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In present work, finite element method (FEM) is implemented to investigate the 
temperature distribution in laser welding of 5mm thick aluminium alloy EN AW 6082-
T6. The Gaussian heat source model was used to analyse the influence of peak 
temperature to the radial distance from the center of the heat source and the thickness 
of the plate. Temperature-dependent thermal properties of aluminium alloy and the 
convective-radiative boundary conditions were included in the model. The finite 
element code, ANSYS along with APDL command subroutines was employed to obtain 
the numerical results. The effect of heat input and welding speed on the weld pool 
shape and temperature distribution were investigated. Finally, the predicted 
temperature distribution and the size of heat-affected zone were compared with the 
experimental results. The comparison shows that they are in good agreement. 
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1. Introduction 
 

Without doubt, the continued development of aluminium can be primarily attributed to this 
material’s many desirable physical characteristics, which are comparatively light weight, high 
strength, versatility of both extruding and casting, and excellent corrosion resistant. In conjunction 
with the continually developing environmental issues, the superior recycling capability of aluminium 
makes it an excellent choice for a wide variety of applications. With increasing demand of aluminium 
in engineering field, the development of aluminium welding technology is undeniably evolved to 
improve the structural integrity of aluminum alloys itself. However, one of the most severe 
challenges in aluminium welding is the occurrence of heat-affected-zone (HAZ), which may result in 
a significantly reduced strength compared to the base metal. Unlike iron-based alloys such as carbon 
steel and stainless steel, which are more useful in high temperature environment [1,2], aluminium 
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on the other hand, is considered sensitive to the temperature changes particularly to intense heat 
input. 

Principally, during welding, aluminium properties change in the zone adjacent to the weld seam. 
This change occurs due to the introduction of heat to the base metal which revokes the treatment of 
certain alloys. This phenomenon, which also known as softening, is significant factor in the heat-
treatable alloys particularly in 6000 and 7000 series, and in 5000 series alloys in a work-hardened 
temper condition. In case of the 6000 series alloys, the heat dissipation during welding can locally 
reduce the parent metal strength on the order of 30%-50% and the HAZ normally extends between 
10mm-30mm from the centre of the weld [3–5]. However, according to Eurocode 9 [6], the extent of 
this zone depends on the welding method, element thickness, alloying elements and temper 
designation, while the severity is largely a function of the parent metal used.  

Interest in laser welding applications has continued to increase due to its advantage of precision 
joining. In understanding the physical behavior during laser welding process, careful observations 
and investigations have been carried out numerously. Experimental based evaluations to evaluate 
the mechanical properties and microstructural effects of laser welded components [7–11] currently 
provide insufficient insight into critical aspects of molten pool formation and physic of the process 
itself. Therefore, numerical simulations of laser welding process have long been employed to analyze 
and predict the deformation, molten behavior, thermal, fluid, and residual stress effects on the laser 
welded components [12–16]. 

Additionally, the issue of softening behaviour of aluminium laser welded joint also became an 
interest amongst researchers. Attempts to predict the HAZ characteristic of laser welded component 
were carried out experimentally and numerically in [17–20]. Although the used of computational 
analysis to compute the HAZ dimension was widely adapted today, a necessity of accurate material 
properties and detailed meshes may lead to design difficulties. Therefore, a simple model with more 
general material properties is needed for HAZ prediction. In this study, a numerical model to predict 
temperature distribution and the width of heat-affected-zone was proposed. The obtained numerical 
results were in good agreement with experimental data. It can be used in practical simulations of 
laser welded aluminium alloy connections to reduce a need of extensive mechanical testing, 
particularly in mapping the width of HAZ. 
 
2. Experimental Procedure  
 

Laser aluminium welding was conducted with the collaboration of Singapore Manufacturing 
Technology (SIMTech) laboratory. A 6kW laser welding system was used for these experiments, as 
shown in Figure 1. Laser power and welding speed were varied in five (5) levels; laser power (2.5kW 
to 4.5kW) and welding speed (0.9 m/min to 1.5 m/min). The operation ranges of the laser welding 
experiment were determined based on a preliminary test run by SIMTech.  

