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Abstract: With the improvement in technology, additive manufacturing using metal powder has
been a go-to method to produce complex-shaped components. With complex shapes being printed,
the residual stresses (RS) developed during the printing process are much more difficult to control
and manage, which is one of the issues seen in the field of AM. A simplified finite element-based,
layer-by-layer activation approach for the prediction of residual stress is presented and applied to
L-shaped samples built in two different orientations. The model was validated with residual stress
distributions measured using neutron diffraction. It has been demonstrated that this simplified
model can predict the trend of the residual stress distribution well inside the parts and give insight
into residual stress evolution during printing with time for any area of interest. Although the stress
levels predicted are higher than the measured ones, the impact of build direction on the development
of RS during the building process and the final RS distributions after removing the base plate could
be exploited using the model. This is important for finalizing the print orientation for a complex
geometry, as the stress distribution will be different for different print orientations. This simplified
tool which does not need high computational power and time can also be useful in component design
to reduce the residual stresses.

Keywords: additive manufacturing; finite element; residual stress; neutron diffraction

1. Introduction

Additive manufacturing (AM) can be described as a method of manufacturing a
component with a layer-by-layer approach, which means the component is built with the
addition of the new material in layers. For AM, various kinds of processes and materials
have been developed [1]. Among them, the laser-based powder fusion (LBPF) method is
one of the key methods for manufacturing metal components. For manufacturing parts
which are complex in nature where various parts are combined in one single component
rather than having different components assembled together, this AM technique is the most
suitable one. With various features combined, this AM technique is the most suitable one.

In LBPE, for each geometry and new material, different process parameters must be
fine-tuned to obtain the best out of it, and these are intertwined, causing a significant effect
on the outcome of the product. Localized heating due to laser irradiation and subsequent
cooling causes a significant thermal gradient between the layers being printed. This, in
turn, causes expansion and contraction of the layers in a periodical manner. The periodical
cycle of heating and cooling leads to incompatibility between the successive layers, which
causes the residual stresses (RS) to develop [2]. These RS are in self-equilibrium when
no external loads are being applied and they can lead to crack formation, geometrical
distortion of the part during printing, and failure of the build, or the re-coater system as
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well [3]. Furthermore, they are known to affect the fatigue properties of the component in
both a positive and negative manner. Tensile RS at the surface will promote crack initiation
and assist in crack opening and growth, while compressive RS will hinder the crack growth
under fatigue loading.

While the processing parameters are of most importance in AM, finalizing a definite
window of processing for a particular kind of material and geometry has been performed
mostly based on trial-and-error methods, which can be both time-consuming and eco-
nomically not viable. To overcome this, various types of simulation strategies have been
developed to simulate the process of manufacturing. A common aim of the simulations
has been to predict the best parameters for particular metal systems and geometries. A
considerable number of AM process parameters can be altered to obtain the desired part
properties, and simulation tools are becoming more and more popular to obtain a part
from design to production in a short time.

Two different approaches on the simulation front can be identified, namely micro-level-
and macro-level-based simulation, respectively [4]. Most of the micro-level simulations
are focused on understanding the laser’s interaction with the powder and are used to
obtain a better picture of the melt pool dynamics, formation of sputter and keyholes, and
phase changes in the material, etc. [5-8]. These kinds of simulations can provide quite
accurate results but are limited to small scales only and are not feasible for simulating the
build-up process for an entire part due to the excessive computational power required. The
macro-level simulations are frequently based on finite element models for the prediction of
distortion and residual stresses in AM parts without considering the micro-level interaction
of the laser [9-12]. Within the macro model approach, some researchers have used 2D mod-
els with detailed laser movement but without considering the complex phenomenon of the
melt pool consolidation dynamics. Heat flux is used as the load to reduce the computation
time; however, these approaches are more applicable to single-layer simulations [13-15].
Such simulations with exact laser movements and element-wise reactivation can predict
the stresses and deformations in the range of 30% in comparison to the experimentally
evaluated results [16], but require very fine mesh and small increments. Making the exact
simulation of laser interaction to its true size will lead to large computation time. Thus,
these kinds of models are restricted to a single layer simulation or even to single track
simulations [17,18]. Multi-track simulations have also been introduced but they are also
limited to one or a few layers [8,19-21] because of the aforementioned reasons.

