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Abstract: In the present study, the effect of material deposition at the elevated temperature baseplate
on the microstructure and mechanical properties was investigated and correlated to the unique ther-
mal history by using numerical simulation. Numerical results agreed well with the experimental
results of microstructure and mechanical properties. Numerical results revealed a significant de-
crease in temperature gradient and a 40% decrease in thermal stress due to material deposition on
the elevated temperature baseplate. The reduced thermal stress and temperature gradient resulted
in coarser grain features, which in turn led to a decrease in hardness and tensile strength, especially
for the bottom region near the baseplate. Meanwhile, no significant effect could be found for duc-
tility. In addition, an elevated temperature baseplate promoted less heterogeneity in hardness and
tensile properties along the building direction. The current work demonstrates a collective and di-
rect understanding of the baseplate preheating effect on thermal stress, microstructure and mechan-
ical properties and their correlations, which is believed beneficial for the better utilization of
baseplate preheating positive effects.

Keywords: directed energy deposition; austenite stainless steel 316L; baseplate heating; numerical
modeling; thermal stress; tensile properties

1. Introduction

Directed Energy Deposition (DED) is one of the metal deposition techniques in the
Additive Manufacturing (AM) process. The DED process utilizes a focused heat source
(laser or electron beam) to melt feedstock material in the form of powder or wire to build
a three-dimensional structure [1,2]. Localized heating by a focused heat source creates
melt pools on the target surface. Unlike in Powder Bed Fusion (PBF,) where materials are
spread in a tray, DED employs a technique to supply materials directly to the melt pool.
This creates a unique application window, such as less support deposition with a high
production rate, deposition of functionally graded materials and a unique advantage in
the field of repairing worn-out parts, surface treatment, porous coatings, etc. [3,4].

The wide application of material deposition with a focused heat source has been hin-
dered due to several hurdles. Employment of a concentric thermal heat source and com-
plicated thermal cycles during the deposition process results in residual stress. It leads to
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the distortion of the deposited part and the baseplate [5,6]. Shim et al. investigated the
crack evolution on DED- and PBF-processed M4 steel. They found out that the inconven-
ience in material deposition on the baseplate at room temperature in the deposition of M4
steel results in significant cracks and inadequate fusion at the deposited layer-substrate
interface [7]. Similarly, the deposition of M2 high-speed steel caused a failure due to crack
development in the deposited structure in PBF [8]. Functionally graded material deposi-
tion using DED also is prone to crack development [9].

A common effective solution for all the above difficulties is preheating the baseplate.
Respective researchers successfully proved the effectiveness of preheating to address the
corresponding challenges. Lu et al. [6] achieved significant success in reducing residual
stresses and final distortion by 80.2% and 90.1%, respectively. Shim et al. [7] reported
baseplate preheating with an induction heater in the metal deposition of the HSS M4 pow-
der, beneficial in reducing the crack formation. It was shown that coarser columnar grains
and larger secondary dendritic arm spacing were generated due to the lower solidification
rate in the baseplate preheating case compared to equiaxial finer grains produced without
preheating. Similarly, Kiran et al. [10] found an increase in average grain size for increased
baseplate temperatures during the single track deposition of DED austenite 316L steel.
Wei et al. [9] observed that laser synchronous preheating was an effective means of im-
proving deposition and crack suppression in the laser deposition for Inconel625/Ti6Al4V
graded material. Jendrzejewski et al. [11] studied the preheating effect of a stellite SF6
coating on the X10Cr13 chromium steel using numerical simulation. Numerical calcula-
tion of preheating revealed that the stress state was below the material tensile strength
during a preheating condition at 500 °C. Microstructural characterization corresponded
to numerical calculation. A decrease in the number of cracks was observed in the pre-
heated sample compared to that conducted at room temperature.

In the last few years, extensive valuable outcomes have contributed to our under-
standing of the correlations of the process parameters, microstructure and mechanical
properties of DED-fabricated components [12-15]. However, most of those available stud-
ies discuss deposition at room temperature. It is well known that baseplate preheating can
effectively reduce residual stress, thermal distortion as well as cracking in compositionally
gradient materials fabricated via DED [16-18]. Therefore, it is of great importance to study
systematically the baseplate preheating effect on the microstructure and mechanical prop-
erties in order to exploit the utilization of baseplate preheating during the manufacturing
of AM parts.

Extensive previous reports mentioned above have contributed to our understanding
about the baseplate preheating effect on the reduction of residual stress and distortion
generated during AM. However, these works focused on either the reduction of the neg-
ative effects of concentrated heat during the deposition process by using numerical simu-
lations in [19,20], or the relationships between the baseplate preheating effect and micro-
structure and mechanical properties, without providing thermal information. A collective
and direct understanding of thermal history-induced microstructure and mechanical
properties for AM materials is needed in order to have a clearer picture of the baseplate
preheating effect for better utilization of its positive effects.

Therefore, the aim of the present work is to provide a collective understanding of the
baseplate preheating effect and thermal history by using numerical simulation-micro-
structure-mechanical properties correlations. In addition, different from the baseplates
preheated before deposition in previous reports, the baseplate is maintained at an ele-
vated temperature until the end of deposition. This elevated temperature deposition was
implemented to reduce the difference in temperature gradients along the deposition di-
rection, which may help to achieve better consistency in the cooling rate from the layers
near the baseplate until the end of deposition. In this condition, slow cooling was achieved
after the end of deposition. Three regions were considered along the building direction to
evaluate the mechanical and microstructural results. A numerical model was built for
thermal and mechanical simulation. A thermal model was built along with two heat
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sources to simulate the heating condition. Numerical results were validated with the re-
spective experimental data. Numerical results were used to evaluate the thermal history
and thermal stress along the built direction. The present numerical simulation of deposi-
tion at elevated temperatures was compared with that at room temperature. The results
for the thermo-mechanical simulation of baseplates at room temperature were derived
from our previous work [20].

