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---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- 

Abstract This paper concerns high-power laser welding of thick plates for the ship industry. Thermomechanical be-

havior during laser welding of 16 mm marine steel EH40 using 25 kW laser power was investigated by a 3D finite ele-

ments model. The objective is to analysis the effects of weld collapse and hump on the residual stress induced  thermal 

cycle. A double-cylindrical source model was proposed to simulate the transient distribution of temperature field. Heat 

flow distribution area is a cylinder, radial heat flow presents a Gaussian distribution, while heat flow peak in the directio n 

of thickness is decaying then increasing exponentially. The predicted weld geometry had good agreement with the actual 

results. When collapse and hump were considered, simulation error of temperature distribution was reduced from 10.85% 

to 1.54%. In addition, cooling curves obtained from the thermal simulation were incorporated into the continuous cooling 

transformation diagram of EH40 to explain the evolution mechanism of microstructure. It was shown that collapse and 

hump affected the values and distribution trend of residual stress in different thickness, especially in the high gradient 

stress zone near the weld center. 
 

---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- 

 
 

1. Introduction 

Laser welding has become an important method of marine 

steel plate joining because of the advantages of high-power 

density, low thermal distortion, rapid welding speed and so on. 

Unt et al. [1] investigated laser welding of single sided T-joint on 

shipbuilding steel. It was reported that T-joints single-sided full 

penetration welding of AH36 with thickness of 8 mm were real-

ized, possible cracks in fillet welds were avoided successfully. 

Guo et al. [2] reported that narrow gap laser welding required 

less filler material and could reduce the cumulative heat input to 

material, which is helpful to control the buckling distortion, re-

ferred to as out-of-plane warping.  

However, distribution of residual stress of laser welded joints 

is complex, which may harm the mechanical properties of joint. 

Ibrahim et al. [3] investigated the effectiveness of welding pro-

cedures for steel plates with thickness larger than 50 mm. Re-

sults showed that development of welding residual stress is ex-

acerbated, and distribution of that becomes more complicated 

due to the increase of constraint to material’s expansion and 
contraction, especially for the middle and thick plate. Balakrish-

nan et al. [4] studied the residual stress distribution in SA508 

steel with thickness of 30 mm, and found that tensile residual 

stresses of joint were high throughout the entire weld thickness 

due to particularly steep temperature gradients during welding. 

Xu et al. [5] analyzed in homogeneous thermal-mechanical dis-

tributions in laser welding of austenite stainless steel 316L, and 

discussed the effect of shear behavior caused by residual stress 

on tensile strength. It was concluded that shear behavior would 

be caused by inhomogeneous residual stress distribution, which 

could reduce the tensile strength. Meanwhile, Ferro and Berto 

[6] quantified the influence of residual stress on fatigue strength 

of welded joints. In high-power laser welding, residual stress of 

a high gradient is formed near the weld bead because of high 

cooling rate, thus reducing the fatigue performance of joint. 

Therefore, a detailed investigation of the residual stress distribu-

tion of high-power laser welding thick plate is required. It is 

widely known that numerical simulation is an important research 

method to reduce experiment and time cost, and to facilitate the 

optimization of processing parameters. Farrokhi et al. [7] studied 

the thermal and residual stress field of full and partial penetration 

of thick-section steels, and found that residual stress distribution 

of full penetration joint is more uniform than that of partial pene-

tration. Rong et al. [8] proposed a finite element model of resid-

ual stress integrated with a thermodynamics-based solid phase 

transformation to accurately predict residual stress in laser weld-

ing of EH36 steel. Results showed that the peak value of resid-

ual stress was observed at the heat-affected zone rather than at 

the center of fusion zone, which reached measurements well. 