The material used in this study is aluminium alloy EN AW 6082 in T6 condition. The welding 
coupons were cut by an abrasive water-jet cutting system with the dimensions of 120mm x 120mm 
x 5mm and 120mm x 60mm x 3mm. The 5 mm-thickness plate was selected to be the base material, 
whereas the 3 mm-thickness plate was used as the flange material with designed bevel of 45° to 
ensure full penetration of the weld seam. The flange material was tightly clamped, 90° from the base 
material and a zero gap was assumed to be achieved. 
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(a) 

 
(b) 

Fig. 1. (a) 6kW high power fiber laser welding system to facilitate 
welding job in SIMTech, Singapore [21] (b) Schematic diagram of 
laser welding process 

 
3. Numerical Model of Thermal Analysis  
3.1 Material Model 
 

In order to accurately capture the occurring phenomena during the thermal cycle, the graded-
mesh construction was used for the analysis. This approach is based on a dense mesh division along 
the weld line and its adjacent zone. The mesh size became coarser as the distance from the weld 
bead zone increase. It was constructed primarily of solid hexahedral element SOLID70, except in 
transition areas of thin to coarse mesh, where the tetrahedral SOLID87 element is required. To 
reduce the computational time, only half of the actual length and width of the specimen was taken 
into account throughout the analysis. Figure 2 show the considered model of the T-joint profile for 
the analysis and the mesh density transition for the model respectively. 
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Fig. 2. T-joint profile for thermal model analysis 

 
A sequence of convergence tests has been conducted to select suitable element size particularly 

in the thickness direction and at the region near the weld line. Several levels of meshes with varying 
element numbers from 200,000 to 500,000 in scales of width, length and thickness are chosen to 
determine the effect of element size on the convergence of computations. The simulated peak 
temperature becomes independent on the mesh density of 350,000 elements as shown in Figure 3. 
Therefore, a mesh of over 350,000 elements was employed to the model. Nearby and along the weld 
bead area, the chosen element size is 0.1 mm, whereas element size of 5 mm is employed in the 
coarser region. A free mesh was used in order to connect these two regions. 

 

 
Fig. 3. The mesh convergence parametric study 

 
3.2 Heat Source Model 
 

In this model, the total heat input was solely the arc heat input. Due to involvement of high energy 
heat sources of laser beam, the necessary heat source model preferred is the Gaussian heat source 
distribution, as depicted in Figure 4, where the heat flux deposited on the surface of the work piece 
[22]. The contour plot of the moving Gaussian heat source model is illustrated in Figure 5, where 
isotherm lines were evident. The first model of Gaussian distribution was first made by Pavelic et al., 
[23], which also known as Pavelic’s disc, due to the circular form of heat concentration. The improved 
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model, which was computed using Rosenthal’s model, achieves significantly better temperature 
distribution. In this model, the thermal flux can be expressed by the following equation [24] 

 

𝑞(𝑥, 𝑧, 𝑡) =  
3𝑄

𝜋𝑟𝐵
2  𝑒

−3𝑥2

𝑟𝐵
2⁄
 𝑒−3[𝑧+𝑣 (𝜏−𝑡)]2 𝑟𝐵

2⁄          (1) 

 
where Q is the energy input, rB denotes the characteristic radius of the heat flux distribution, v is the 
welding speed, and τ is a fictive time factor needed to define the position of the heat source at time 
t = 0. 
 

