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Beam irradiance profiles in laser welding usually have a top-hat-like or Gaussian-like distribu-
tion. For certain applications, particularly in case of single pulse conduction mode welding, tailored 
non-standard beam intensity profiles can provide benefits by optimising joint properties or shorten-
ing manufacturing time. A Diffractive Optical Element, DOE, can tailor the power density distribu-
tion. However, predicting a suitable beam profile for a specific application is complex and a techno-
logical barrier for a wider use of this type of optics. The complexity is shown by numerical model-
ling of a C-shaped beam but for many companies a numerical model is too cumbersome and costly 
to use. A semi-analytical model for conduction-mode spot welding is proposed here in order to 
swiftly calculate temperature from a specified beam. The model is later intended to be part of a de-
sign tool for tailored beam irradiance profiles. The semi-analytical model is validated against nu-
merical models and experiments. Several cases with different beam irradiance profiles are investi-
gated to demonstrate the capabilities of the model.    
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1. Introduction 
Despite the growth of laser welding applications in in-

dustry, there are still potential markets where laser welding 
could be advantageous compared to more traditional join-
ing processes because of its high speed and good controlla-
bility. Beam profiles in laser welding usually have a top-
hat-like or Gaussian-like distribution which may not be 
suitable for all potential applications. By customizing beam 
shape, the optimum beam irradiance profile for a certain 
application could be used to improve manufacturing time 
or performance and new applications, where laser welding 
earlier was unable to produce satisfactory results, could 
then be feasible. 

There are several ways to produce a tailored beam irra-
diance profile. In this paper the heat transfer from a beam 
produced by a Diffractive Optical Element (DOE) is in-
tended but the results should be valid for other beam shap-
ing methods. The first DOE was commercialized over 25 
years ago but still they are not commonly used in laser 
manufacturing processes even though the usefulness has 
been proven for a range of different applications [1-4]. The 
main reason for the relatively low use of DOEs is not con-
nected with the manufacturing or design of the DOEs 
which can be manufactured to produce almost any beam 
shape and irradiance profile, the cost of a DOE is neither a 
problem. Predicting a suitable beam irradiance profile to 
produce a desired weld joint is instead the main technolog-
ical barrier. The final design of DOEs is usually acquired 

by a trial-and-error approach which rapidly can become 
expensive and time consuming. 

  This paper presents approaches for optimizing the la-
ser beam profile for an industry-related conduction-mode 
welding case where a C-shaped joint is desired. Beside a 
C-shaped laser beam as the first choice, also other beam 
and joint shapes are studied. The complexity has earlier 
been discussed [5]. The studied application consists of two 
steel discs which should be joined in overlap configuration. 
The steel discs have a diameter of 7 mm and are each 0.3 
mm thick. The optimizing approaches were derived 
through numerical modelling of the application.  

Several sophisticated numerical models for pulsed con-
duction-mode welding incorporating heat transfer and fluid 
flow exists [6-9]. The model used is in this study does 
however only concern heat conduction neglecting convec-
tion from Marangoni-effect induced fluid flow. Since the 
model is used in a comparative manner this simplification 
should not have any considerable influence on the end re-
sult.  

A semi-analytical model has also been developed to 
faster calculate temperature from pulsed conduction-mode 
welding with tailored beam shapes. The model is based on 
a model for laser hardening developed by Woodard and 
Dryden [10]. The model from Woodard and Dryden has 
then been expanded by a superimposing approach to sim-
plify the creation of custom beam shapes. Mirror heat 
sources are also applied to make the model work-piece 
finite in z-direction (thickness). The usefulness of the mod-
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el is demonstrated by comparison with the numerical model 
and by applying it to a case where a large weld joint is de-
sired without reaching boiling temperature on the surface. 
The versatility of the model in terms of creating different 
beam profiles are also demonstrated, 

The semi-analytical model presented here is later in-
tended to be part of a beam design tool with a graphical 
user interface for design of DOE irradiance profiles. 

 
2. Methodology 

The tailored beam irradiance profiles were studied by 
two models with different purposes. The numerical models 
have earlier been used to study effects of temperature-
dependent parameters and non-linearity which cannot be 
captured in the semi-analytical model. The semi-analytical 
model on the other hand is faster and change of beam shape 
is more readily accomplished. However for the presented 
comparative results, the numerical and the semi-analytical 
model have the same parameters. The material is steel for 
all the cases and the absorptivity used is 0.35, the model 
consists of two plates 0.3 mm thick in overlap configura-
tion making the total thickness 0.6 mm. The numerical 
model which is produced in the commercial software 
COMSOL Multiphysics 5.0 also acts as validation for 
semi-analytical models.  

A C-shaped beam, Fig. 1 (a) (b) is studied by both the 
numerical and semi-analytical model. A circular weld joint 
optimised for weld area and multi-spot welds influencing 
each other is studied by the semi-analytical model. Beside a 
C-shaped beam, also calculations for other beam shapes are 
presented. 