2. Materials and Methods
2.1. Materials

Austenitic stainless steel 316L was used as the material for the powder feedstock and
baseplate. Austenitic stainless steel 316L. does not undergo phase transformation in the
solid state. Austenitic stainless steel 316L (Sandvik Osprey LTD, Neath, UK) powder with
a particle size range of 50-150 pm was used. A baseplate with dimensions of 95 x 95 mm?
and thickness of 6 mm was used. To reduce the influence of the residual stress, the
baseplate was heat-treated at 400 °C for four hours.

2.2. Experimental Setup

The material was deposited by using the InssTek MX-600 metallic deposition system
(InssTek, Daejeon, Korea). The DED process parameters provided by the DED machine
manufacturer were used for material deposition [20].

The heating setup was designed for the InssTek MX-600 metallic deposition system.
A thermally insulated heating system was designed as per the baseplate holder setup
available in the InssTek MX-600 metallic deposition system. The heating unit is shown in
Figure 1a. The baseplate was fixed using bolts from the external support structure, as
shown in Figure 1b. Fiber glass insulation was built around the heating coil and baseplate
to minimize the heat loss. Insulation also helped to control the desired temperature in the
baseplate throughout the process.

(@) | (b)

Figure 1. (a) Preheating setup in the deposition chamber. (b) Baseplate holding setup on the heating
plate.

2.3. In Situ Temperature Measurement

The temperature was measured in situ on the top surface of the baseplate using a
thermocouple of type “K”. The desired temperature on the top surface was maintained
via thermocouple reading using the heating system. The thermocouple (TC_Top) was
welded at a distance of approximately 2 mm from the contour deposition track of the cube.
The data from the TC_Top helped to control heat from the heating unit. The thermocouple
position is marked in Figure 2. The demission of the baseplate and cuboid structure is also
shown in Figure 2.
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Figure 2. Thermocouple position and structure dimension.

2.4. Tensile Test

The miniaturized tensile tests (MTT) were carried out to evaluate the tensile proper-
ties [21,22]. A half section of the deposited cuboid cut from centerline is shown in Figure
3a. Three locations were considered for tensile testing. Four samples were prepared for
each investigated location. The first set was near the baseplate, the second set was at the
middle of the height of the deposited structure, and the third set was at the top, as shown
in Figure 3b. The orientation of the tensile samples is shown in Figure 3c. The testing spec-
imens were extracted from the deposited material by a wire electric discharge machine
(WEDM) in accordance with the geometry depicted in Figure 3d.
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Figure 3. (a) Cut cuboid structure for tensile sample preparation. (b) Three section positions from
the baseplate top surface. (c) Sample orientation in the deposited structure. (d) Tensile samples’

dimensions.
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The quasi-static tensile tests were conducted at a strain rate of 0.00007 s using a
universal testing machine, the Zwick/Roll Z250, with a load capacity of 2.5 KN at room
temperature. The testing procedure was performed according to the standards ISO 6892-
1 (Metallic materials—Tensile testing—Method of test at room temperature). The defor-
mation was measured with the use of an optical system based on the Digital Image Cor-
relation method.

2.5. Hardness and Microstructural Evaluation Methods

Hardness profiles HV 10 (load 10 kg) were measured using a laboratory hardness
tester, the Struers DuraScan 50 (EMCO-TEST Priifmaschinen GmbH, Kuchl, Austria),
equipped with ecos WorkflowTM software (EMCO-TEST Priifmaschinen GmbH, Kuchl,
Austria). The hardness measurement was carried out in accordance with ISO 6507-11:
Vickers hardness measurement. The measurement was performed from the bottom sur-
face of the baseplate with a step of 1 mm. The indentation profile of the hardness test is
depicted in Figure 4. Standard metallographic preparation of hardness samples consisted
of grinding followed by polishing (final steps—Nap 1 um + OP-S (Colloidal silica—0.25
um)), which was performed on a Tegramin 30 (Struers GmbH, Ballerup, Denmark). The
microstructures were revealed by etching in V2A solution and photographed using a light
microscope, the Nikon Eclipse MA200 (Nikon, Tokyo, Japan), equipped with the NIS El-
ements 5.2 digital image processing and analysis software (Nikon, Tokyo, Japan). The de-
tailed microstructural observation and electron backscatter diffraction (EBSD) were per-
formed on a scanning electron microscope, JEOL IT 500 HR (JEOL Ltd., Tokyo, Japan),
with the EDAX Hikari Super camera (EDAX LLC, Mahwah, NJ, USA) at a step size of 2.5
um, for an analyzed area of 1076 um x 1080 pm, with an acceleration voltage of 30 kV,
scanning speed of 100 diffractograms per second, and 5 x 5 binning. The EBSD maps were
processed in 75x magnification. The data acquisition, analyses, and post-processing were
performed using the software TEAM 4.5 (EDAX LLC, Mahwah, NJ, USA) and EDAX OIM
Analysis™ Version 8.0 (EDAX LLC, Mahwah, NJ, USA).

Figure 4. Indentation profile of hardness test. The indentation was performed along the building
direction of deposition.