In addition, there are many factors affecting the residual stress 

distribution, such as properties of base material, groove type, 

welding parameters, constraints and so on. Lee and Chang [9] 
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found that the maximum longitudinal residual stresses in the 

similar steel welds increased with increasing yield stress of the 

steel. Ye et al. [10] confirmed that groove type not only affected 

the distribution of residual stress, but also angular distortion and 

sensitization region width. Elmesalamy et al. [11] studied the ef-

fect of welding parameters on residual stress distribution, and 

found the higher laser power, the stronger peak residual stress, 

while width of the region sustaining tensile residual stresses was 

mainly affected by welding speed. Serizawa et al. [12] investi-

gated the influence of mechanical restraint on weldability, and 

further found that effect of external constraints on residual stress 

distribution and possibility of weld cracking can be effectively re-

duced by increasing plate size. Yang et al. [13] found that ad-

justing the path sequence can reduce 17% transverse residual 

stress in 52 mm thick plate multi-pass welding. 

Generally, collapse and hump are easy to form in thicker sec-

tion laser welding with a single pass, which must lead to stress 

concentration affecting residual stress distribution. There have 

been many research achievements in residual stress distribu-

tion of laser welding. However, investigations about influence of 

collapse and hump on residual stress are few in high-power la-

ser welding. In this study, combined experiment and simulation, 

influence of collapse and hump on residual stress was investi-

gated, working with 15 mm thick marine steel EH40. 

 

2. Experiment 

Base metal was marine steel EH40 with size of 100 × 100 × 

16 mm, and its chemical components were given in Table 1. La-

ser welding system was shown in Fig. 1 (a). Laser power was 

25 kW, welding speed was 1.5 m/min, defocus length was 0 mm, 

and shielding gas was argon with flow of 2.1 m3/h. Before weld-

ing, sample surface was cut to remove the oxide layer and 

cleaned by acetone to avoid the negative influence of dust and 

oil contamination.  
 

Table 1. Chemical composition of EH40 steel (wt. %). 
 

C Si Mn P S Al Cr 

0.12 0.31 1.31 0.018 0.0041 0.021 0.04 

Nb V Ti Ni Cu Fe  

0.01 0.003 0.012 0.02 0.02 Bal.  

 

 
 

Fig. 1. Laser welding EH40 steel (a) experimental system; (b) laser; (c) butt 

joint. 

 

After welding, residual stress along Line 1 was measured by 

X-ray stress analyzer. Eight points was measured, and the dis-

tance between each measurement point was 20 mm. Weld sec-

tion sample was extracted by wire electrical discharge machin-

ing and eroded using a solution of HNO3: Alcohol = 4:96 to ob-

tain the weld geometry. Microstructure of the weld was observed 

by an optical microscope and a scanning electron microscopy 

(SEM). Hardness was measured with a Vickers micro-hardness 

tester, using a load of 300 g and a dwell period of 15 s.  

 

3. Numerical Analysis Process 

Thermal elastic plastic finite element method (TEP-FEM) was 

used to investigate inhomogeneous stress distribution in the 

weld joint. Temperature field and mechanical field were simu-

lated by sequential coupling method. Based on Fourier’s ther-
mal conduction law, a 3D transient heat source model was used 

to compute the distribution of temperature. Then, results of tem-

perature field analysis were applied as input load for mechanical 

field analysis. Simulated results were verified by weld geometry, 

microstructure, hardness, experimentally residual stress. Mean-

while, four cases were considered in this study: nothing was 

considered in Case 1; collapse was considered in Case 2; hump 

was considered in Case 3; collapse and hump were both con-

sidered in Case 4. To simplify calculation, shape of collapse and 

hump were approximated into rectangle and arc, as shown in 

Fig. 2. 

 

 
 

Fig. 2. Schematic of four cases in this study: (a) weld section; (b)~(e) Case 

1, Case 2, Case 3 and Case 4. 

 

3.1 Thermal Analysis 

In thermal analysis, the transient temperature field was com-

puted Fourier’s thermal conduction law, as shown in Eq. (1).  
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where  T  is density,  cp T  is specific heat capacity,  

 T  is thermal conductivity, and  , ,q x y z  represents input 

thermal flux.  

Considering actual hourglass-shaped weld geometry, a dou-

ble-cylindrical heat source model was proposed, as shown in 

Fig. 3. This heat source was derived by shifting and flipping the 

peak exponential decay cylindrical heat source. Radial heat flow 

presents a Gaussian distribution, heat flow peak in the direction 

of thickness is exponentially decaying then increasing.  