In order to reduce the time of computation for the 3D models but retain reasonable
accuracy, researchers in previous studies have tried to simulate printing of multiple layers
at once and apply aggregated heat flux derived from the laser movement on top of the com-
bined layers instead of the laser movement as the heat input [22-24]. Denlinger et al. [25]
have used a dynamic mesh coarsening algorithm combined with aggregated heat flux
where the coarser mesh is used for the layers which are already printed, while a finer mesh
is used for the new layer being activated. Further, An et al. [26] have used aggerated heat
flux as input without considering the laser scan strategies, and big combined layers were
used (0.6mm each layer). Validation was made by neutron diffraction RS measurements on
a couple of lines along the height of the as-built parts with the base plate intact. Similarly,
Williams et al. [27] have used a temperature close to the melting temperature of the material
as heat input instead of heat flux and neglected the interaction with the base plate. The
heat dissipation through the base plate has been modeled by giving very high convection
boundary conditions to the surfaces to the parts attached to the base plate without using
the base plate; the mechanical boundary conditions were applied such that the component
was fixed. With this approach, they have shown that using a sequentially coupled ther-
momechanical model and activating the combined layer, comprising up to 16 real layers
at once, can predict decent accuracy in results when compared to the more detailed work
presented by Denlinger et al. [25]. A few of the previous studies in the AM field have
used the inherent strain or eigenstrain method to predict the residual stresses [28]. This
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method of application, however, requires a very good prediction of the initial strain field
and requires calibration for each material system and each set of parameters used.

The present work describes a macro-scale, fully coupled thermomechanical approach
for RS prediction, utilizing a combined layer reactivation technique as mentioned earlier,
where multiple real layers are combined into one layer and the temperature field is used as
heat input. The approach is similar to Williams et al. [27]; however, the interaction with
the base plate and modeling of heat dissipation to the powder bed is considered, which
makes the model close to reality. Here, the heat dissipation to the powder bed is also
modeled with radiation and convection. Further, the model is verified by a more extensive
experimental analysis of several cross-sections. For the implementation of the model, the
commercial software ABAQUS (V6.12, Dassault Systémes, Johnston, RI, USA) [29] has
been used. Further, the model has been applied to study variation in RS magnitude and
distribution with regard to the build orientation for L-shaped samples made of Inconel718
(In718) and validated experimentally using neutron diffraction measurements from our
previous study [30], where detailed investigation on three differently built orientations
with regard to RS was presented. In the following sections, first, the general outline of
the model is presented and then, the application of the model for L-shaped samples made
from In718 is discussed for different build orientations. Finally, the comparison between
the simulated and experimentally measured values and the distribution of the stress is
presented before conclusions are drawn.

2. Model Description

The model relies on the assumption that the RS starts to develop once the temperature
in the heated zone drops below the melting temperature; this is generated due to the local
temperature gradient between the layers, owing to the rapid cooling during manufacturing.
In the real manufacturing process, the material behavior is more complex as it involves
laser interaction with powder, phase transformations, melt pool formation, etc. All these
aspects and material behavior are difficult to replicate in models and are computationally
expensive to study. The model neglects all the complex laser interactions by using a
predefined temperature, as mentioned earlier. This kind of simplification of the process
makes it less time consuming for the simulation.

In order to make the simplified model close to reality, the cooling process while
printing and while the part is inside the powder bed is modeled using conduction radiation
and convection. All these phenomena are time-dependent, so transient equations for both
thermal and mechanical analysis are used. Here, the mechanical analysis is performed in
sync with the thermal analysis step.

The governing equations for transient heat conduction can be written as:

daTr
Q- Vq=pCpry M)

where p is the material density, C, is the specific heat capacity, T is the temperature, ¢ is
time, Q is the rate of internal heat generation, and g is the heat flux. We also assume that
the studied material is isotropic in nature.