  
 

Fig. 1 (a) Illustrative image of the studied discs and the laser 
beam. (b) Beam irradiance profile 

2.1 Numerical model 
The numerical model is simplified to only consider heat 

transfer through heat conduction, omitting heat convection 
from melt flow, particularly Marangoni flow. This simplifi-
cation is done to lower the computational effort and to keep 
the numerical model results closer to the semi-analytical 
model which will not be able to take fluid dynamics into 
account. The disc has been split in half across its symmetry 
plane and thermal insulation is used to further ease compu-
tational effort. All surfaces in the model is considered to be 
thermally insulated but the time period studied together 
with the geometries of beam area and disc diameter makes 
the x- and y-direction infinite in practice. 

The heat input is specified as a surface heat flux q0 of 
the absorbed laser beam: 

 
−𝑛 ∙ (−𝑘 ∙ ∇𝑇) = 𝑞0                 (1)  

 
𝑞0 = 𝐴 ∙ 𝐼(𝑟,𝜑)                   (2) 
 
𝜌𝑐𝑝

𝜕𝜕
𝜕𝜕

= −𝑘∆𝑇                   (3) 
 
Where k is thermal conductivity, A is absorptivity, I is 

laser power density, ρ is specific mass density and cp is 
specific heat capacity. 

The heat conduction equation in three dimensions can 
also be written as: 

 
𝜕2𝜕
𝜕𝑥2
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𝜕𝑦2
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                  (4)  
 
Where thermal diffusivity α=k/(ρ·cp). 
 

2.2 Semi-analytical model 
The semi-analytical model is based on a model for laser 

spot surface transformation hardening by Woodard and 
Dryden [10]. The model is based on two-dimensional ax-
isymmetrical heat conduction in an isotropic material 
which can be described by: 
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               (5) 
 
After non-dimensionalisation of parameters and mani-

pulation, see [10] for more details, the heat conduction 
from a Gaussian beam can be expressed by: 

 
𝜃(𝑅,𝑍, 𝜏) = 𝑄

2√𝜋
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ϴ, R, Z and τ is non-dimensionalised parameters. The 

integrand is described as: 
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The solution of these equations will present a two-

dimensional temperature field for a Gaussian beam in an 
infinite material. Since the model was developed for sur-
face transformation hardening, the assumption of an infi-
nite material is acceptable. Assuming infinity for some heat 
conduction weld cases may however be inaccurate. Mirror 
heat sources are used to simulate a finite plate, see Fig 2. 
The thickness of the plate (or several plates in overlap con-
figuration) is designated d. For the initial heat source, the 
temperature field in z-direction is calculated to a much 
larger depth than d. Then the heat source is duplicated at 
depth z=2d and subtracted from the first heat source mak-
ing the temperature at d zero. This addition will however 
make the temperature at the surface too low and thus an-
other heat source is added at z=-2d, nullifying the impact at 
surface from the other heat source but changing the tem-
perature at d. A mirror heat source is then added at z=4d to 
balance out the temperature further, etc. 
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Fig. 2  Employment of mirror heat sources; z=0 is the beam loca-
tion for the standard case where infinite plate thickness is as-

sumed. The mirror heat sources are numbered in the order they 
are applied. The mirror heat sources underneath the plate mirror 
over the bottom of the plate while the heat sources above mirror 

over the top of the plate. 
 
One of the main purposes with a DOE is to create cus-

tom beam irradiance profiles which may be non-
axisymmetrical. A three-dimensional temperature field is 
created by superimposing the (Gaussian) heat sources at 
different x- and y-positions. Each heat source can be varied 
independently meaning that almost any beam irradiance 
profile can be created by this method. Note that also pulse 
shaping in time can be carried out, by superimposing corre-
sponding positive and negative time step-functions, on 
which the solution Eqs. (5)-(7) is based. 

 
3. Results and discussion 

The semi-analytical model is first verified for a 
C-shaped beam against numerical results and also com-
pared to experimental results. Subsequently, the applicabil-
ity of the semi-analytical model is demonstrated for differ-
ent beam shapes.  

3.1 Validation of the semi-analytical model 
A previous study by the authors [5] (that contains fur-

ther results and deeper analysis) highlighted the complexi-
ties in finding a suitable beam shape to produce a desired 
weld joint. For certain conditions the discrepancy between 
beam and joint was demonstrated for a C-shaped beam. In 
particular, the joint will get a smaller radius than the beam 
because of heat accumulation in the centre. The ends of the 
C-joint will be much shorter than the beam because of easi-
er dissipation into surrounding material from the ends.  

Figure 3 shows the temperature distribution at the weld 
interface and the isotherms and heat flow vectors of the C-
shape. The isotherms are more expanded towards the centre 
while the heat flow vectors are stronger outwards from the 
beam since the plates are colder there. 

 

 
 

Fig. 3 Numerical model: (a) Temperature field at the weld inter-
face, (b) three-dimensional isotherms and heat flow in the plates. 