 

 
 

Fig. 3. (a) Schematic diagram of heat source model; (b) curve of peak value 

with thickness; (c) weld section geometry. 

 

Exponential decay cylindrical heat source is described by fol-

lowing equation:  

 

   
2 2

22 3
00

9 3
, , = exp 3 exp

h 1

Q x y z
q x y z

r hr e 

         
 (2) 

 

where 
0r  is radial distribution parameters of heat source, h  

is heat source height, and both of these parameters need to be 
determined artificially. 

The double-cylindrical heat source model is composed of two 
cylindrical heat sources. Then, expressions of 

1q  and 
2q  are 

obtained through three-dimensional coordinate transformation 
of Eq. (2), as shown in Eq. (4) and Eq. (5). 
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where   is welding efficiency, 

1Q  and 
2Q  are the upper 

and lower power respectively, 
1f  is radius adjustment coeffi-

cient, 
2f  is height adjustment coefficient, 

1h  is height of the 

upper part, 
2h  is height of the lower part, 

0r  is radius of heat 

source model. Sum of 
1Q  and 

2Q  is laser power. And their ra-

tio equals to the ratio of distance between top and bottom sur-
face to the thinnest position of weld section. So are 

1h  and 
2h . 

0r  equals to the laser beam diameter. Values of the heat source 

model are listed in Table 2. Meanwhile, four cases adopt the 
same heat source parameters.  
 

Table 2. Values of the heat source model. 
 

  
1Q  

2Q  
1f  

0.75 15.5 kW 9.5 kW 3.5 

2f  
1h  

2h  
0r  

2.5 9.95 mm 6.05 mm 1.2 mm 

 

Initial temperature of sample is 25 ℃. Considering heat radi-

ation losses and heat convection losses, equivalent heat trans-

fer is adopted as the boundary condition [14]. 

 

 
2

2

0.0668          W/(m C) 500 C
, ,

0.231 82.1 W/(m C) 500 C
c

T T
h x y z

T T

    
 

    
 (6) 

 

3.2 Mechanical Analysis 

Inhomogeneous heating and cooling caused local contraction 
and expansion, thereby resulting in stress and deformation. 
When stress exceeds the yield strength of material, joint will de-
form plastically. Thereby total strain increment can be described 
by Eq. (7).  

 

total e p Td d d d                               (7) 

 
where 

total
d is total strain increment, 

e
d  is elastic strain 

increment, 
pd  is plastic strain increment, and 

T
d  is tem-

perature strain increment. Computations of these strain incre-
ments are all related to material properties under different tem-
peratures, as shown in Fig. 4. 
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Fig. 4. Material properties of (a) physical properties, and (b) strain-related 

yield stress. 

 

3.3 Computation Implementation 

Whole TEP-FEM procedure was completed by ANSYS Para-
metric Design Language. Considering a high nonlinear charac-
teristic of the thermal-mechanical behavior in laser welding, no-
uniform mesh method was adopted to improve computation ef-
ficiency and accuracy. Mesh near fusion zone was refined, while 
that far away fusion zone was sparse. To reduce the influence 
of meshing accuracy on simulation results, same meshing 
method was adopted in four cases expect for collapse and hump. 
Number of four cases are 51774, 50574, 54574 and 53974 re-
spectively. Take Case 3 as an example, where minimum ele-
ment size is 1 mm × 1 mm × 0.486 mm, as shown in Fig. 5. 
SOLID 70 and SOLID 185 were used in thermal analysis and 
mechanical analysis respectively. In mechanical analysis, three 
points (A, B, and C) were constrained to prevent rigid body mo-
tion of the sample and to improve the convergence. 

 

 
 

Fig. 5. Finite element mesh. 

 

4. Results and Discussion 

4.1 Microstructure and Hardness 

Fig. 6 shows the weld geometry to analyze the phase trans-
formation of weld joint. Based on differences in microstructure, 
weld is divided into fusion zone (FZ), coarse grained heat-af-
fected zone (CGHAZ), fine grained heat-affected zone (FGHAZ), 
intercritical heat-affected zone (ICHAZ) and base metal (BM). 