The heat flux q is given by Fourier’s law as

q=—kVT @)

where k is the temperature-dependent thermal conductivity and VT is the local temperature
gradient.
For radiation, the Stefan-Boltzmann law is used:

Grad = sa(Tf‘ - Tf}o) (©)

where ¢ is the surface emissivity, ¢ is the Stefan-Boltzmann constant, T is the surface
temperature and T, is the ambient temperature.
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Convection heat transfer is given as
Jeonv = h(Ts - Too) 4)

where & is the heat transfer coefficient.
The non-linear mechanical analysis is simplified to quasi-static conditions [31-34] and
is shown below
V-oc=0 ®)

where ¢ is the second-order stress tensor. Furthermore,
c=C:¢& (6)

where C is the fourth-order elastic stiffness tensor, while &€ is the second-order elastic strain
tensor. The total strain tensor &, consisting of the elastic stain &°, the plastic strain &”, and
the thermal strain & is given by:

£ =¢ 4 et 4 & (7)

where a linear isotropic behavior has been assumed for the elastic and thermal parts. For
the plastic part, an isotropic behavior based on von Mises equivalent stress and linear
isotropic hardening has been adopted. As our aim is to establish a simplified model and
due to the lack of anisotropic temperature-dependent material data, an isotropic behavior
is assumed.

The application of the model to a horizontally built L-shaped sample can be seen in
Figure 1. Initially, the geometry of interest including the base plate can either be imported
or created in ABAQUS itself. Further, the part is created together with the base plate
but sectioned into two separate entities in ABAQUS using a sectioning tool. This way of
creating both part and base plate removes the need for defining the contact pair properties
between the part and the base plate. Additionally, the part is sliced into multiple sections
in the build directions. These sections represent the combination of multiple real layers of
the printing process; the size of each combined layer can be chosen based on the process. In
a real case scenario, most of the layers are typically 30 to 50 microns thick. For the current
study, 10 real layers of 50 microns are combined into 1. The choice of 10 layers as the starting
point was based on various literature sources [24-27] and before finalizing the combined
layer size, it was tested with smaller and bigger combined layers as well. From the initial
simulations, it was found that 10 real layers are a good compromise between the accuracy
and time needed for simulation, as smaller layers increased the time needed for simulation
and bigger layers further decreased the accuracy. Further, temperature-dependent material
properties such as thermal conductivity, specific heat capacity, Young’s modulus, yield
strength, the coefficient of thermal expansion, etc., need to be assigned to the part and the
base plate.

In order to replicate the real printing process of layer addition and movement of the
part into the powder bed, the Step module in ABAQUS is used to separate the process of
printing and subsequent movement of the part into the powder bed. A specific time is
assigned for each printing step, which, in turn, is calculated for printing the combined layer
based on the laser speed and scan strategy being used in the real print process. Furthermore,
each cooling step is assigned a time based on the time needed for the movement of the part
into the powder bed and for the re-coater system to apply a new layer of powder.

Boundary conditions for heat transfer are in the form of radiation and convection and
are given to the part using the interaction module of ABAQUS.
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Figure 1. Application of model in L-shaped sample.

Radiation is prescribed on the top surface of the combined layer for the time it is being
printed. For the other surfaces which are submerged in the powder bed, convection is
used as a simplified mechanism for heat transfer to the powder. As for the mechanical
boundary conditions, the base plate is fixed using pinned boundary conditions at all the
edges, restricting the movement in all directions as shown in Figure 1 for a horizontal build
sample. Similar mechanical boundary conditions were prescribed to other build orientation
samples as well.

Finally, for the load, the temperature is applied in ABAQUS as a predefined field
for the entire part at the beginning of the simulation. This allows the elements for each
combined layer to be activated, with temperature prescribed with the help of the interaction
module as mentioned before. The selection of the temperature depends upon the material
being investigated as this model assumes that the RS starts to develop when the material
starts to solidify. For the mesh, 8 node linear elements with reduced integration (C3D8RT)
are used for more efficient computation time and they can be generated using a sweep or
structured technique where it is applicable.

At the very first step, after all the boundary conditions and the loads are defined, all
the combined layers present in the main part are deactivated and only the base plate is
kept active using the interaction module of ABAQUS. Subsequently, each layer is activated
in sequence using the stress-free element activation technique of ABAQUS, such that all
the stresses in the element are zero at the instance of activation. Finally, when the entire
part is activated, and it is cooled down to room temperature, the base plate is removed.
For the base plate removal, elements for the entire base plate are deactivated with proper
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implementation of mechanical boundary conditions, such that the process of removal in
real life with a wire electric discharge machine (EDM) is realized by allowing it to move
in one direction (Z-direction) at one side of the part and other movements are fixed. In a
real case scenario, a few additional layers are printed on top of the base plate to account
for the material being removed during EDM cutting before starting to print the real part.
However, this additional layer of allowance is not added in the current work as detailed
EDM process simulation is out of the scope of the current work.