2.6. Numerical Simulation

The deposition process at elevated temperature was simulated in two steps using
uncoupled thermal and mechanical steps. A finite element model was developed for both
thermal and mechanical simulation using 3DExperience software (Dassault Systemes,
Vélizy-Villacoublay, France). The melt pool created from the laser was simulated using a
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concentric heat source model [20]. The moving heat source was set to 500 W power as per
the experimental input data.

2.6.1. Thermal Analysis

A progressive material deposition strategy that represented the DED process of new
material addition with time was implemented [20]. As the upper-deposited layers were
exposed to ambient conditions, this resulted in continuous evolution of the cooling surface
with time. Therefore, progressive cooling was applied to the surface of the deposited ma-
terial. The detailed method and theories for thermal analysis used in the present work can
be found in our previous work [20].

2.6.2. Mechanical Analysis

The mechanical analysis was conducted using the temperature histories computed
by the thermal analysis as the input data.
The mechanical equation is based on the equation of static equilibrium [23]:

(Vo +F)=0 1)

where V is the divergence operator, o is the stress tensor, and F is the body force.
As the material for baseplate and powder was austenitic stainless steel, which does
not undergo solid-state phase transformation, the total strain rate is given as [24]:

£ =€+ &P 4 ¢th )

where £€° is the elastic strain, P is the plastic strain, and éth is the thermal strain. The

elastic strain was modeled using the temperature-dependent Young’'s modulus and Poi-
son’s ratio according to isotropic Hook’s law. The plastic strain was computed using tem-
perature-dependent mechanical properties, a linear kinematic hardening model, and kin-
ematic hardening [25].

2.7. FEM Model

Meshed models used for both thermal and mechanical simulation had the same mesh
size with respective boundary conditions. Linear heat transfer elements (DC3D8) were
selected for the thermal simulation. Linear elements (C3D8) from the 3DExperience li-
brary were used for mechanical analysis. The FEM model for the 3D solid cuboid structure
consisted of 31,360 elements (1.5 mm mesh size) and 36,225 nodes. The FEM model for the
baseplate consisted of 9216 elements (2 mm mesh size) and 12,005 nodes, as depicted in
Figure 5.

Figure 5. FEM meshed model for thermal and mechanical analysis.
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Two assumptions were considered to reduce the complexity in numerical model de-
velopment for the present work. A uniform thermal heat loss from the entire baseplate
surface was assumed. The emissivity parameter was kept constant at 0.1, in accordance
with the literature [26]. The heat transfer coefficient by convection was optimized for dep-
osition on the baseplate at the 600 °C condition. A higher convection rate of 47 W/m? K
was set compared to deposition on the baseplate at room temperature. The surrounding
temperature was set to 27 °C.

The next assumption was implemented for the mechanical boundary condition. The
bottom plane of the baseplate below the deposition area was restricted in all three direc-
tions.

3. Results

This section presents results on the comparison between deposition at an elevated
temperature and at room temperature in terms of the effect on thermal history and ther-
mal stress by numerical simulation, and the influence on microstructure and mechanical
properties, respectively.

3.1. Thermal Analysis

The end of deposition and beginning of the cooling process is shown in Figure 6.
Once deposited on the baseplate, the upper surface temperature of the material can reach
up to 600 °C. The temperature on the surface at the end of deposition drops by only
around 50 °C from the start of deposition, compared to around 250 °C during material
deposition on the baseplate at room temperature [20]. Slow cooling was maintained with
the help of the heating system. Cooling was prolonged to nine times more compared to
without baseplate heating [20].
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Figure 6. Temperature distribution on the baseplate top surface —experimental and numerical re-
sults.

Two thermal heat sources were employed for thermal simulation. One thermal
source represented the laser interacting with the material deposition. The movement of
the laser was defined as per the laser movement data derived from the experiment. The
other one was created as a stationary heat source within the baseplate. This was optimized
over time as per the thermocouple results. It represents the external heat source setup in
the experiment. The nodal temperature on the surface of the baseplate 2 mm away the
contour of the deposition is plotted in Figure 2. The simulation results agree well with the
thermocouple-measured data.
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3.2. Mechanical Analysis

Mechanical simulation was conducted with the same meshed model used for thermal
simulation with the respective structural boundary condition. Mechanical simulation re-
sults were compared with experimentally determined results (contour method) [1,27,28].
The contour method provides normal stress perpendicular to the cut surface (X-Z plane).
Similarly, the numerical model was also cut in the X-Z plane, as shown in Figure 7. The
normal stress to the X-Z plane (Y-component stress) from numerical mode was compared
with the contour method results. For precise comparison, three paths were considered in
the deposited structure, marked with dark lines, as depicted in Figure 7. The first path
was located at a height of 3 mm from the top surface of the baseplate. This path corre-
sponded to the 12th layer deposition. The middle path was at a height of 18.75 mm, where
the 75th layer was deposited. The topmost path was located at 35.5 mm, corresponding to
the 142nd layer deposition.

S, S22 y 4
(Avg: 75%)

Figure 7. Normal stress distribution at the cut surface of X-Z plane in MPa.

Y-component stress values for numerical results at three paths are depicted in Figure
8 with respect to contour method results. The blue-colored plot represents the results orig-
inating from the contour method, while the orange plot demonstrates the normal stress to
the X-Z plane generated from numerical calculation. The contour results at the edge are
considered inaccurate. It is likely due to error occurring during the cutting process. The
cutting edge influences residual stress relaxation [20, 29].
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Figure 8. Residual stress in the three paths for contour method and numerical results. (a) path at a
distance of 3 mm. (b) path at 18.75 mm. (c) path at 35.5 mm from the top surface of the baseplate.