 

 
 

Fig. 6. Optical macros and micrographs of laser welding joint of EH40 steel 

showing the microstructural transitions from fusion zone toward base metal. 

 

Microstructure of FZ is martensite, while that of BM is ferrite 
and pearlite. With distance from fusion line increasing, marten-
site decreases while pearlite and ferrite increase. As can be 
seen, single-phase microstructure of martensite was formed in 
CGHAZ, which is same as FZ. Microstructure of FGHAZ was 
almost all martensite with little ferrite. At the same time, it is ob-
vious that austenite boundary shrinks, as shown at point B and 
C in Fig. 6, which is related with the peak temperature in welding. 
In the ICHAZ, martensite content decreased rapidly, and ferrite 
increased, that means only partial austenitizing occurred. 

Hardness distribution of weld joint also confirms that marten-
site is the main phase in FZ and HAZ, as shown in Fig. 7. Hard-
ness is high in FZ, CGHAZ and FGHAZ, and decreases rapidly 
in ICHAZ, which is well consist with microstructure distribution. 
Furthermore, hardness of different positions in the thickness di-
rection has similar distribution law, which confirms the validity of 
microstructural analysis. 

 

4.2 Validity of Temperature Distribution 

As mentioned in section three, thermal analysis results were 
applied as input load for mechanical analysis. Thus, accuracy of 
temperature is key to simulate mechanical field by being verified 
by weld geometry. 

Fig. 8 shows the temperature field of four cases comparing 
with weld geometry. It is obvious that collapse has a significant 
effect on weld upper temperature distribution. Taking collapse 
into account in the modelling process, the arc contour of fusion 
zone at the upper part of weld can be accurately simulated. 
Moreover, the weld lower temperature distribution is influenced 
by hump. When hump is considered in model, simulated weld 
geometry is relatively wide, which is more consistent with the 
actual weld geometry. Moreover, taking the area of fusion zone 
of weld section as the evaluation standard and using image-pro-
cessing technology, simulation results of four cases and actual 
fusion zone area were compared, and error between them is 
shown in Table 3. It is obvious that Case 4 is also the closest to 
actual value, with the smallest error of -1.54%. 
 

Table 3. Fusion zone area error between experimental weld and simulated 

weld. 
 

Case NO. 1 2 3 4 
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Error 10.85% -8.44% 21.05% -1.54% 

 

4.3 Microstructure Evolution Mechanism 
Based on Thermal Analysis 

Many investigations show that peak temperature [15] and 
temperature change rete [16] of the thermal cycle affected mi-
crostructure. Thereby, the produced microstructure throughout 
the fusion zone and heat-affected zone, and hardness of weld 
joint could be explained by numerically predicted temperature 

distribution. 
As mentioned above, Case 4 has the highest temperature 

simulation accuracy. Take Case 4 for example, Fig. 9 shows the 
thermal cycles at five locations depicted in Fig. 6. It is obvious 
that, in high-power laser welding, temperature changes rapidly, 
rising to the highest temperature almost instantaneously. The 
maximum temperature change rate at point A in the FZ even 

reached 16283.09 ℃/s. Moreover, heating rate is much higher 

than cooling rate, as show in Fig. 9, which is a typical feature of  

 

 
 

Fig. 7. Hardness distribution of laser welding joint of EH40 steel in different thickness: (a) Line A; (b) Line B; (c) Line C. 

 

 
 

Fig. 8. Comparison of the experimentally measured and numerically predicted weld bead cross sections of (a) Case 1; (b) Case 2; (c) Case 3; (d) Case 4. 
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Fig. 9. Numerically predicted (a) thermal history curves; (b) peak temperatures at Point A to Point E (All points are on the opposite center of the welding 

direction). 

