

p 10 ; (9) 

 
And further consider step input   Utu  in Fig. 7. Therefore,   tuf  is also a step signal 

whose Laplace transform can be obtained by       sUftufL  ; therefore, the linear 
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and so on. The weld shape is determined by many parameters in the thermodynamic and 
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Thus, the laser welding should be treated as a nonlinear process. Traditionally, a linear 
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physicochemical analysis. Therefore, nonlinear identification, which is based on input-
output data, is needed. 
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Step 2: Determine the nonlinear function  f u and mb from the steady-state 

responses  jY U under step inputs,   , 1, ,jU j M  . 

In this case, the nonlinearity function can be identified by: 
 
     j

T
j UUK  , (16) 

where     pjjjj
T UUUU 21  (17) 

and   pmmmm
T CbCbCbCb 210 . (18) 

 
Then the parameters in  m jb f U  can be estimated by such as linear least square algorithm:  
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11. Nonlinear Constructive Control Design (Liu 2002, Liu, 2003, Liu 2004) 

We consider the system that can be represented by: 
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where  Tnxxxx 21  

During the identification,  ug is approximated by a polynomial. In fact, it can be other 

complex formats. However, we assume that  ug is continuous and bounded 
We further assume all the states of the system are available for feedback and define: 
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With simple substitution, we can have:  
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Define bKAAm  , where K is chosen so that the matrix bKAAm   is Hurwitz. 
Then, 
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Further, we define a dynamic signal described by: 
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From [40], signal r  has the property of : 
 
    tDtrV    (26) 
 
Then the robust adaptive controller can be designed by: 
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 1 is the inverse of function of    andP  is the solution of  
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 1 is the inverse of function of    andP  is the solution of  
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Define the Lyapunov candidate as: 
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where,  
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Accordingly, 
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As a result, the Lyapunov function V will decrease monotonically, which means that  ,e   
are bounded. The system is accordingly bounded asymptotically stable 

 
12. Related to the Diode Laser Processing System Without u  

As shown in the identification, our laser welding system can be represented by: 
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Define the state function as: 
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Then the system can be represented by: 
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For simplicity, we let the nonlinear function be: 
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Accordingly, the amplitude limit function can be written as: 
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Equation 36 gives the boundary of the nonlinearity function. 
Let the tracking signal  sinry t , the standard sinusoidal signal with amplitude 1 
Then the error signal can be written by: 
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Then equation 9.3 can be rewritten by: 
 
       35,   vtyzyefbAete rr    (41) 
 
With simpler substitution, the error matrix is: 



Laser welding: techniques of real time sensing and control development 235

 

 
0


T

T
mm

QQ
QAPA   (28) 

 
Define the Lyapunov candidate as: 
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As a result, the Lyapunov function V will decrease monotonically, which means that  ,e   
are bounded. The system is accordingly bounded asymptotically stable 

 
12. Related to the Diode Laser Processing System Without u  

As shown in the identification, our laser welding system can be represented by: 
 

 
       

   tutu
tututyyty

4
7

3
6

2
54321







 
 (31) 

 
Define the state function as: 
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Then the system can be represented by: 
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For simplicity, we let the nonlinear function be: 
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Accordingly, the amplitude limit function can be written as: 
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Equation 36 gives the boundary of the nonlinearity function. 
Let the tracking signal  sinry t , the standard sinusoidal signal with amplitude 1 
Then the error signal can be written by: 
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Then equation 9.3 can be rewritten by: 
 
       35,   vtyzyefbAete rr    (41) 
 
With simpler substitution, the error matrix is: 
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To design the controller, we reformat the equation as: 
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The constant matrix  21 kkK   is chosen so that the roots of the characteristic equation 
have negative real parts.  
We then can design the robust adaptive controller  
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For the design constants we assume they are known and satisfy the condition of  
 
 0,0  T   (51) 
 
Because in our experiments, only the position signal is detected, we further implement high 
gain observer for the purpose of output feedback.  
 
 

 

Let the error signal be: 
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where 0  is a small constant, 2,1,0  ii  are chosen so that CKAAn   is a 
Hurwitz matrix, and 
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The positive constants matrix  21  K  is chosen so that the characteristic equation  
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To eliminate peaking in the implementation of the observer, we define  
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In order to prevent the peaking from entering the control system, we saturate the control 
signal and adaptive controller outside of their domains of interests. In our experiments,  
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With these constants, which are larger than or equal to the upper bound of those signals 
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The constant matrix  21 kkK   is chosen so that the roots of the characteristic equation 
have negative real parts.  
We then can design the robust adaptive controller  
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In order to prevent the peaking from entering the control system, we saturate the control 
signal and adaptive controller outside of their domains of interests. In our experiments,  
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  sat : saturation function   (61) 

Thus the robust adaptive output controller can be obtained by replacing  ,,, ryrev  and 

 rm yre ,,  with  ,,, r
S yrev  and   ,,, r

S
m yre  

Simulation results: 
We choose the constants: 
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The simulation track two different input signal respectively: Both simulations are tested 
with adding 0.5sin(t) as disturbance. 

        
Fig. 13. Tracking sinusoidal and step signals 
 

      
Fig. 14 Tracking step signal: Output feedback 
 
Apparently the state feedback tracks better with either Sinusoidal or Step signal although he 
observer design somewhat caused a fluctuation with very small amplitude. This might 
require further tuning on the constants  
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The simulation track two different input signal respectively: Both simulations are tested 
with adding 0.5sin(t) as disturbance. 

        
Fig. 13. Tracking sinusoidal and step signals 
 

      
Fig. 14 Tracking step signal: Output feedback 
 
Apparently the state feedback tracks better with either Sinusoidal or Step signal although he 
observer design somewhat caused a fluctuation with very small amplitude. This might 
require further tuning on the constants  
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