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Abstract: A numerical model of a Gas Metal Arc Welding (GMAW)-based Wire Arc Additive Manufacturing
(WAAM) process was developed using the Abaqus software, with validation performed against experimental data
from existing literature. The model was employed to investigate the influence of heat input and cooling time on
residual stress distribution, with particular focus on longitudinal residual stress. Minimal effect was observed with
increasing heat input, whereas cooling time significantly affected stress distribution. The impact of unclamping was
also examined. It was determined that for heat inputs of 4000 W and 4500 W, longitudinal residual stress decreased
by approximately 10% after unclamping. In contrast, for a heat input of 5000 W, longitudinal residual stress increased
by 12% following unclamping. Residual stress was found to accumulate predominantly at the interface between the
substrate and the deposition wall. This study provides critical insights into the thermal and mechanical behavior of
WAAM processes, contributing to a deeper understanding of stress management and control in additive manufacturing
of B91 steel.
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1 Introduction

The drive for cost reduction in shipbuilding leads to the development of new ways for producing complex shapes.
WAAM is a viable option for this purpose. Taşdemir and Nohut [1] stated that WAAM can manufacture massive and
intricate ship parts. Residual stress and deformation may arise while manufacturing these parts. They may impede the
usage of these components. Many researchers studied the temperature and residual stress distributions following a
WAAM process. Mokrov et al. [2] investigated the modification of a double ellipsoidal heat source for the GMAW
method. Israr et al. [3] devised a variable-power WAAM approach to reduce heat accumulation between welding
passes. Consequently, the power consumption was also diminished.

Ding et al. [4] constructed an efficient Finite Element Model to simulate the temperature and stress distributions
following the WAAM procedure. The computationally efficient model employed the Eulerian steady-state technique
rather than the Lagrangian transient approach. This strategy is suitable for long welding seams because it can produce
poor results at the start and end of the welding seam. As a result, it is not suitable for welding short seams. Denlinger
et al. [5] developed an Electron Beam Welding (EBW)-based WAAM simulation. They accurately computed the
distortion using their thermomechanical model.

Montevecchi et al. [6] developed a new moving heat source model as an alternative to the Goldak double-ellipsoidal
heat source. Their model anticipated the temperatures and distortions really precisely. Graf et al. [7] studied the
CMT-based WAAM technique for a variety of materials. Their thermomechanical models were compared to actual
tests. They used the MSC Marc software to predict the circular material deposition on a substrate. Oyama et al. [8]
explored heat source management in the WAAM method.

Jimenez et al.’s [9] study used an A36 substrate and a B91 filler material. They also used the phase transition
phenomena to calculate the temperature and stress distributions following the WAAM procedure.

Saadatmand and Talemi [10] used A36 mild steel to replicate the thermal behavior of a plate following the WAAM
process. They experimented with different heat inputs and preheating temperatures to see how these affected the
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thermal cycle. Bauer et al. [11] investigated a CMT-based WAAM technique. Their investigation includes simulations
generated by both commercial and open-source code. They had good outcomes compared to the experiments. Kovšca
et al. [12] used the WAAM technique to deposit material in a circular pattern. They used the Simulia software to
simulate the thermomechanical behavior of the generated item. The sequential thermomechanical analysis produced
an excellent agreement between measured and modeled temperatures.

Ahmad et al. [13] used two different heat sources, Goldak double ellipsoidal and Goldak rectangular, to imitate
the heat input from the WAAM process. Bonifaz and Palomeque evaluated the mechanical properties of a welded
plate using a WAAM technique [14]. They concluded that increasing the welding speed causes an increase in residual
stress. Huang et al. [15] modeled an Abaqus WAAM using in-house programs. They were able to significantly
reduce computing time using their algorithms. Tangestani et al. [16] developed a model to predict stress distribution
following the WAAM, forging, and rolling operations. They concluded that the residual stress in the pinch rolling
process was dependent on the rolling direction.

Savaş [17] investigated welding procedures using Gas Tungsten Arc Welding (GTAW) and GMAW [18]. These
publications looked at hard-facing processes that used GTAW and GMAW technologies. Sun et al. [19]. studied Wire
Arc Additive Manufacturing of aluminum parts. They proposed strategies for reducing residual stresses following a
WAAM process.