The results for the path 3 mm from the baseplate surface are depicted in Figure 8a.
The results show a slight difference between the two measurements, which could be
mainly caused by the structure boundary conditions applied to the baseplate below the
deposition area. Moreover, the numerical results show negative Y-component stress in
this path, similar to the contour method results. Meanwhile, results for the second path,
at a height of 18.75 mm from the baseplate’s top surface, agree well with the experimental
results, as can be seen in Figure 8b. The result of the third path, at a height of 35.5 mm, in
Figure 8c, shows a shift in Y-component stress to the positive at a distance of approxi-
mately 5 mm in the experimental results, and a similar variation was reported for the
numerical calculation. In the same manner, numerical results were also estimated, as
shown in Figure 8c.

3.3. Temperature Profile and Thermal Stress Evolution

The nodal temperature and stress were extracted from the validated model, and the
results can be seen in Figure 9. Nodal temperature represents the temperature evolution
at a specific point, and it helps to understand the temperature profile during the deposi-
tion process inside the structure. Five nodes on different layers were considered for anal-
ysis. It can be seen from Figure 9a that the notable development of the baseplate preheat-
ing effect occurs in a narrow window of approximately 110 °C nodal peak temperature
for the considered layers. The window of minimum and maximum temperature is de-
picted in Figure 9a. Meanwhile, a larger window of approximately 440 °C of the peak
temperature was reported for deposition on the baseplate at room temperature [20]. This
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was due to rapid heat flow during deposition at the initial layers to the baseplate at room
temperature. The elevated temperature of 600 °C deposition successfully minimizes the
inconsistency. For simplicity, the narrow window of peak temperature can be assumed as
homogeneous heat flow to the previous deposited layers. The rise in the peak temperature
near the baseplate layer node in Figure 9a reveals that the elevated temperature of the
baseplate supports the retention of heat for a comparatively longer time than that of dep-
osition on the baseplate at room temperature. Interestingly, the peak temperature on the
upper layers does not rise considerably when maintaining the baseplate at an elevated
temperature of 600 °C. It only increases the peak temperature for the initial layers. In the
case of the deposition on a baseplate at room temperature, it was observed that the peak
temperature in the initial layers was considerably lower than the peak in the upper layers
due to continuous heat source interaction with the deposited material [20]. From this evi-
dence, elevated temperature baseplate deposition shows its limited influence at the initial
few layers.

Aeis) —Node_base plate
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900””
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© e
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Figure 9. Nodal results at different layers in the deposited structure: (a) temperature, (b) thermal
stress.

Extending the cooling phase using external heating on the baseplate seems to be less
effective for the upper layers. It can be effective in avoiding a sudden drop near room
temperature in a short time span. The baseplate heating helps to hold the temperature to
300 °C, whereas deposition on the baseplate without heating falls below 100 °C for the
same duration. Cooling was prolonged from 300 °C onwards.

Results of peak nodal stress for the respective layers are shown in Figure 9b. It can
be seen that thermal stress on the baseplate node and 12th layer reached higher values
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compared to upper layers. It can be noticed that the peak stress reached approximately
150 MPa from the 75th layer onwards. This indicates that the thermal peak stress reaches
a constant magnitude after deposition at the initial few layers. Compared to deposition
on the baseplate at room temperature, the peak stress of the considered layers significantly
falls. The highest stress was found for the node on the baseplate of 350 MPa [20], whereas
the highest stress of 200 MPa was reported for the same layer in the case of elevated tem-
perature deposition. Elevated temperature baseplate deposition successfully reduced
thermal stress development during deposition by around 43% on the baseplate. A drop of
37%, 40%, 35%, and 28% was noticed for the 12th, 75th, 142nd, and 160th layers, respec-
tively. Reducing thermal stress during deposition and limiting the stress development
within the respective material strength could avoid failure during the deposition process,
which is crucial during the deposition of a composite material.

An important development can be noticed in the cooling phase. The start of the cool-
ing phase is indicated in Figure 9b. Compared to the stress variation in the cooling phase
without external heat and cooling in the ambient room temperature condition [20], here,
thermal stress does not rise at the start of cooling. A sudden jump in the thermal stress
could be observed due to the interruption of heat input to the structure from the laser
source. Meanwhile, in the present case, slow cooling shows an impact on stress relaxation
after deposition.

3.4. Microstructure Evaluation

The microstructure evolution for the deposits on the baseplate at room temperature
and at 600 °C is compared in this section. Figure 10 shows the comparison of the micro-
structure near the baseplate for samples produced without baseplate preheating (WPH)
and with elevated temperature baseplate preheating of 600 °C (EPH). It can be clearly seen
that deposition on the elevated temperature baseplate can significantly influence the mor-
phology and the size of grains in the vicinity of the baseplate by controlling the tempera-
ture gradient G and the local solidification growth rate R. For samples without baseplate
preheating, large amounts of fine columnar grains and relatively smaller amounts of equi-
axed grains growing along the heat flow direction are observed in the first deposited layer,
depicted in Figure 10a. In contrast, for samples produced by elevated temperature
baseplate preheating of 600 °C, smaller amounts of columnar grains but large amounts of
coarser equiaxed grains are found in the first deposited layer due to the lower cooling rate
and G/R ratio, as shown in Figure 10b.

BD

(b)

Figure 10. Comparison of microstructure in the vicinity of the baseplate for samples produced (a)
without preheating (WPH), and (b) with elevated temperature preheating of 600 °C (EPH).

