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Prediction of Residual Stresses of 3d-Printed Plates Utilizing SYSWELD
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Abstract: Investigating how residual stress distribution evolves with increasing build height (number of layers) is crucial for
understanding scalability and dimensional control in additive manufacturing. Post-processing, such as unclamping,
machining, and heat treatment, interacts with the existing stress state and influences varying build heights (number of
layers). This was the subject of speculation of many up-to-date researchers. Among the drawbacks of the residual stress is its
impact on fatigue crack propagation. This work investigates the residual stress prediction in 3D-printed plates using the
SYSWELD simulation software. The investigation covers the evolved residual stress after finishing each of the
manufacturing phase. It focuses on the Wire Arc Additive Manufacturing (WAAM) process, a widely used metal 3D-
printing technique. The SYSWELD finite element software was utilized for predicting the residual stress after clamping,
unclamping, surface finishing and heat treatment. The study aims to improve simulation accuracy by incorporating a round-
layer design model, which better represents the actual deposition process compared to traditional layer-based approaches.
Fourteen sets of results for different numbers of layers, ranging from 5 layers to 150 layers. The use of SYSWELD facilitate
modeling the thermal and mechanical behavior of the printed plates, incorporating factors such as heat input, material
properties, and cooling effects. The study ends with providing a way of predicting the expected residual stress after each
process of additive manufacturing.
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1. INTRODUCTION

Wire Arc Additive Manufacturing (WAAM) is well known for its high deposition and ability to produce
large parts, but it suffers from challenges like high residual stresses. These residual stresses can lead to
dimensional inaccuracies and distortion, which may require further processing. Understanding and
predicting these residual stresses is crucial to optimizing WAAM's effectiveness and reducing post-
processing costs [1 and most of its references].

In thin-walled parts; if the large residual stresses created by the WAAM processes was not relieved,
this, can lead to undesirable distortion [2]. Since WAAM is based on well-understood direct fusion
welding processes, conventional welding process parameters can be effectively utilized and controlled
with little trial and error. The most crucial welding parameters are the arc voltage, arc current, shielding
gas, nozzle-base distance, travel speed, wire feed speed, and wire diameter. Venturini, F. et al concluded
in [3] that the resulting residual stresses, the weld bead geometry, and the distortion, are strongly
influenced by the previously stated process parameters. Similar to other fusion welding techniques,
Wire Arc Additive Manufacturing (WAAM) commonly faces challenges such as incomplete fusion,
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porosity, vaporization, undesirable heat-affected zone properties, grain structure issues, poor surface
finish, deformation and distortion, high residual stresses, and cracking [4].

Fortunately, post-weld heat treatment can alleviate some of these issues stemming from reversible
thermal effects. A frequently controllable problem is the weld bead profile quality, which is mainly
affected by layer thickness variations, undercutting, and asymmetrical beads [5-6]. Residual stresses in
WAAM can lead to work piece distortion or cracking. The sequential heating and cooling of deposited
layers during the AM process create complex thermal cycles [7]. As a high heat input process, WAAM
can produce a large heat-affected zone, potentially causing undesirable metallurgical changes and
localized cracking. Significant residual stresses can develop with large thermal gradients and high work
piece constraint. While unclamping can offer some stress relief, it may also cause war page. Notably,
the highest residual stress component often aligns with the deposition path [6].

The formation of residual stress in WAAM is influenced by factors like the number of layers, deposition
strategies, and substrate thickness [8-9], as well as temperature and travel speed, highlighting the
importance of optimization and simulation for minimizing and predicting stress buildup [10-11].
Various methods, including substrate preheating, selective secondary heating, weld path optimization,
and high-pressure rolling, have been explored to improve build geometry, residual stresses, and
metallurgical properties in WAAM [12]. Given the numerous controllable welding parameters, relying
solely on experimentation for process optimization is inefficient. Computational simulations are
recognized as valuable tools for developing improved WAAM processes based on established welding
physics.

Non-destructive tests are considered ways to measure and analyze residual stresses. However, they have
some limitations, such as the temperature and the wavy surfaces [13]. This explains why numerical
simulations, particularly those using software like SYSWELD, are vital tools for predicting residual
stresses in WAAM. Finite Element Modeling (FEM) is considered as a reliable and essential tool for
understanding and predicting stress behavior during deposition and post-processing [11,14].

While simulation methods advance, challenges remain, particularly in simulating complex geometries
and optimizing process parameters. A simplified representation of the predicted residual stress during
and after the printing process is vital for the industry to advance.