 

high-power laser welding. In addition, there are significant differ-
ences in thermal cycle at different locations of weld section, not 
only peak temperature but also temperature change rate. Un-
surprisingly, only point A underwent the melting and solidifica-
tion process, consisting with the basic facts. Although the other 
four points did not melt, they were affected by heat transfer ef-
fect to varying degrees. 

Furthermore, the produced microstructure throughout the FZ 
and HAZ could be explained by a study of numerically predicted 
cooling curves that were generated by thermal analysis. Based 
on material properties of EH40, the continuous cooling transfor-
mation (CCT) diagram was obtained, as shown in Fig. 10. Cool-
ing curves of points A, B and E were incorporated in CCT dia-
gram of EH40. In particular, points C and D were not selected, 
because the temperature distribution in HAZ changes violently 
and requires very dense grid to achieve high predication accu-
racy. To reduce calculation time, grid in HAZ was not refined in 
this study. So compared with other points, pointe C and D have 
a little bit bigger computation error. It can be seen that antici-
pated phase of points A and B should be the fully martensite 
microstructure, which is well consistent with the microstructural 
evolution that occurred in the weld. In addition, it can be referred 
that the transformation in HAZ should be composed of marten-
site transformation as the predominant transformation from 
cooling curves of points B and E. 

 

 
 

Fig. 10. Numerically predicted cooling curves generated by ANSYS simula-

tion as well as CCT diagram of EH40 steel. 

 

In summary, peak temperature and cooling rate are main fac-
tors that determine the process of microstructure evolution and 
final phase composition. For EH40 steel, only the peak temper-
ature is higher than Ac1, there may be phase transformation. 
Since base metal of EH40 is composed of pearlite and ferrite 
without martensite, martensite tempering is not considered. In 
addition, it is easy to form martensite under high cooling rate, 
and even forming fully martensitic microstructure. 

 

4.4 Residual Stress Analysis 

Longitudinal residual stress distribution was studied, which is 
depicted in Fig. 11. Need of special note is residual stress at the 
collapse was not measured for protecting the measuring head 
of equipment. Moreover, numerical residual stress distribution 
on the top surface of Case 2 and Case 4 is not discontinuous, 
due to considering the collapse. 

As can be seen, for longitudinal residual stress distribution on 
the top surface (along Line 1), numerical and experimental re-
sults of Case 2 and Case 4 have a relatively more similar trend. 
On the one hand their error between simulated values and ex-
perimental values is smaller. Average error of simulation with 
the collapse is -52.4MPa, while that without the collapse is -
84.4MPa. On the other hand, their peak positions are more con-
sistent with experimental peak positions. Error of peak distance 
is -0.86 mm when collapse is considered, and increases to 2 
mm when collapse is not considered. It is indicated that collapse 
has a significant effect on the top surface residual stress distri-
bution, and considering collapse in the simulation calculation will 
improve the simulation accuracy, especially in the zone near 
weld bead. In addition, this also indicates that influence of hump 
on the top surface’s residual stress distribution is little, since 
there is little difference between Cases considering hump and 
Cases no considering hump, as shown in Fig. 11 (b). 

Error of residual stress distribution simulation on the top sur-
face is acceptable, so the simulation results of four cases are 
used to analyze the distribution of longitudinal residual stress 
along Line 2. Fig. 11 (c) shows that, for residual stress distribu-
tion on the middle thickness (along Line 2), differences of four 
cases are mainly around the weld bead, and the fluctuation 
trend is similar with differences in values. Surprisingly, residual 
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stress distribution of Case 1 and Case 4 is similar, in which col-
lapse and hump is all considered, and in which none is consid-
ered. In other words, for residual stress distribution on the mid-
dle thickness, collapse and hump have opposite effects. When 
only one of that is considered, accuracy of numerical simulation 
will be reduced. Residual stress distribution along Line 3 is 
shown in Fig. 11 (d). It is observed that Case 1 and Case 2 have 
almost the same residual stress distribution, as well as Case 3 
and Case 4. Obviously, hump plays a more important role than 
collapse in longitudinal residual stress distribution on the bottom 
surface. Residual stress trends of four cases basically coincide 
with each other. However, there are two peaks near the fusion 
line in the cases without hump, while there is none in the cases 
with hump. It is probably that the presence of hump offsets the 

fluctuation near the fusion line. Furthermore, cases considering 
hump have a bigger fluctuation range in FZ, which is 2.8 times 
that of the case without the hump. Peak value increases from 
390 MPa to 455 MPa, and trough value decreases from 331 
MPa to 288 MPa. Obviously, when hump is not considered, re-
sidual stress value is underestimated, which is not conducive to 
the accurate prediction. 