Abusalma et al. [20] investigated a GMAW-based WAAM technique. Two distinct materials were deposited on a
plate, and the effect of torch travel speed and cooling time on the layers was investigated. The interlayer cooling time
has the greatest influence on residual tensions. The current work studied the effect of cooling time on longitudinal
and build direction stress distributions.

Ghanavati et al.’s [21] work dealt with laser deposition of the Directed Energy Deposition method. Their work
revealed that the residual stresses accumulate at the structure substrate interface. Sampaio et al. [22] made a review of
the WAAM process studies. One of their findings is that after unclamping the structure, residual stress becomes both
compressive and tensile.

In this study, we investigated the effect of heat input and waiting time between layers (cooling time) on residual
stress. A GMAW-based WAAM process was designed. A computationally efficient half-domain was created, with
fine mesh in and near the welding layers and coarse mesh in other sections chosen to efficiently handle the problem.
The impact of unclamping the supports after welding was also explored in this study. The unclamping effect on the
residual stress is an important part of this work. The validation of the numerical solution was performed according to
literature [9].

2 Methodology

The Abaqus software was chosen for the simplicity of investigating the residual stress change after unclamping. In
some other software, the unclamping effect could not be calculated directly from the initial solution. The geometrical
domain and the material properties are given in the succeeding paragraphs.

Figure 1 demonstrates the partitioned and meshed problem domains. The calculation domain was partitioned
so that it would mesh tightly on the symmetry plane and loosely on regions away from the centerline. The length
is 100 mm, the breadth 50 mm, and the thickness 10 mm. Ten layers of 1 mm thick B91 metal are placed along
the symmetry line. The layers are four millimeters wide. The substrate material is A36 steel. Figure 2 shows the
temperature-dependent thermal characteristics of A36 and B91 steels. The density of each steel is 7800 kg/m3. The
melting points for A36 and B91 steels are 1425 and 1420 centigrade degrees.

Figure 1. The partitioned and the enmeshed domains
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Figure 2. Thermal properties of A36 and B91 [23, 24]

2.1 WAAM Simulation

The heat input is the most significant aspect of the model. The two-part Goldak double ellipsoidal moving heat
source model is provided below [18, 25]. The Goldak constants are depicted in Figure 3.
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The values of the constants that are used in Eqs. (1) and (2) are presented in Table 1. Q value is given as 4000
watts. Q value is calculated as the product of voltage, amperage, and efficiency (η) of the welding process. These
values are tabulated in the same table.

Table 1. Goldak constants and heat input

a 4 mm V 28.5 V
b 4 mm A 200, 225, 250 A
cf 3 mm η 0.7
cr 6 mm Q 4000, 4500, 5000 W
ff 0.6 Cooling time 70, 150 s
fr 1.4

The transient temperature distribution was calculated according to the equation below:

ρC
∂T

∂t
(x, y, z, t) = −∇ · (−k∇T ) +Q(x, y, z, t) (3)

Abaqus software was utilized to obtain the temperature distribution and the temperature history. The temperature
distribution for the first, fifth, and tenth layers is given in Figure 4.

The temperature increase can be seen from the figure even though a sufficient amount of cooling time has been
used. This cooling time parameter is going to be changed in the succeeding parts.

The convective heat transfer coefficient and radiation emissivity were taken as 10 W/(m2 °C) and 0.4, respectively.
The lower surface of the substrate has a convective heat transfer coefficient of 70 W/(m2 °C) to consider the thermal
contact conductance. The ambient temperature was taken as 25°C. The outer corners of the plates are chosen as fixed
supports. The validation was performed according to Jimenez et al.’s work [9].

After the temperature history was obtained, sequentially coupled nonlinear stress analysis was performed using
the temperature-dependent mechanical material properties in Figure 5, and Table 2 and Table 3. The computation
time for the thermal part is one hour, and that of the structural part is about five hours. An Intel(R) Core(TM) i7 CPU
@ 2.60GHz and 16 GB RAM computer was used.
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Figure 3. Goldak heat input constants [18, 25]

(a)

(b)

(c)

Figure 4. The temperature distribution for the first, fifth, and tenth layer deposition

After the temperature history has been calculated, the temperature load is applied to the static structural module of
Abaqus. The strains are calculated according to the following formula:

εtotal = εelastic + εplastic + εthermal (4)

After the validation according to the reference [9], the heat input was increased to 4500 W and 5000 W. Another
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parameter to change was the cooling time between the layers. This value was changed from 70 to 150 seconds. The
influence of heat input increase and increase in the cooling time has been studied.