Simulating the transient heat transfer and residual stress evolution in welding processes is best
accomplished using finite element analysis (FEA) codes due to the highly nonlinear thermomechanical
behavior involved. Although general-purpose commercial software can be applied to welding
simulations, it may be inefficient for modeling specific processes. This study utilized ESI's specialized
FEA welding simulation software, SYSWELD [15], which provides integrated tools to easily input
welding parameters that can be adequately described by a predefined moving heat source [16].
SYSWELD also allows for the prediction of phase proportions, hardness, distortions, residual stresses,
and plastic strain distributions after heat treatment [17]. For a thorough understanding and improvement
of the WAAM process, detailed simulation of multi-pass welding with varied deposition paths and
parameters is desirable. However, a direct, layer-by-layer modeling approach for complex AM builds
is computationally impractical with current capabilities. While simulating a limited number of weld
passes (up to a few hundred) is feasible, the detailed information from these localized models can be
leveraged to develop more efficient global simulation models. These global models would be built upon
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the local models, integrating local temperatures, stresses, and strains into a broader simulation
framework.
2. SYSWELD MODEL

Most of the reviewed papers [1-17] use a square-layer design model in their studies. The square layer
design model lacks the ability to show some of the stress concentration areas that are generated during
and after the manufacturing process. This was the reason for developing the SYSWELD model in this
work—to simulate a round-layer design, which results in a more realistic representation of residual
stresses. Figure 1 shows the difference between the model with a round layer design and the square
layer design. The colored-scale to the right gives stress in MPa.
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Figure 1: Round Layer (Left) versus Square Layer (Right).

3. RESULTS AND DISCUSSION

Both the First Principal Stress (FPS) and the XX-stresses are interesting. This was studied for each
specimen in the front view (FV) and at the cross-sectional area (CS). Four sets of results may be
obtained for each specific number of layers. Two approaches may be followed in the results analysis
and discussion: (1) the first approach is to study and analyze the obtained results (study the stress
change) for a specific number of layers in the four phases (Clamped, Unclamped, Machined, and Heat-
Treated). The other approach, however, (2) is to study several cases of the number of layers for the
same phase.
1.  Study and analyze the results for the case of 30 layers in the four phases: The residual stress
distribution for the four sets (FPS&FV, FPS&CS, XX&FV and XX&CS) are given in Figure 2.
The left result column consists of 4 pictures representing the clamped case's stress distribution.
Studying this result column may indicate that both FPS and XX stresses represent high tension =
+150 MPa on the uppermost and lowermost layers of the printed part, including the base. This is
done by excluding the ends of the upper layers, which turned out to be neutral (-10 to -20 MPa).
The central area is on high compression for XX ~-150MPa and neutral (-10 to -20 MPa) for FPS,
which aligns with the observation recorded by Alrumayh et a. [1]. In the next column, the stresses
are slightly relieved for the unclamped phase. These stresses continued to be relieved from the
second column (unclamped) to the third column (machined) and reached their most relieved state
after heat treatment. Additional high XX compression zones form on the surface of the far ends
of the central layers. Additionally, the XX compression on the base's surface gradually decreases.
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It is also clear that, for all cases, the stress distribution differs as the normal distance to the base
increases.
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Clamped Unclamped Machined Heat-Treated
Figure 2: The residual stress distribution for (Clamped, Unclamped, Machined, and Heat-Treated) - case of
30 Layers

2. Study cases of 30, 40, 50, and 60 layers at the clamped phase only. The residual stress
distribution for the four sets (FPS&FV, FPS&CS, XX&FV, and XX&CS) is given in Figure 3.

Figure 3 represents the effect of the number of layers on the four types of residual stresses for
the clamped case. The left result column is for the 30-layer-case, following three columns,
however, are for 40, 50, and 60 layers, respectively. It is clear now that the distribution of the
stresses spreads widely as the number of layers increases.
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Figure 3: The effect of the number of layers on the four types of residual stresses considering the clamped
case

4. STUDY THE EFFECT OF THE NUMBER OF LAYERS AND THE DISTANCE FROM THE
BASE ON THE STRESS DISTRIBUTION
The effect of the number of layers on the change of the stress distribution was studied for the cases of
5 layers to 150 layers. The distance from the base of the middle plane was selected to record the stresses.
The distance was normalized in terms of the total specimen depth. In addition, the number of layers is
normalized by 10. In this sense, the following parametric study provides the stress magnitude at a certain
point on the middle plane for each selected number of layers. The results are summarized in eight
figures. These eight figures are given in Figure 4 (a, b, ¢ and d) and Figure 5 (a, b, c and d). Figure 4 is
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used to study the XX-stress, while Figure 5 is utilized to study the FP-stress. Full description for these

figures is given in Table 1:
Table 1 Full description for the XX-stress investigation cases:

Clamped Unclamped Machined Heat treated
XX 1 2 3 4
Figure 4 a b c d
FPS 5 6 7 8
Figure 5 a b c d

5. DISTRIBUTIONS OF THE XX-STRESS

In general, the four figures show that the stress distribution starts in tension at the top and bottom points
with almost the same tension value for the same number of layers. The stress decreased and switched
to compression stress as the NDR increased till around 60% where it reached its maximum compression
value.