3. Application of the Model to L-Shaped Samples

L-shaped samples made from In718 were studied with two different build orientations,
namely horizontally built (HB) and vertically built (VB). The dimension of the L-shape
sample is 55 mm X 10 mm x 20 mm with a hole of 5 mm in diameter in one of the
side bars. Details regarding printing parameters can be found in [30]. For each build
orientation, the part geometry was first sliced into combined layers and then, each layer
was assigned a printing time and cooling time. The information for the time of the printing
and powder bed movement is taken from the machine itself and the time for the combined
layer was calculated according to the size of the combined layer. As for the predefined
temperature, 1500 K was used for all the samples, and for the base plate, a temperature
of 500 K was used as it was heated to 473 K in the real case. For the base plate, Stainless
Steel (S5316L) was used as material. As it has been assumed that the RS starts to develop
once the part starts to solidify, the temperature of 1500 K was chosen for it which is close
to the melting temperature of In718 which is in the range of 1533-1609 K [35]. As for
the convection and radiation for the part, a heat transfer coefficient of 15 W/m?K and
an emissivity of 0.3 was used, respectively. The physical properties for In718 used in the
simulation are presented in Table 1. The temperature-dependent mechanical properties
for the additively manufactured parts, in general, are difficult to find. In the current work,
temperature-dependent values for the yield strength and Young’s modulus were scaled
down from aged wrought In718 to match up with the data observed for as-built LPBF
In718 at room temperature. In the literature, for different techniques of AM, values of
mechanical properties for as-built conditions have been reported in a variety of ranges. For
example, values for the Young’s modulus for the LBPF process at room temperature have
been reported from as low as 114 GPa to as high as 210 GPa [36-39]. These differences in
mechanical properties reported by various researchers are related to the diverse nature
of the AM processes and the influence of the processing parameters used while printing.
Thus, empirical values of 180 GPa for Young’s modulus and 800 MPa for the yield strength
at room temperature are used based on a previously reported work [38] to scale down the
values from the aged wrought In718 found in [40] to obtain the mechanical properties as
close to the as-built AM In718, as illustrated in Figures 2 and 3. Properties of SS316L used
for the base plate are taken from [41]. Boundary conditions were applied as mentioned
in the general outline of the model. For the final setup, a minimum of one element in the
thickness direction (build direction) for each combined layer was finalized after a check of
independence of the computed result on mesh size using various mesh sizes with multiple
elements. For the HB sample, the total number of nodes was 56,204 and the wall clock time
was 8579 s (~2.3 h); similarly, for the VB sample, the total number of nodes was 72,724
and the wall clock time was 116,216 s (~33 h). All the simulations were performed in a
workstation equipped with an Intel® Xeon® V6 quad-core processor.
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Table 1. Properties of Inconel718, adapted with permission from ref. [25] 2021 Elsevier.

Thermal Specific Thermal
Temp. [K] Conductivity Temp [K] Heat (J/kgK) Temp. [K] Expansion
(W/mK) 8 Coefficient
293 114 293 427.14 366 1.28 x 10°
373 12.5 373 441.74 477 1.35 x 10°
573 14 573 481.74 589 1.39 x 10°
773 15.5 773 521.74 700 1.42 x 10°
973 215 973 561.74 811 1.44 x 10°
1000 21 1173 601.74 922 1.51 x 10°
1200 25 1623 691.74 1033 1.60 x 10°
1500 30 - - - -

Young's Modulus vs Temperature

250 —8—initial data for wrought
In718
—d—scaled data

m 200
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Figure 2. Initial and scaled temperature-dependent Young Modulus.
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—#—initial data for wrought In718
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Figure 3. Initial and scaled temperature-dependent yield strength.
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4, Results
4.1. HB Sample