The importance of the effect of baseplate preheating on the cooling rate and conse-
quently the microstructure of the first few layers in the baseplate transition region was
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WPH

Bottom region

also noted by Moheimani et al. [30], who confirmed the formation of the different micro-
structures near the baseplate and along the building direction. Heat starts to accumulate
in the deposit structure due to the repeated scanning cycles of the laser. The temperature
rises during the deposition of each layer, increasing in the build direction in the case of
material deposition on the baseplate at room temperature [20].

It is well known that heat transfer into the baseplate is decreased with the layer built
up in AM, resulting in lower cooling rates for the upper-deposited layers. These variations
result in inhomogeneous microstructures and mechanical properties in different regions
of a part. Thereby, it may explain the slight increase in grain size in the second deposited
layer for the WPH sample, as shown in Figure 10a. However, noticeably coarser grains
begin to occur in the second deposited layer for the EPH sample in Figure 10b. This means
that the elevated temperature preheating at 600 °C in the present study can significantly
reduce the capability of heat extraction via the baseplate and the thermal gradients during
the first deposited layer. The changes in grain shape, size, and orientation in the first layer
between WPH and EPH samples are due to change in the heat flow rate to the baseplate.
Similar results were reported by Kiran et al. [10], where a considerable change in average
grain size and orientation was observed during single track deposition at 500 °C. At the
second layer deposition, lower thermal gradients cannot allow heat generated to success-
fully conduct via the first-deposited layer. The heat flow could be reduced compared to
the heat flow rate during deposition at the first layer to the baseplate. Thus, a coarse grain
structure is generated for WPH parts compared to that of WPH due to a lower cooling
rate.

In order to examine the preheating effect on the upper-deposited layers far from the
baseplate, microstructure analysis for the EPH sample at the bottom, middle, and top re-
gions was performed with comparison to the WPH sample. EBSD IPF maps for both EPH
and WPH samples at three regions are depicted in Figure 11. It can be seen that EPH sam-
ples have relatively coarse grains at the three regions in Figure 11d—f compared to the
WPH samples in Figure 11a—c, as indicated by larger amount of columnar grains with
increased width (perpendicular to the building direction in the former case). Moreover,
increased grain size is observed in higher deposited layers for both samples compared to
the first deposited layers. As discussed above, grain size is expected to increase with the
increase in build height due to the reduced cooling rate with increasing build height.
However, no evident difference in grain size and crystallographic orientation could be
found for both WPH and EPH samples at the bottom, middle, and top regions. Uneven
columnar grains with a weak intensity of crystallographic orientation could be seen in
both conditions, which may be caused by the location-dependent thermal stress and/or
heterogeneous nucleation on the partially melted areas, such as the overlapped areas or
the areas near the solidification front [31].
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Figure 11. EBSD Inverse Pole Figures (IPF) showing the difference in grain structure at different
regions: (a-c) WPH samples, (d—f) EPH samples.

3.5. Mechanical Properties

In the following section, mechanical properties are compared between samples cre-
ated without preheating and with elevated temperature preheating conditions.

3.5.1. Hardness

Figure 12 depicts the hardness dependence of the distance from the bottom of the
baseplate. It can be seen that the baseplate hardness was almost constant for both cases.
The average value for the EPH sample (170 + 4 HV/10) is smaller than that of the WPH
sample (194 + 7 HV/10), but higher than the conventional heat-treated baseplate (162 + 7
HV/10). The decreased hardness for the EPH sample is probably due to the formation of
the coarse grain features. In addition, compared to the WPH sample without preheating,
a small scatter in the results is observed for the EPH sample. Within the scatter, no clear
dependency of the results on the location can be found. If at all, the values are slightly
lower at the middle region than the bottom and top regions for WPH samples. However,
homogeneous values for hardness measurement could be obtained throughout the EPH
bulk, which can be attributed to the homogeneous microstructure generated by the slow
cooling during elevated temperature baseplate heating. A similar trend of the hardness
measurement was also reported by Moheimani et al. [30].



Materials 2022, 15, 4165

14 of 18

250
I —=— WPH
225 e EPH
g 200 " ..l.w f--.p.- :
L 1751 l‘“" _
- P ’.co 00%qe " * oeye . 'o. '» .o'i .o"“‘
" :‘5‘ - L :
© 150 :
] L : :
8 125 7 ¢ . . >:
S | : I Deposited material
S 100} | Baseplate
E L
75
50 - ; L ] L ] L ] L ] L ] L ] L ] H
0 5 10 15 20 25 30 35 40 45

Distance from the bottom of baseplate (mm)

Figure 12. Hardness dependence of the distance from the bottom of the baseplate (X-Y plane).

3.5.2. Tensile Properties

Figure 13 depicts the engineering stress—strain curves of EPH and WPH samples at
different locations. It can be seen from Figure 13 that, similar to the hardness result, EPH
samples exhibit a lower yield and ultimate strength but a higher elongation compared to
WPH samples, due to the coarse grain characteristics formed in the elevated temperature
baseplate condition. As stated in previous reports, the decreased yield strength is expected
to cause better fracture toughness but a worse fatigue property [32,33]. However, the
DED-manufactured SS316L produced without preheating and extended preheating still
showed superior tensile strength to the conventionally processed cast and annealed coun-
terparts [34].
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Figure 13. Engineering stress—strain curves of WPH and EPH samples at different locations.
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In order to evaluate the preheating effect on the tensile properties with respect to
sample location, the location dependence of 0.2% yield strength, ultimate strength, and
elongation of WPH and EPH specimens is shown in Figure 14, and the summary results
are given in Table 1.
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Figure 14. Dependence of 0.2% yield strength, ultimate strength, and elongation of WPH and EPH
specimens on location.