 
Fig. 4. Gaussian heat source distribution [25] 

 

  

 
(a) (b) 

Fig. 5. Gaussian heat source model for thermal analysis from (a) side view and (b) 
top view 

 
In laser welding simulation, the heat input depends on the supplied laser beam energy and 

absorption properties of the material surface. In the present study, the moving heat source was 
modelled as a Gaussian distribution with the intensity of 

 

𝐼𝑄(𝑥, 𝑦, 𝑧) =   
𝜂𝑃𝐿

2𝜋𝜎2 𝑒−(𝑟2 2𝜎2)⁄             (2) 

 
where 𝑃𝐿 is laser power, η is the efficiency coefficient, and σ is the radial distance. During laser 
welding process, part of the energy supplied by laser source is lost due to the reflection of specimen’s 
surface. It is worth mentioning that the maximum effective input power of heat source is 70% from 
the nominal laser power in case of aluminium [26]. Therefore, η is taken to be 0.3.  
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3.3 Material Properties and Boundary Conditions 
 

By assuming that aluminium alloy EN AW 6082-T6 is homogeneous; the material properties have 
been selected referencing several material handbooks and journal articles. Available thermo-physic 
properties of aluminium alloy EN AW 6082-T6 were used to establish standard reference data 
according to the ambient, melting and boiling points as given in Table 1. The mechanical properties, 
such as density, Young’s modulus, thermal conductivity, specific heat capacity, and the yield stress, 
which are usually measured in the vicinity of ambient temperature, are assumed to be dependent to 
the temperature change as presented in Figure 6. Only Poisson’s ratio is kept constant throughout 
the simulation. 

 

 
Fig. 6. Thermal and mechanical properties of EN AW 6082 in 
accordance to ENV 1999-1-2 [27] 

 
Table 1  
Available experimental thermo-physical properties of EN AW 6082-T6 [15] 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
The governing differential equation for transient thermal analysis can be expressed as 
 

𝜌𝐶𝑝
𝜕𝑇

𝜕𝜏
=

𝜕

𝜕𝑥
(𝑘𝑥

𝜕𝑇

𝜕𝑥
) +

𝜕

𝜕𝑦
(𝑘𝑦

𝜕𝑇

𝜕𝑦
) +

𝜕

𝜕𝑧
(𝑘𝑧

𝜕𝑇

𝜕𝑧
) + 𝑞̇         (3) 

 
where 𝜌 is the density of conducting medium; 𝐶𝑝 is the specific heat of the medium; 𝑘𝑥, 𝑘𝑦, 𝑘𝑧 are 

the thermal conductivities of the medium in the x, y, and z direction, respectively; 𝜏 is fictive time 

Properties Symbol Value 

Melting point Tm 660 °C 
Solidus temperature Ts 545 °C 
Boiling Temperature 𝑇𝑏 2467 °C 
Latent heat  𝐻𝑣 10.9 kJ/g 
Specific heat capacity Cp 897 J/kgK 
Density ρ 2710 g/cm³ 
Thermal conductivity k 235 W/mK 
Young’s Modulus E 70 GPa 
Poisson’s ratio 𝜐 0.3 
Thermal expansion αL 24 x 10-6 K-1 

Diffusivity coefficient 𝜅 40 x 10-6 m2/s 
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factor; and 𝑞̇ is the total heat input [28]. To solve the differential equation, boundary and initial 
conditions are required. The general form of boundary conditions can be written as 
 

− (𝑘𝑥
𝜕𝑇

𝜕𝑥
𝑛𝑥 + 𝑘𝑦

𝜕𝑇

𝜕𝑦
𝑛𝑦 + 𝑘𝑧

𝜕𝑇

𝜕𝑧
𝑛𝑧) = 𝑞𝑐𝑜𝑛𝑣 + 𝑞𝑟𝑎𝑑 − 𝛼𝑞𝜏        (4) 

 
where 𝑛𝑥, 𝑛𝑦, 𝑛𝑧 are the direction cosines of the normal to the surface; 𝑇∞ is the ambient 

temperature; ℎ𝑐𝑜𝑛𝑣 is the convective heat transfer coefficient; 𝛼 is the absorptivity; and 𝑞𝜏 is the 
radiant laser heat flux function. The convective heat transfer coefficient was assumed to vary with 
temperature and defined as 
 