The change in temperature in a typical activation cycle (heating and cooling of one
combined layer) is illustrated by Figure 4a,b. At the moment of activation of a new
combined layer, a uniform temperature field was applied to the reactivated block of the
combined layers (Figure 4a). Cooling through the different boundaries resulted in temper-
ature redistribution. As Figure 4b shows, before activating the next layer, temperatures
were changed both along the build direction and inside each build layer as well as in
the base plate. The corresponding RS distributions on the outer surfaces are presented
as von Mises stresses in Figure 5a,b. By definition, the surface von Mises stresses in the
new combined layer was zero at the moment of activation (Section 2) but increased as the
cooling proceeded. Before the next combined layer was activated, high von Mises stresses
were developed in the already built layers, while low von Mises stresses were formed in the
base plate. When all the layers were activated (the whole part was built) and cooled down
to room temperature, high surface stresses were retained in both the part and the base plate
(Figure 5c). Stress evolution with time in a specific layer is exemplified by Figure 6, which
demonstrates changes in stresses parallel to the build direction (BD) in a layer 2 mm from
the base plate. Tensile residual stresses are observed in a small surface region after the layer
is printed and moved into the powder bed (Figure 6a). As new layers are continuously
added above it, i.e., the height of the part increases successively, the width of the tensile
region also increases but remains almost constant as the total printed height reaches 10 mm
(Figure 6b). The stress distribution remains almost unchanged until the entire part is
printed and cooled down, (Figure 6¢). As soon as the base plate is removed, the change in
the stress distribution is observed as seen in Figure 6d, owing to the relaxation.

NT11

]
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P R ey
ey g R R R
L]
+
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25e+
Oe+
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[]
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T T s
NNNNNNNNNNNNN

a b0
®
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Figure 4. Temperature distribution (K) at various stages during printing: (a) when a new layer is
activated, (b) just before a new layer is added.
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The stress maps in Figure 7 for a vertical cut through the mid-width of the side bar
with the hole reveal detailed stress distributions inside the part together with the base plate.
Looking at the stress distribution in the build direction 533, the base plate, in general, is in
compression and the top layers of the parts are in tension. On the other hand, for the stress
component which is normal to the cross-section (S22), the base plate shows tensile stresses
which are balanced by the stress distribution in the part.

The subsequent removal of the base plate by deactivating the entire baseplate resulted
in a significant change in stress distribution as mentioned earlier. Near the contact area
with the base plate, the von Mises stresses in the range of ~700 MPa (Figure 5c) were
reduced to approximately 170 MPa (Figure 5d). A closer comparison of stress distributions
at selected cross-sections before and after the removal of the base plate is presented and
discussed in Section 4.3.

S, Mises
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Figure 5. von Mises stress distribution in Pa for horizontally built (HB) sample at various stages while printing (a) when a

new layer is activated, (b) just before a new layer is added, (c) when the entire part is cooled down with base plate, and (d)

after removal of the base plate.
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Figure 6. Stress evolution [Pa] in building direction for a layer at 2mm away from base plate for HB sample (sections above
the current layers are removed for visualization) (a) just after new layer is printed and moved into powder bed. (b) When
part height reached at 10 mm. (c) All layers are printed and cooled down to room temperature. (d) After removal from
base plate.
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Figure 7. Cross-section view of the stress build up after the part is cooled to room temperature: (a) stresses in Z-direction,
(b) stresses in Y-direction, (c) stresses in X -direction (building direction). (Note: stresses are in [Pa].).
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4.2. VB Sample

Changes in the von Mises stress distributions when printing in the vertical configu-
ration can be derived by comparing Figure 8a,b. With the increase in the part height, the
difference in von Mises stress is smaller between the part and base plate, which is due
to the smaller area of the part section being printed compared to the base plate. When
the plate is cooled down and subsequently removed, it retains the high values of the von
Mises stress compared to the horizontal build sample, with slight relaxation observed near
the area connected to the base plate (Figure 8c,d). From comparing Figure 8b,c, cooling
to room temperature when the whole part is built does not seem to induce a large change
in the von Mises stress. RS variation in the vertical, as well as transverse directions, is
obvious in both figures, which is also shown in Figure 9 for RS distribution in a vertical
cross-section cutting through the hole. For the stress parallel to the build direction S11
(Figure 9a), compressive stresses were observed inside and tensile stresses in the outer
surface regions. As for the stress transverse to the build directions (Figure 9b,c), the part is
in low compression, while the base plate is in tension.