Table 1. Summary of the average tensile properties of DED-SS316L specimens.

0.2% Yield Strength (MPa) Ultimate Strength (MPa) Elongation (%)
Location WPH  EPH  D°®%¢  ywpy gy DeUease  ypy ppy  Decrease
by by by
Bottom 449 324 28% 627 579 8% 29 29 -1%
Middle 420 324 23% 605 575 5% 34 32 5%
Top 413 338 18% 601 602 -1% 28 29 -1.75%

It can be seen from Figure 14 that the value for the 0.2% yield and ultimate strength
of WPH samples decreases with the increase in height along the build direction. This is
due to the decreased cooling rate with the increase in height along the build direction,
caused by the heat accumulation during the deposition process. This microstructure-in-
duced mechanical property change with the location along the build direction is observed
and discussed in previous reports [35-37]. However, this heterogeneity in microstructure
and tensile properties is significantly alleviated for EPH samples. Almost homogenous
tensile properties can be achieved for elevated temperature preheated specimens, as re-
vealed by the similar value of 0.2% yield strength at the bottom, middle, and top regions
of the EPH samples in Figure 14 and Table 1. Regarding the elevated temperature pre-
heating effect range, there is a remarkable difference in specimens obtained from different
locations. Though a striking decrease in tensile strength for EPH samples was observed at
different locations relative to that of WPH samples, this reduced tensile strength decreases
with the height along the build direction, i.e., the value of 0.2% yield strength of EPH
samples decreases in a sequence of bottom region, middle region, and top region. This
implies that the elevated temperature preheating primarily influences the bottom region,
then the middle region, and has the least impact on the top region. This is understandable,
since the heat at the bottom region mainly dissipates via the baseplate and is directly de-
pendent on the thermal condition of the baseplate. In contrast, the heat at higher regions
is transferred via the solidified, previously deposited lower layers and is less sensitive to
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the thermal condition of the baseplate. Thus, the preheating effect decreases gradually
with the increase in deposit height. In addition, the heat conduction in the top region is
more complicated than that at the bottom and middle regions, since the heat in the top
region is mainly dissipated via radiation and convection to the surrounding atmosphere.
Compared with a large difference in strength caused by the baseplate effect, no significant
difference in ductility is observed for preheated samples at three different locations rela-
tive to samples without preheating. Only a slight increase in the middle region is shown
due to the loss of strength in the middle region. In a summary, baseplate preheating is
found to influence the microstructure and tensile properties throughout the deposited
bulk in the current study, especially for the bottom region near the baseplate.

4. Conclusions

The article demonstrates the effect of material deposition on the elevated tempera-
ture baseplate preheating compared to room temperature baseplate heating. The follow-
ing outcomes are noted for the three sections:

e A thermal model was simulated using two heat sources. Introducing a stationary
secondary heat source helps to simulate material deposition with external heating.
Both the thermal and mechanical results agree well with the experimental data. Fur-
ther thermal boundary definition needs to be improved to increase the accuracy and
stability of the numerical results. The thermal evaluation at different layers reveals
an increase in the peak temperature near the baseplate due to elevated temperature
baseplate heating. Consequently, a nodal peak stress drop was noticed in different
layers inside the deposited structure. The promising results demonstrate the lower
risk of failures such as crack development due to internal stress. These results pro-
mote the deposition of multiple materials.

e Elevated temperature baseplate preheating contributes to a coarse grain feature
throughout the bulk, especially for the first deposited layer. Remarkably, coarse
grains are stimulated to grow from the second deposited layer, in contrast with finer
grains with a slower grain growth rate in the case of deposition on the room temper-
ature baseplate. A more homogenous microstructure can be achieved due to the con-
tinuously elevated temperature baseplate heating.

e  Elevated temperature baseplate preheating yields a significant decrease in hardness
and yield strength throughout the deposit, especially for the bottom region near the
baseplate. Meanwhile, no significant effect on strain can be found. In addition, less
heterogeneity in hardness and yield strength measurement can be achieved.

Author Contributions: Conceptualization, A.K. and Y.L.; Methodology, A.K. and ].H.; Investiga-
tion, Y.L., M.K. and M.B.; Writing—original draft preparation, A.K. and Y.L.; Resources, M.U. and
J.D.; Validation, M.B., ].H,, J.O., and S.R.; Writing—review and editing, M.K., M.U,, ].D., ].O. and
S.R. All authors have read and agreed to the published version of the manuscript.

Funding: European Regional Development Fund (ERDF): CZ.02.1.01/0.0/0.0/17_048/0007350.
Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data available in a publicly accessible repository.

Conflicts of Interest: The authors declare no conflicts of interest.

1.  Kiran, A.;; Hodek, J.; Vaviik, J.; Urbanek, M.; Dzugan, J. Numerical Simulation Development and Computational Optimization
for Directed Energy Deposition Additive Manufacturing Process. Materials 2020, 13, 2666. https://doi.org/10.3390/ma13112666.

2. Caiazzo, F.; Alfieri, V. Directed energy deposition of stainless steel wire with laser beam: Evaluation of geometry and affection
depth. Procedia CIRP 2021, 99, 348-351. https://doi.org/10.1016/j.procir.2021.03.121.

3. Saboori, A.; Aversa, A.; Marchese, G.; Biamino, S.; Lombardi, M.; Fino, P. Application of directed energy deposition-based
additive manufacturing in repair. Appl. Sci. 2019, 9,3316. https://doi.org/10.3390/app9163316.