ℎ𝑐𝑜𝑛𝑣 =  
𝑘𝑁𝑢

𝐿
              (5) 

 
where k is the thermal conductivity of the material, L is the characteristic length of the surface, and 
𝑁𝑢 is the Nusselt number 

 

𝑁𝑢 = 5.67𝑃𝑟1/3𝐺𝑟1/3            (6) 
 
Here, Pr is the Prandtl number and Gr is the Grashof number. Thermal radiation is assumed from the 
surface to surroundings. Prior to welding, the material is assumed to be at room temperature. The 
heat losses due to radiation were modelled by Stefan-Boltzmann relation 

 
𝑞𝑟𝑎𝑑 = 𝜎𝑠𝑡𝜀𝜏(𝑇4 − 𝑇∞

4 )            (7) 
 
where 𝜎𝑠𝑡 is Stephan-Boltzmann constant (equal to 5.67 x 10-8 W/m2K4) and 𝜀𝜏 is the emissivity of the 
surface (𝜀𝜏 = 0.05), in accordance to data published in [29]. The schematic presentation of applied 
boundary conditions was illustrated in Figure 7. 
 

 
Fig. 7. Schematic presentation of applied boundary 
conditions for thermal model 
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3.4 Model Assumption and Validation 
 

The thermal analysis is focused on the prediction of the heat transfer in the weld pool, the 
temperature distribution in the overall weldment, the size of fusion zone (FZ), heat-affected zone 
and geometry of the molten pool. The heat-affected zone identification relies upon the experimental 
data and available data from open literature in [30,31], with an assumption that the studied material 
has an identical chemical composition. It is evident that the reversion of hardening precipitates 
occurring during the welding process, where the peak temperature range from 220℃ to 500℃ as 
depicted in Figure 8(a). However, a large fraction of alloying elements adjacent to the fusion 
boundary, undergo natural aging after a period of 5-7 days (Figure 8(b)), resulting in a slight increase 
of hardness values due to the enhancement of hardening precipitates. According to [31] element 
which experienced a peak temperature of about 220℃ and below will recover to its original hardness 
(base metal) during the natural aging process. According to this model, the HAZ profile was 
characterized based upon the quasi-stationary temperature distribution around a moving heat 
source. Therefore, in this study, the HAZ was divided into 2 regions 

i. Sub-HAZ 1, where the range of peak temperature, 430℃ < 𝑇 <
𝑆𝑜𝑙𝑖𝑑𝑢𝑠 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 (~545℃). 

ii. Sub-HAZ 2, where the range of peak temperature, 220℃ < 𝑇 < 430℃. 
 

Aside from those regions (where the range of peak temperature, 𝑇 < 220℃), the material was 
assumed to have the base metal characteristics. The weld pool was considered as the fusion zone 
(FZ) during the analysis, by assuming that the material was fully melted at solidus temperature 
(545℃) and the addition of filler metal will change the Si content in weld zone[32].  

 

 
(a) (b) 

Fig. 8. Schematic diagrams presenting the reactions of precipitates in the HAZ of 
6082-T6 weldments: (a) hardness distribution during dissolution process (b) 
hardness distribution following prolonged natural aging in room temperature [31] 

 
The comparison of the weld pool dimension in Figure 9 verified the correct implementation of 

the heat source model. In this figure, the picture on the left depicts the obtained weld pool by 
experiment and the right picture illustrates the computed weld pool in terms of the isotherm 
contour. The boundary of the molten zone and HAZ in the left pictures was denoted by white lines, 
whereas the penetration of fusion zone in the right pictures was encompassed by the isotherm line 
A (liquidus temperature ≈ 545 ℃). The boundary of HAZ in the computed figures was indicated by 
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the isotherm line C (lower critical temperature ≈ 220℃). Therefore, the sub-HAZ 1 and sub-HAZ 2 can 
be readily determined within isotherm line A and C.  