The removal of the base plate also caused stress relaxation, but the changes are, in
general, much smaller than for the HB sample (Figures 5 and 6). Significant stress relaxation
is observed near the surface connected to the base plate (Figure 8c,d). However, in the
rest of the sample that is further away from the base plate (5Smm and above), the stress
relaxation was very low and von Mises stresses in the range of ~800 MPa were retained.
Due to a smaller area of contact between the sample and the base plate, the influence of the
base plate removal is limited to the small volume close to it. Detailed stress distributions
for selected cross-sections and the effect of cutting is discussed in Section 4.3.

Further, in the case of the VB sample, the evolution of stresses during printing can
be examined in detail. For example, the effect of sample geometry on RS development is
illustrated in Figure 10 where stress parallel to BD at the cross-section 4 mm away from
the base plate is presented for different printing stages. When the build height reaches
20 mm, the RS field has been changed from a smaller tensile region at the surface and more
distributed compressive region (Figure 10a) to a distribution with a greater tensile region
near the surface and higher bulk compression (Figure 10b). As the building continues with
a smaller cross-section, the compressive stress in the area below the newly built region
increases (Figure 10c). However, with increasing new layers, the effect diminishes and once
the entire part is printed and cooled down to room temperature, the stress distribution
changes, which can be seen in Figure 10d. Finally, when the base plate is removed, the
stress is relaxed as the mechanical constraints are removed (Figure 10e).

Further analysis at the distance of 4 mm from the base plate of the VB sample is focused
on the stress development in the building direction for elements at the mid thickness (X =0,
Y =5, Z = 4)) and on the surface of the part (X=0,Y =0, Z = 4)). As revealed by Figure 11,
as soon as the layer is activated and the temperature gradient starts to form between the
newly printed layer and the layer below, stresses of compressive and tensile nature in the
building direction developed for the central and outer element, respectively. The stresses
continue to increase but with a reducing rate as new layers are being added. Eventually, the
stresses reach a more or less saturation state when the newly printed layers are sufficiently
far away (approximately after 30 layers for the central element and 12 layers for the surface
elements) and possess little influence. Once the entire part is printed and starts to cool
down to room temperature, the developed stresses slowly relax, and they attain the plateau
when the part reaches the base plate temperature. Finally, when the part is removed from
the base plate, relaxation is observed for both elements.
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Figure 8. von Mises stress distribution in Pa for VB at various stages while printing (a) when a new layer is activated, (b)
just before a new layer is added, (c) when the entire part is cooled down with base plate, and (d) when base plate is removed.
(Note: stresses are in Pa scale.)

Cut-plane

S, S11
(Avg: 75%)

+1.645e+09

+1.422e+09

+1.198e+09

+9.749e+08

+7.515e+08

+5.281e+08

+3.046e+08

+8.122e+07

i

=3, +

-5.891e+08

-8.125e+08 33)

-1.036e+09

Z(11) BD

Y(22)

s, 522
B s33
(Avg: 75%) ?Av:' 75%)
+1,255e+09 +1.2740409
+1.105¢+09 111380109
+9.547¢+08 +1.002e+09
+8,045¢+08 18.6580+08
+6.543e+08 +7.298e+08
+5.041e+08 +5.937e+08
+3.539e+08 +4.577e+08
+2.038¢+08 +3.216e+08
+5,359¢+07 +1.856e+08
3:860e+07 +4.950e+07
§ -8.655e+07
-3.970e+08 -2.226e+
-5.471e+08 -3.586e+08

Figure 9. Cross-section view of the stress build up after the part is cooled to room temperature (a) stresses in Z-direction
(building direction), (b) stresses in Y-direction, (c) stresses in X-direction. (Note: stresses are in Pa scale.).
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current layers are removed for visualization): (a) when the new combined layer is cooled, (b) when the geometry change
happens at height of 20 mm, (c) when the build height reaches 40 mm, (d) when the entire part is cooled down to room

temperature, (e) when the base plate is removed.
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Figure 11. Stress evolution of elements in building direction for VB sample.
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4.3. Comparison of Predicted RS with Experimental Analysis

For validation of the model, the results from simulations are compared in
Figures 12 and 13 with residual stress distributions obtained by neutron diffraction mea-
surements for selected cross-sections. The RS measurements were performed at the
KOWARI beamline at ANSTO [42]. The measurements were made on samples removed
from the base plate. Details of the neutron diffraction experiments can be found in [30], in
which a comprehensive study of residual stresses in L-shaped In718 by neutron diffraction
measurement was presented.