Figure 5. Mechanical properties of A36 and B91 steels [23, 24]

Table 2. Plastic behaviour of A36 steel [26]

Yield Stress (MPa) Plastic Strain Temperature °C
250 0 20
340 0.05 20
200 0 350
414 0.035 350
150 0 400
345 0.02 400
100 0 450
345 0.045 450
100 0 500
165 0.015 500
100 0 800
165 0.015 800
100 0 1500
165 0.015 1500

Table 3. Plastic behaviour of B91 steel [24]

Yield Stress (MPa) Plastic Strain Temperature °C
550 0 0
561 0.01 0
500 0 200
510 0.01 200
470 0 400
479 0.01 400
310 0 600
313 0.01 600
150 0 800
152 0.01 800
100 0 1000
101 0.01 1000
50 0 1200
51 0.01 1200
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The validation heat input is 4000 Watts, and the welding speed is 4 mm/s. While comparing the temperatures, one
can see a slight difference up to 400 seconds (Figure 6). This may be caused by the smaller welding speeds for the
first two layers in the experiment. To make the computation easier, the welding speed was taken as constant (4 mm/s)
for all of the layers. In our model, the equivalent stress values for the points P1 and P2 are 45 and 180 MPa, while the
experimental stresses are 52 and 216 MPa [9]. Therefore, the temperature history and the stress distribution can be
used to calculate other stress values.

Figure 6. Temperature history comparison [9]

3 Results

The residual stress on two paths (Figure 7) on the substrate has been calculated and compared with each other.
The heat input was selected as 4000, 4500, and 5000 Watts, and the cooling time between the layers was chosen as 70
and 150 seconds (Figure 8). The influence of heat input increase is negligible, whereas the influence of cooling time
between layers is very significant. When one looks at Figure 8, one can easily conclude that the cooling time should
be so arranged that sufficient cooling is performed and it should not be increased beyond that limit. To be on the safe
side, several cooling times should be tried, and the optimum cooling time should be selected.

Figure 7. Path configuration for residual stress calculation

The important thing in Figure 8 is that when you increase the cooling time, you can get increased residual stress.
The cooling time is the most important parameter in our calculations. The heat accumulation after the layers exceeds
the heat loss due to convection and radiation.
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Figure 8. Residual stress comparison for Path 1 and Path 2
Note: 4000 corresponds to 4000 Watts and 70 corresponds to 70 seconds cooling between the layers. The other legend items can be deducted from

the previous explanation.

The influence of unclamping in the z-direction (which is the most significant one) is presented in subgraphs (a)-(f)
of Figure 9. S33 stands for the stress in the longitudinal direction.

(a) (b)

(c) (d)

(e) (f)

Figure 9. Residual stresses in longitudinal direction 4000 W(a,b) and 4500 W (c,d), 5000 W (e,f)
Note: The subgraph (a) of Figure 9 shows the stress after 150 seconds of cooling, the subgraph (b) of Figure 9 shows the stress 100 seconds after

unclamping) (Seen from the symmetry plane).
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4 Discussion

In the longitudinal direction (z-axis), which has the most significant stress changes after the unclamping, with a
small amount of heat input (i.e., 4000 and 4500 Watts), the stress relaxation of 8 to 12 percent has been observed. On
the other hand, 5000 Watt heat input causes a stress increase of 12 percent after unclamping. One more important
finding in these figures is that the residual stress accumulation is located on the substrate deposition wall interface.

5 Conclusions

An efficient model of the GMAW-based WAAM process has been prepared. The computation time was diminished
by using a smart meshing technique. The cooling time between the layers has a very prominent effect on the residual
stress. The amount of cooling time should be arranged so that the cooling effect would prevent heat accumulation
and it should not increase the substrate stresses. The influence of heat input increase caused stress relaxation after
unclamping for 4000 and 4500 Watts (8 to 12 percent). The unclamping with 5000 Watts heat input caused stress
accumulation of 12 percent. Ghanavati et al.’s work [21] and our work have given similar results that the residual
stress accumulation is located on the substrate and structure interface. Further research can be done by trying several
cooling times, and then one can choose the optimum cooling time before performing a lot of experiments.
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