Fig. 4-a gives the distribution of the stresses on a point on the middle plane with a normalized distance
(NDR) from the base for several layers from 5 to 150 for the clamped case. Investigating Fig. 4-a may
lead to the summary given in Table 2:

Table 2 Change in stress on a point on the middle plane for the clamped cases:

NDR Stress behavior as the number of layer Change in stress MPa
increases From To
Around 10%: Slightly decreases 320 300
10%<NDR<90% Decreases +300 -120
90%<NDR Increases 200 320

Fig. 4-b and c give the distribution of the stresses on a point on the middle plane with a normalized
distance (NDR) from the base for several layers from 5 to 150 for the Unclamped and the machining
cases. Table 3 describes the distribution as:

Table 3 Change in stress on a point on the middle plane for the Unclamped and the machining cases:

NDR Stress behavior as the number of layer Change in stress MPa

increases From To
Around 10%: Slightly decreases 320 300
Around 60%: Decreases (from 5 to 70 layers) 0 -250
Around 60%: Increases (from 70 to 150 layers) -250 -120

Fig. 4-d gives the distribution of the stresses on a point on the middle plane with a normalized distance
(NDR) from the base for several layers from 5 to 150 for the heat-treated cases. Investigating the figure
shows the changes summarized in Table 4:
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Table 4 Change in stress on a point on the middle plane for the heat-treated cases:

NDR Stress behavior as the number of layer Change in stress MPa
increases From To
Around 10%: Slightly increases 40 70
Around 60%: Decreases (from 5 to 70 layers) 0 -120
Around 60%: Increases (from 70 to 150 layers) -120 -45

It is clear now that the heat treatment decreases the amount of residual stress in both the tension and
compression cases.
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Figure (4-d) Distribution of XX-stresses for the heat treated case

6. DISTRIBUTIONS OF THE FIRST PRINCIPAL STRESS

In general, the four figures show that the stress distribution starts in tension at the top and bottom points
with almost the same tension value for the same number of layers. The stress decreased and switched
to compression stress as the NDR increased till around 50% where it reaches its maximum compression
value. The distribution of the FPS shows that the region for maximum FPS sherinked compared with
that of the XX-stress distribution.

Fig. 5-a gives the distribution of the stresses on a point on the middle plane with a normalized distance
(NDR) from the base, for cases of several layers from 5 to 150, for the clamped case. Investigating the
figure shows that:

For NDR <10% and NDR >90%, the stress is almost 320MPa.In between, the stresses decreases until
it touches no stress at almost 40%, then increases again. The two highest values at the bottom and top
occur for all the layers but with different values. For low number of layers, the stress almost does not
exist. At the highest number of layers, however, it reaches the maximum of 320 MPa. The minimum
value of stresses may be found for all layers of the NDR between 35 and 75%.
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The stress distribution profile for the unclamped case given in Fig. 5-b is almost the same as that of the
clamped case. The main difference between both cases is that the maximum stress (320MPa) may be
found only for cases where the number of layers exceeds 110.

The stress distribution profile for the machined and the heat-treated cases given in Fig. 5-c and 5-d is
almost the same as that of the unclamped case. The main difference between both cases is that at this
case the maximum stress (400MPa) at the base and 300MPa at the top may be found only for the cases
of NDR<number of layers exceeds 110 layers.
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7. TSUMMARY AND CONCLUSIONS

The residual stresses on the WAAM printed parts were simulated and summarized in eight contour
graphs, each representing a set of cases. The data for these graphs were acquired using the commercially
available software SYSWELD, which utilized finite element analysis. The simulation was executed in
austenitic stainless-steel grade 316L. The following points may summarize the conclusions:

1. As expected, both First Principal Stress and XX Stress generated during the printing process
significantly change as the number of layers increases. The most drastic changes occur during
the first 40-60 layers. After that, the rate of change starts to decrease. Moreover, the effect of
post-printing conditions on these stresses is limited, and the most significant change occurs
after heat treatment.

2. The proposed round-layer model provides more realistic stress distribution predictions.

3. Residual stresses vary across different plate regions, with higher tensile stresses near the top
layers and compressive stresses in lower layers.

4. The results align well with existing experimental trends, demonstrating the effectiveness of the
improved modeling approach.
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In future work; the authors recommend doing more research to investigate the effect of layers, substrate
geometry, and changes in the tested materials. In addition to performing more tests on the effect of
different WAAM parameters and carrying out experimental validation
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