C1 C2

O OO QOO O
~9°°9° SIS s

Figure 12. Stress distribution for HB sample at cross-section C1 and C2. (a,b)-Results from simulation before base plate
removal, (¢,d)-Results from simulation after removal of the base plate, (e, f)-Experimental results reprinted from ref. [30].
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In order to have a more representative comparison of the simulation-based results
with the experimental data, simulated stresses were extracted at element integration points
corresponding to the points measured in the experiment. Figures 12a—d and 13a—d show the
stress distribution on the selected cross-sections C1 and C2 extracted from the simulation
both before and after the removal of the base plate.

As Figures 12c—f and 13c—f show, the simulation and the experiment reveal similar
residual stress distributions when the parts are removed from the base plate. In general,
tensile residual stresses are dominant in the outer surface region and compressive residual
stresses at the bulk for both samples. When comparing the predicted stress distributions
to the measured ones, the simplified model can generate similar stress distribution. The
model is also able to predict the influence of the change in the geometry and the influence
of the build orientation as well.

In the case of the HB sample before the base plate removal (BR), the stress normal
to the cross-section (0) (Figure 12a,b) is primarily in tension, which is balanced by the
compressive stress in the base plate. The level of the maximum residual stresses for the
as-built part is high, at the level of 900 MPa. Such high levels of residual stresses might
cause ripping of the part from the base plate, which is the most common effect of high RS
in the AM process. They can also lead to significant flex in the part if the part is not stiff
enough to sustain the deflection.

As the height of the sample in HB condition is only 10 mm, the entire part plays
a significant role in the stress balance and when the base plate is removed, significant
relaxation of RS in the whole part occurred as shown by the von Mises stress changes in
Figure 5, stress change in building direction in Figure 6, and the redistribution of residual
stresses in C1 and C2 (Figure 12a—d). The high tensile stresses were greatly reduced to low
tensile or even compressive stresses after the sample was sliced off from the base plate. It
can be deduced that due to the smaller height and larger contact between the sample and
base plate, the influence of the base plate on RS development is significant.

In the case of the VB sample, due to the smaller contact area, layers near the base plate
play a more important role in balancing the stress before the base plate is removed. This
can also be further inferred from Figure 13a—f which only reveal a minor change in the
distribution of ¢, which is normal to the cross-section after the removal of the base plate.
In addition to a small contact area with the base plate, the cross-section C1 and C2 being
far away from the base plate is another reason for the small effect. The effect of the removal
on the stress redistribution has been discussed earlier for the lower section of the samples
that are close to the base plate (Figure 10).

Further, to make a more detailed comparison between the simulated and the mea-
sured samples, the RS for the mid-thickness line or the center of the cross-sections at
X =0 (Figure 13) are presented for all sections C1, C2, C3, and C4 for both the HB and VB
samples. As can be seen from Figures 14-17, for the VB sample, the stress distribution
trend is in good agreement with the experimentally measured one with larger deviations
in stress magnitude for the stress components parallel (¢;) to the build direction. Simi-
larly, for the HB sample, Figures 18-21 also show that the stress distribution trends are
in good agreement with the experimentally measured ones and again, the greatest devi-
ation in stress magnitude is observed in the stress components parallel (o) to the build
direction. For the stress perpendicular to the cross-section. i.e., 0; for C1 and C2 and ¢y,
for C3 and C4, the stresses predicted are within a range of a maximum 35% higher than
experimentally measured.
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Figure 13. Stress distribution for VB at cross-section C1 and C2: (a,b)-Results from simulation before base plate removal,
(c,d)-Results from simulation after removal of the base plate, (e,f)-Experimental results reprinted from ref. [30].

The VB sample is less affected by the removal of the base plate, and the presented
stresses are then mainly related to the building process.