Materials 2022, 15, 4165 17 of 18

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Ahn, D.-G. Directed Energy Deposition (DED) Process: State of the Art. Int. |. Precis. Eng. Manuf. Technol. 2021, 8, 703-742.
https://doi.org/10.1007/s40684-020-00302-7.

Kiran, A.; Hodek, J.; Vavrik, J.; Lukas, O.; Urbanek, M. Distortion Modelling of Steel 3161 Symmetric Base Plate for Additive
Manufacturing Process and Experimental Calibration. In Proceedings of the 29th International Conference on Metallurgy and
Materials, Brno, Czech, 20-22 May 2020; pp. 862-867. https://doi.org/10.37904/metal.2020.3565.

Lu, X,; Lin, X.; Chiumenti, M.; Cervera, M.; Hu, Y.; Ji, X.;; Ma, L.; Yang, H.; Huang, W. Residual Stress and Distortion of
Rectangular and S-Shaped Ti-6Al-4V Parts by Directed Energy Deposition: Modelling and Experimental Calibration. Addit.
Manuf. 2019, 26, 166-179. https://doi.org/10.1016/j.addma.2019.02.001.

Shim, D.-S.; Baek, G.-Y.; Lee, E.-M. Effect of substrate preheating by induction heater on direct energy deposition of AISI M4
powder. Mater. Sci. Eng. A 2017, 682, 550-562. https://doi.org/10.1016/j.msea.2016.11.029.

Kempen, K; Vrancken, B.; Buls, S.; Thijs, L.; Humbeeck, J.; Kruth, J.-P. Selective laser melting of crack-free high density M2
High Speed Steel Parts by Baseplate Preheating. J. Manuf. Sci. Eng. 2014, 136, 061026-061031. https://doi.org/10.1115/1.4028513.
Meng, W.; Xiaohui, Y.; Zhang, W.; Junfei, F.; Lijie, G.; Ma, Q.; Bing, C. Additive manufacturing of a functionally graded material
from inconel625 to Ti6Al4V by laser synchronous preheating. J. Mater. Process. Technol. 2019, 275, 116368.
https://doi.org/10.1016/j.jmatprotec.2019.116368.

Kiran, A.; Koukolikova, M.; Vavfik, J.; Urbanek, M.; DZugan, J. Base plate preheating effect on microstructure of 316L stainless
steel single track deposition by directed energy deposition. Materials 2021, 14, 5129. https://doi.org/10.3390/ma14185129.
Jendrzejewski, R,; Sliwiniski, G.; Krawczuk, M.; Ostachowicz, W. Temperature and stress during laser cladding of double-layer
coatings. Surf. Coatings Technol. 2006, 201, 3328-3334. https://doi.org/10.1016/j.surfcoat.2006.07.065.

Zietala, M.; Durejko, T.; Polanski, M.; Kunce, I; Plocinski, T.; Zielinski, W.; Lazinska, M.; Stepniowski, W.; Czujko, T.;
Kurzydiowski, K.J.; et al. The microstructure, mechanical properties and corrosion resistance of 316L stainless steel fabricated
using laser engineered net shaping. Mater. Sci. Eng. A 2016, 677, 1-10. https://doi.org/10.1016/j.msea.2016.09.028.

Yu, J.; Rombouts, M.; Maes, G. Cracking behavior and mechanical properties of austenitic stainless steel parts produced by laser
metal deposition. Mater. Des. 2013, 45, 228-235. https://doi.org/10.1016/j.matdes.2012.08.078.

Wang, Z.; Palmer, T.A.; Beese, AM. Effect of processing parameters on microstructure and tensile properties of austenitic
stainless steel 3041 made by directed energy deposition additive manufacturing. Acta Mater. 2016, 110, 226-235.
https://doi.org/10.1016/j.actamat.2016.03.019.

Aversa, A.; Marchese, G.; Bassini, E. Directed energy deposition of aisi 316l stainless steel powder: Effect of process parameters.
Metals 2021, 11, 932. https://doi.org/10.3390/met11060932.

Thompson, S.; Bian, L.; Shamsaei, N.; Yadollahi, A. An overview of direct laser deposition for additive manufacturing; part i:
transport phenomena, modeling and diagnostics. Addit. Manuf. 2015, 8, 36-62. https://doi.org/10.1016/j.addma.2015.07.001.
Mertens, R.; Vrancken, B.; Holmstock, N.; Kinds, Y.; Kruth, J.-P.; Van Humbeeck, J. Influence of powder bed preheating on
microstructure and mechanical properties of HI13 tool steel SLM parts. Phys. Procedia 2016, 83, 882-890.
https://doi.org/10.1016/j.phpro.2016.08.092.

Liu, W.; Dupont, ].N. In-Situ Reactive Processing of Nickel Aluminides by Laser-Engineered Net Shaping. Metall. Mater. Trans.
A 2003, 34, 2633-2641. https://doi.org/10.1007/s11661-003-0022-3.

Park, J.; Kim, J.; Ji, I; Lee, S.H. Numerical and Experimental Investigations of Laser Metal Deposition (LMD) Using STS 316L.
Appl. Sci. 2020, 10, 4874. https://doi.org/10.3390/app10144874.

Kiran, A.; Li, Y.; Hodek, J.; Brazda, M.; Urbanek, M.; DZugan, J. Heat Source Modeling and Residual Stress Analysis for Metal
Directed Energy Deposition Additive Manufacturing. Materials 2022, 15, 2545. https://doi.org/10.3390/ma15072545.