 

 
(a) (b) 

Fig. 9. Weld pool profile obtained by (a) experiment and (b) simulation at laser power 
of 4.5 kW and welding speed of 1.5 m/min 

 
4. Results and Discussions 

 
A set of simulation was conducted to understand the effect of heat input on thermal model. In 

these cases, the welding velocity remained constant, thus the results presented the effect of heat 
input variation. Table 2 listed the corresponding simulation data in terms of the weld pool and HAZ 
dimension. The simulation cases L3 and L5 in Table 2 gave almost similar results with the 
corresponding experiment data, in which the prediction error of both cases was laid within 0.89% - 
5.64%. These results indicate that the thermal model of laser welding was valid for prediction 
purpose. The case of L3 and ML5 were done for validation purpose because the experimental data 
were only available for these two cases. Due to the limitation of time and cost, therefore thermal 
model was used to simulate the other cases (L1, L2 and L4). 

 
Table 2 
List of simulation and experimental results for heat input variation at 
constant welding speed (speed=0.9 m/min) 
Case Heat input (kJ/mm) Depth of FZ (mm) Width of HAZ (mm) 

Model Exp. % Error Model Exp. % Error 

L1 0.15 3.19 - - 5.12 - - 
L2 0.18 4.47 - - 6.04 - - 
L3 0.23 4.68 4.43 5.64 6.86 6.80 0.89 
L4 0.27 5.04 - - 7.06 - - 
L5 0.30 5.27 5.21 1.15 6.82 7.20 5.28 

 
Figure 10 illustrates the dependency of penetration depth and width of HAZ on the heat input 

variation. In general, data fitting resulted in a non-linear relation between the depth of fusion zone 
and the width of HAZ with the heat input variation. It can be assumed that the penetration depth 
and the width of HAZ have the tendency to increase with the increase of heat input. However, a slight 
decrease in the HAZ width was observed for the case of 0.3 kJ/mm heat input. No apparent reason 
can be offered for this phenomenon. This result may indicate that there is a limit in predicting the 
HAZ width in the laser welding of thin plates.  
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Fig. 10. Plots of penetration depth and width of HAZ against 
heat input variation with constant welding speed of 0.9 
m/min 

 
To understand the effect of welding speed on the thermal model, a set of simulation case has 

been compared by varying the welding speed and setting a fixed value of laser power at 4.0 kW. 
Figure 11 presents a comparison of the simulated weld pool shapes made in case L4, L6, L7, L8, and 
L9. From the results, the depth and the width of the melt pool and HAZ were measured while the 
welding speed was gradually increased. Table 3 listed the corresponding simulation and some 
experimental data. From the table, it is evident that the simulation cases L7 and L9 gave almost 
similar results with the corresponding experimental data. The prediction error of both cases was laid 
within 2.13% - 4.56%, indicating that the thermal model of laser welding process gives acceptable 
data prediction for numerical analysis. 

A clear variation of result was obtained from the simulation cases, in which the depth of FZ and 
the size of HAZ were decreasing with the increment in welding speed. The increase in welding speed 
has resulted in rapid temperature decreases as the heat source applies for a shorter period of time 
when it moves faster. This, in turn, affects the peak temperature and thus influences the isotherm 
contour during the welding simulation. This argument was also supported by Eq. (1), whereby the 
welding speed was written in the form of exponential decay. 