 
The semi-analytical model was first compared to a nu-

merical model for the simple case of one Gaussian pulse 
with P = 850 W, t = 5 ms and spot radius 0.5 mm, tempera-
ture was evaluated at the surface and the temperature 
showed very good agreement, Fig. 4(a). 

 

 
 

Fig. 4 (a) Temperature profile comparison between numerical 
and semi-analytical model at the surface for a short Gauss-shaped 
pulse; (b) temperature distribution comparison between the two 

models at the weld interface for the C-shape case. 
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Secondly, heat conduction from a C-shaped beam pre-
viously studied by a numerical model is calculated by the 
semi-analytical model and compared in Fig. 4 (b). The re-
sults are in fairly good agreement showing that the semi-
analytical model is also suitable for more advanced beam 
irradiance profiles. The pulse length is 10 ms and the pow-
er is 560 W for the semi-analytical model and 545 W for 
the numerical model, the temperature profile is taken at a 
depth of 0.3 mm. 

The modelled heat flow phenomena were also con-
firmed by basic experiments performed with a galvanomet-
ric beam scanner. The aim with the experiments was to 
simulate a static C-shaped beam by scanning the beam at a 
very high velocity (39.3 m/s). High speed imaging of the 
behaviour showed that the beam created a keyhole and 
produced a melt flow with a solidification front but from a 
thermal point of view, a clear C-shape was found. Fig. 5 
shows a time-lapse during scanning and afterwards during 
the cooling phase. The first five frames highlight the heat 
accumulation in the centre. 

 

 
 

Fig. 5 Thermal imaging of the heat evolution for overlap welding 
experiments by a scanned C-shape beam. Frames are presented in 

order from left to the right. 

3.2 C-shaped laser beam 
The C-shaped beam mentioned above can be easily 

generated by the semi-analytical model, here by superim-
posing 15 Gaussian beams. Fig. 6 (a) shows the resulting 
temperature field at the top surface for the beam specified 
above while Fig. 6 (b) shows the temperature field at the 
interface between the plates, at z = 0.3 mm. Fig. 6 (c) and 
Fig. 6(d).   

 

 
 

Fig. 6 Temperature profiles calculated for a C-shaped beam and 
overlap weld: (a) at the top surface, from the semi-analytical 

model, (b) at the weld interface, from the semi-analytical model, 
(c) at the top surface, from the numerical model, (d) at the weld 

interface, from the numerical model 

3.3 Ring-shaped laser beam with central spot 
Funck et al. [1] presented a case where a ring-shaped 

beam was used instead of a top-hat or Gaussian beam in 
order to obtain a larger weld joint area without inducing 
boiling. With the semi-analytical model, further optimisa-
tion of the beam can be made to tailor the weld joint. 
Fig. 7(a) shows the beam design which is a circular Gauss-
ian distributed beam together with a central Gaussian spot. 

  

 
 

Fig. 7 (a) Beam irradiance profile; (b) calculated temperature 
profile at the top surface, (c) temperature profile at the weld inter-

face, (d) weld joint area (all: after 1 s) 
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This configuration keeps the temperature distribution 
quite homogeneous at the depth of interest. Fig. 7 (b) 
shows the temperature distribution at the top surface after 
1 s and Fig. 7 (c) shows them temperature distribution at 
the weld joint interface after 1 s. For a melting point of 
1500°C, the resulting weld joint area will be as in Fig. 7(d).  

3.4 Circular arrangement of six laser beam spots 
The semi-analytical model is also suitable for investiga-

tion of multi-beam spot welding. In multi-beam spot weld-
ing the distance between spots must be considered since the 
beams may affect each other, especially at longer pulse 
times and larger depths. Below, six Gaussian beams in a 
circular arrangement (or hexagonal), are shown, Fig. 8 (a). 
The pulse length is 0.2 s. There is interaction between the 
heating from the beams already at the surface, Fig 8 (b) and 
this effect gets more pronounced when observing the tem-
perature deeper down in the plate. Fig 8 (c) depicts the 
temperature field at the weld joint interface z=0.3 mm. 
There the temperature is also higher towards the centre 
because of heat accumulation.    

 

 
 

Fig. 8 (a) Beam irradiance profile for the multispot beam, 
(b) calculated temperature profile on the top surface after 0.2 s, 

(c) temperature profile at the weld interface z=0.3 mm after 0.2 s 
 

 

If multi-spot welding with spots in a close rectangular 
array was used the beams at the periphery could benefit 
from having higher irradiance than the beams in the centre.   

 
4. Conclusions 
• C-shaped and circular beams will accumulate heat in 

the centre. This behaviour was demonstrated by 
both models and experiments. 

• The semi-analytical model results correspond well to 
results from numerical modelling 

• The presented semi-analytical model is faster and is 
more suitable for creating custom beams where the 
beam profile is not flat-top, making it suitable for 
beam irradiance profile optimization. 

• The applicability of the model was demonstrated for a 
case where a large joint area is desired; moreover, 
the interaction between multiple spot welds was 
shown. 
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