Furthermore, take Case 4 as an example to analyze the 
global inhomogeneity of residual stress in laser welding. After 
sample was cooled to room temperature, distribution of residual 
stress was given in Fig. 11. Equivalent stress is between 146.1 
MPa and 388.9 MPa, which is mainly concentrated along weld-
ing direction, and decreases in magnitude with increasing dis-
tance from the weld centerline, until they become compressive  

 

 
 

Fig. 11. Comparison of the longitudinal residual stress between the simulation and experiment results along the mid-plane section. 
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Fig. 12. Transient residual stress analysis at Point P with peak residual stress value. 

 

in the far field. Zone with high residual stress is mainly concen-
trated in start and end welding positions, while peak residual 
stress is located at Point P. Fig. 12 shows the transient residual 
stress fluctuation curve of Point P. When laser heat source 
passes through Point P, residual stress shows a sharp change 
then tends to be stable, which is consistent with the characteris-
tics of high cooling rate in laser welding. Meanwhile, it can be 
seen that start and end welding positions are more prone to frac-
ture failure than other zones, which is influenced by shape end 
effect and thermal end effect [17]. 

 

5. Conclusions 

In this work, three-dimensional thermo-mechanical finite ele-
ment model was introduced to study the temperature distribution, 
thermal histories, and residual stress distribution of the joint 
made by the high-power laser welding process. The main out-
comes are as follows: 

(1) A double-cylindrical source model was proposed to simu-

late the transient distribution of temperature field. Four cases 

were considered in this study, Case 1 with none, Case 2 with 

collapse, Case 3 with hump, and Case 4 with collapse and hump. 

Simulation results showed a good agreement with the experi-

ment results in weld geometry, and prediction errors of four 

cases are 10.85%, -8.44%, 21.05%, -1.54%, respectively. 

(2) Based on differences in microstructure and hardness, 

weld joint can be divided into FZ, CGHAZ, FGHAZ, ICHAZ and 

BM. Microstructure of weld joint was mainly composed of mar-

tensite and non-transformed ferrite and pearlite phase, which 

agreed with the microstructure predicted by CCT diagram and 

cooling curves generated by thermal analysis. 

(3) The numerical and measurement results of residual stress 

on the top surface were relatively in the same trend. Compared 

residual stress distribution of four cases, it can be found that col-

lapse has a significant influence on residual stress distribution 

on the top of weld joint, while that on the bottom is affected by 

hump. For that on the middle thickness, collapse and hump 

have the opposite effect. All in all, considering collapse and 

hump in modeling process is helpful to improve the accuracy of 

numerical simulation. 

(4) Simulation results suggest that start and end welding po-
sitions have a higher residual stress values, where cracking ini-
tiation and fracture behavior are easy to occur, especially for end 
welding position. 
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Nomenclature------------------------------------------------------------------ 

( )T  : density 

( )pc T  : specific heat capacity 

( )T  : thermal conductivity 

( , , )q x y z  : input thermal flux 

0r  : radial distribution parameters of heat source 

h  : heat source height 

  : welding efficiency 
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1Q  : the upper power (part of the laser power) 

2Q  : the lower power (part of the laser power) 

1f  : radius adjustment coefficient 

2f  : height adjustment coefficient 

1h  : height of the upper part 

2h  : height of the lower part 

T  : temperature 

c
h  : equivalent heat transfer coefficient 

total
d  : total strain increment 

e
d  : elastic strain increment 

pd  : plastic strain increment 

T
d  : temperature strain increment 

1c
A  : initial temperature of austenite transition 
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