Figure 12 illustrates the effect of the welding speed variation on the penetration depth and width 
of HAZ of laser welding model. From the figure, a clear trend can be observed, in which the welding 
speed has a substantial effect on the penetration depth and the width of HAZ. Higher welding speed 
will eventually decrease the penetration depth and width of HAZ. It is assumed that the cross-
sectional area did not collect enough thermal energy with increasing welding velocity since a fast 
welding process prevents heat from staying longer in the desired location. As expected from the 
lumped heat capacity equation in Swifthook and Gick model, penetration depth is inversely 
proportional to the welding speed, focal spot size, and power [33] as follow 
 

0.483𝑃(1 − 𝑟𝑓) = 𝑣𝑤ℎ𝜌𝐶𝑝𝑇𝑚           (8) 

 
where 𝑤 is the weld width, 𝑣 is the welding speed, ℎ is the thickness, 𝐶𝑝 is the specific heat capacity, 

𝜌 is the density, 𝑇𝑚 is the melting temperature, 𝑟𝑓  is the reflectivity, and 𝑃 is the absorbed power. 
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(a) 

 
(b) 

 
(c) 

Fig. 11. Weld pool profile of laser welding at constant laser power of 
4.0 kW with varying welding speed (a) low speed at 0.9 m/min (b) 
intermediate speed at1.2 m/min (c) high speed at 1.5 m/min 

 
Table 3  
List of simulation and experimental results for welding velocity variation 
at constant laser power (Power = 4.0 kW) 
Case Welding speed (m/min) Depth of FZ (mm) Full width of HAZ (mm) 

Model Exp. % Error Model Exp. % Error 

L4 0.90 5.04 - - 7.56 - - 
L6 1.05 4.94 - - 7.16 - - 
L7 1.20 4.31 4.22 2.13 6.62 6.42 3.12 
L8 1.35 3.87 - - 6.26 - - 
L9 1.50 3.39 3.52 3.69 5.96 5.70 4.56 

 
As mentioned previously, the size of HAZ is depended on the joint configuration, the thickness of 

material, peak temperature, preheat conditions and the net energy input. For single-pass welding 
process, the width of HAZ (for thin plate) can be estimated based on modified Rosenthal’s equation 
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of the simplified 3D heat flow equation. A theoretical relationship between the cross-sectional 
geometry of weld bead and welding process parameters was derived by [34] where 
 

𝑛𝑐ℎ =
𝑄𝑟𝑎𝑡𝑒𝑣

4𝜋𝜅2𝜌𝐶𝑝(𝑇𝑚−𝑇𝑜)
             (9) 

 

𝐷𝑐ℎ =
𝑌𝐻𝐴𝑍𝑣

4𝜅
                        (10) 

 
where 𝑇0 is the ambient temperature in Kelvin, 𝑄𝑟𝑎𝑡𝑒 is the rate of heat input, 𝜌 is the density, 𝐶𝑃 is 
the specific heat capacity, 𝜅 is the thermal diffusivity, 𝑣 is the welding speed, 𝑌𝐻𝐴𝑍 is the distance 
from the weld root center, 𝐷𝑐ℎ is the dimensionless weld depth, 𝑛𝑐ℎ is the dimensionless operating 
parameter, and 𝑇𝑚 is the melting temperature in Kelvin. The relationship of 𝐷𝑐ℎ and 𝑛𝑐ℎ can be found 
in literature [34]. Careful observation of the above equation reveals that an increase in heat input 
rate will increase the size of HAZ. Therefore, the low overall heat input in laser welding brings less 
dissolved precipitates and thereby narrowed softened regions (HAZ).  
 

 
Fig. 12. Plots of penetration depth and width of HAZ 
against welding speed variation with constant laser 
power of 4.0 kW 

 
5. Conclusions 
 

Through the thermal analysis of laser welding, it is evident that heat input and welding speed 
have a significant effect on the penetration depth and size of HAZ. It was found that in most cases 
the model could yield an almost accurate result with the prediction error of below 10%. In all cases 
of simulation, the penetration depth and the width of HAZ have the tendency to increase with the 
increase of heat input. However, a slight decrease in the HAZ width was observed for the case of 0.3 
kJ/mm heat input. On the other hand, the welding speed has a substantial effect on the penetration 
depth and the width of HAZ. Higher welding speed will eventually decrease the penetration depth 
and width of HAZ. This effect can be seen in all simulation cases. 
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