The above comparisons confirm that the simplified model can capture the characteris-
tics of residual stress distributions related to the sample geometry and building direction.
The deviation in the stress magnitude also indicates that simplifications employed to reduce
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the computational time contribute to the overprediction of residual stresses. Two main
sources of error are the use of the combined layer approach and the simplified load of a
uniform temperature field. With such simplifications, the thermal effect of the moving
laser spot on the already solidified materials around the melt pool is not being captured,
which can result in higher residual stresses. Another possible contribution can be from the
assumption of the boundary conditions for heat dissipation. In the model, we consider
convection only when the part is submerged into the powder bed whereas, in the real
process, there is conduction taking place through the powder particles as well to some
extent, which is difficult to model accurately. A further source of error can be related to
uncertainties in the temperature-dependent thermomechanical properties used as input
and the material behavior chosen for the simulations. As mentioned previously, the mate-
rial was considered to be isotropic in nature, but in real cases, the AM material behavior
seems to be anisotropic [38]. Additionally, the material in powder form will have different
temperature-dependent properties than the bulk materials [43,44] and a slight change in
these properties can lead to a significant variation in the stress distribution, as the model is
dependent upon them. However, with the capability to replicate residual stress distribution
with good accuracy, the model can be used in part design and process parameter selection
with regard to minimizing residual stresses.

The model can be further improved by using a smaller combined layer size together
with incorporating smaller mesh size and real laser movements for more precise heat
input instead of using temperature as heat input. However, the computational time will
drastically increase with these kinds of complex real-world implementations. The gain in
the prediction with the complex interaction can be overshadowed by the time required for
the computation. In this current work, simulations which are not presented here show that
using finer mesh and smaller layer sizes increases the computation time, whilst gain in the
accuracy is minimum. For example, in the case of the VB sample, using a finer mesh with
two elements for each combined layer in building direction resulted in 167,029 nodes which
took a wall clock time of 62 h for simulation to complete. However, the gain in the results
was less than 2% for stress in building direction in comparison to using only one element
in building direction. Due to the excessive lead time for the computation, the complex
models are confined to either one track of few layers simulations as mentioned earlier.

Comparison between Simulated and experimental results VB
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Figure 14. Comparison between experiment and simulation results for VB sample cross-section C1.
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Figure 15. Comparison between experiment and simulation results for VB sample cross-section C2.
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Figure 16. Comparison between experiment and simulation results for VB sample cross-section C3.
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Figure 17. Comparison between experiment and simulation results for VB sample cross-section C4.
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Figure 18. Comparison between experiment and simulation results for HB sample cross-section C1.
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Figure 19. Comparison between experiment and simulation results for HB sample cross-section C2.
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Figure 20. Comparison between experiment and simulation results for HB sample cross-section C3.
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Figure 21. Comparison between experiment and simulation results for HB sample cross-section C4.

5. Summary and Conclusions

A simplified model to predict residual stresses in parts manufactured using the laser
powder bed fusion method was set up based on a commercially available FEM software
and validated by results from neutron diffraction experiments. Based on the results, the
following conclusions can be drawn:

The model can predict the variation in the distribution of the stresses in the L-shaped
sample due to different build orientations both before and after the base plate has been
removed. It has shown that RS state can change significantly once the part is removed from
the base plate. However, this depends upon the amount of contact area between the part
and the base plate.

From the model, RS are the lowest in the HB sample as in the experiments and it
has shown a bigger change in RS state before and after the removal of the base plate
in comparison to other samples due to the large contact area between the part and the
base plate.

Variation in the stress field due to geometrical changes and features such as holes are
also predicted by the model.

The distribution trends of the stresses in all the samples are in good agreement with
the experimentally measured ones but with higher magnitude, especially in the building
direction. Higher levels of stress are due to various simplified assumptions used for
the model.

The model can be incorporated into the design and production process as a tool to
have an efficient quality control and modification of geometry of critical areas in the part
if the stress predicted is out of the normal range. It can also be used to finalize the print
orientation based on the RS levels as well as the part geometry. Some print orientations
and part geometry will require support structures; the model can also be exploited to check
if the support structure and print orientation are a good combination or not.

Furthermore, it can be developed to capture different laser scan strategies; however,
this will lead to an increase in computational time. Reliable temperature-dependent
mechanical data and detailed modeling of the boundary conditions for heat dissipation
during additive manufacturing are also important for a more accurate prediction of residual
stress magnitudes.
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