Dzugan, J.; Seifi, M.; Prochazka, R.; Rund, M.; Podany, P.; Konopik, P.; Lewandowski, ].J. Effects of Thickness and Orientation
on the Small Scale Fracture Behaviour of Additively Manufactured Ti-6Al-4V. Mater. Charact. 2018, 143, 94-109.
https://doi.org/10.1016/j.matchar.2018.04.003.

Chvostova, E.; Horvath, J.; Konopik, P.; Rzepa, S.; Melzer, D. Optimization of Test Specimen Dimensions for Thermal Power
Station Exposure Device. IOP Conf. Ser. Mater. Sci. Eng. 2020, 723, 12009. https://doi.org/10.1088/1757-899x/723/1/012009.

Dal, M.; Fabbro, R. An Overview of the State of Art in Laser Welding Simulation. Opt. Laser Technol. 2016, 78, 2-14.
https://doi.org/10.1016/j.optlastec.2015.09.015.

Deng, D.; Murakawa, H. Numerical Simulation of Temperature Field and Residual Stress in Multi-Pass Welds in Stainless Steel
Pipe and Comparison with  Experimental Measurements. Comput.  Mater.  Sci. 2006, 37, 269-277.
https://doi.org/10.1016/j.commatsci.2005.07.007.

Dieter Radaj. Welding Residual Stresses and Distortion: Calculation and Measurement; DVS-Verlag: Diisseldorf, Germany,
2003;Volume 2, ISBN 978-3-87155-791-0.

Kiran, A.; Hodek, J.; Vaviik, J.; Brazda, M.; Urbanek, M.; Cejpek, J. Design & Modelling of Double Cantilever Structure by
Stainless Steel 316L Deposited Using Additive Manufacturing Directed Energy Deposition Process. IOP Conf. Ser. Mater. Sci.
Eng. 2021, 1178, 012027. https://doi.org/10.1088/1757-899x/1178/1/012027.

Prime, M.B. Cross-Sectional Mapping of Residual Stresses by Measuring the Surface Contour after a Cut. |. Eng. Mater. Technol.
Asme 2001, 123, 162-168.

Hodek, J.; Prantl, A.; DZugan, J.; Strunz, P. Determination of Directional Residual Stresses by the Contour Method. Metals 2019,
9, 1104. https://doi.org/10.3390/met9101104.



Materials 2022, 15, 4165 18 of 18

29.

30.

31.

32.

33.

34.

35.

36.

37.

Hosseinzadeh, F.; Bouchard, P.; Kowal, J. Towards Good Practice Guidelines for the Contour Method of Residual Stress
Measurement. J. Eng. 2014, 2014, 453-468. https://doi.org/10.1049/joe.2014.0134.

Moheimani, S.K.; Iuliano, L.; Saboori, A. The Role of Substrate Preheating on the Microstructure, Roughness, and Mechanical
Performance of AISI 316L Produced by Directed Energy Deposition Additive Manufacturing. Int. |. Adv. Manuf. Technol. 2022.
https://doi.org/10.1007/s00170-021-08564-4.

Kuo, Y.-L.; Nagahari, T.; Kakehi, K. The Effect of Post-Processes on the Microstructure and Creep Properties of Alloy718 Built
Up by Selective Laser Melting. Materials 2018, 11, 996. https://doi.org/10.3390/ma11060996.

Huang, HW.; Wang, Z.B; Lu, ].; Lu, K. Fatigue Behaviors of AISI 316L Stainless Steel with a Gradient Nanostructured Surface
Layer. Acta Mater. 2015, 87, 150-160. https://doi.org/10.1016/j.actamat.2014.12.057.

Zhang, M.; Sun, C.N.; Zhang, X.; Goh, P.C.; Wei, J.; Hardacre, D.; Li, H. Fatigue and Fracture Behaviour of Laser Powder Bed
Fusion Stainless Steel 316L: Influence of Processing Parameters. Mater. Sci. Eng. A 2017, 703, 251-261.
https://doi.org/10.1016/j.msea.2017.07.071.

DebRoy, T.; Wei, H.L.; Zuback, J.S.; Mukherjee, T.; Elmer, ].W.; Milewski, ].O.; Beese, A.M.; Wilson-Heid, A.; De, A.; Zhang, W.
Additive Manufacturing of Metallic Components—Process, Structure and Properties. Prog. Mater. Sci. 2018, 92, 112-224.
https://doi.org/10.1016/j.pmatsci.2017.10.001.

Kok, Y,; Tan, X.P.; Wang, P.; Nai, M.L.S,; Loh, N.H.; Liu, E.; Tor, S.B. Anisotropy and Heterogeneity of Microstructure and
Mechanical Properties in Metal Additive Manufacturing: A Critical Review. Mater. Des. 2018, 139, 565-586.
https://doi.org/10.1016/j.matdes.2017.11.021.

Liu, F; Lin, X;; Leng, H.; Cao, J.; Liu, Q.; Huang, C.; Huang, W. Microstructural Changes in a Laser Solid Forming Inconel 718
Superalloy  Thin Wall in the Deposition Direction.  Opt.  Laser = Technol. 2013, 45,  330-335.
https://doi.org/10.1016/j.optlastec.2012.06.028.

Tian, Y.; McAllister, D.; Colijn, H.; Mills, M.; Farson, D.; Nordin, M.; Babu, S. Rationalization of Microstructure Heterogeneity
in INCONEL 718 Builds Made by the Direct Laser Additive Manufacturing Process. Metall. Mater. Trans. A 2014, 45, 4470-4483.
https://doi.org/10.1007/s11661-014-2370-6.



