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Multipart Build Effects on Temperature
and Residual Stress by Laser Beam Powder Bed
Fusion Additive Manufacturing
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Abstract

Laser beam powder bed fusion (PBF-LB) is a leading technique among metal additive manufacturing (AM),
and it has a wide range of applications in aerospace and medical devices. Most of the existing PBF-LB
process modeling is mainly based on the fabrication of a single part on a large build plate, which is not
reflective of the practical multipart PBF-LB manufacturing. The effects of batch size on the thermal
and mechanical behavior of additively manufactured parts have not been investigated. In this work, the
multipart PBF-LB thermomechanical modeling framework was proposed for the first time. The effects of
sample numbers (1, 2, and 4) on temperature and residual stress (RS) of part-scale components were
computationally investigated. It is found that RS within the parts decreased with increasing number of
components per build. Parts located at the central areas of the build plate had larger RS than at the border.
These findings can be beneficial for informing AM designers and operators of the optimum printing setup to
minimize RS of metal parts in PBF-LB.

Keywords: powder bed fusion, additive manufacturing, process modeling, interlayer dwell time, residual
stress

Introduction

Laser beam powder bed fusion (PBF-LB) additive manu-
facturing (AM) is a promising technology that can be applied
in the production of a variety of products, for example,
medical, aerospace, and automotive devices.1 The influence
of PBF-LB manufacturing process parameters, part geome-
try, and scanning strategy on temperature evolution have
been widely investigated by process modeling or experi-
mental builds.2–4 However, most investigations to date have
been based on a single part on a large build plate, which is
not reflective of the industrial scale batch manufacturing of
the PBF-LB manufacturing process, where typically large
batch sizes of samples are arranged for simultaneous manu-
facturing in a single build.5,6

It is noted, however, that in some instances it is routine for
a single large component or small numbers of custom parts
to be printed within the same build plate.7,8 However, the

effect of multipart build on residual stress (RS) and the in-
fluence of batch size on the in-service properties of additively
manufactured components are still poorly understood.

The multipart PBF-LB build offers advantages of faster
build time and an increased overall production rate.9 Yılmaz
and Kayacan9 investigated the influences of the number of
cubic-shaped samples (e.g., 10 · 10 · 10 mm3) on the tem-
perature and RS by using the commercial ‘‘Netfabb’’ soft-
ware and the results demonstrated that temperature increased
while stress reduced with the increase in the number of
samples per build. Mahmoudi10 indicated that the number
of samples had an insignificant influence on the mechanical
properties of tensile and compressive strengths of PBF-LB-
manufactured 17–4 PH stainless steel parts.

PBF-LB operators have reported the inconsistent proper-
ties between identical specimens produced in a single build
(i.e., batch manufacturing) despite uniform material, consis-
tent manufacturing process parameters, and an equal number
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of laser beams in use.11,12 A change of the number of parts per
build or the order in which the parts are printed (in each layer)
may produce significantly different thermal histories and thus
RS and mechanical properties, between identical specimens
in the same build.13

The primary reason for variation in properties for the mul-
tipart fabrication is the temperature history during the phys-
ical PBF-LB manufacturing. For multipart manufacturing,
there are two significant parameters that distinguish it from
single-part builds: total energy input and interlayer dwell
time (ILDT). ILDT is defined as the time from when the laser
beam first starts in layer n, to when the laser beam first starts
in layer n + 1, which includes the time for all laser sintering,
laser repositioning, roller movement, powder spreading, and
compaction of a layer.11

For a PBF-LB build with a larger number of parts, there
will be more energy input into the powder bed compared with
a build with a single part produced. The change of the number
of parts per build would also result in different ILDTs, which
indicates different layer cooling step times for different batch
sizes of parts manufacturing, for example, 20 s for the single-
part build and 55 s for the multipart manufacturing,11 per-
mitting a greater temperature fluctuation in recently printed
layers as new layers are added. The larger ILDT indicates a
longer overall duration of printing and cooling during mul-
tipart PBF-LB manufacturing.

The effect of ILDT on additively manufactured parts has
been widely investigated in directed energy deposition14–17

or wire arc AM.18,19 However, there are currently limited
publications investigating the effects of ILDT on thermal and
mechanical behaviors in PBF-LB manufacturing. Mohr
et al.11 investigated the influences of ILDT on subgrain size,
melt pool geometry, and hardness of 316L stainless steel by
varying the ILDTs of a prism model, and the results dem-
onstrated that an increase of ILDT via reducing scanning
speed caused a decrease of the melt pool depth in PBF-LB.
Williams et al.8 investigated the influences of ILDT on mi-
crostructure and porosity and the results revealed that a re-
duction of ILDT caused a higher (i.e., up to 200�C) surface
temperature at the end of PBF-LB manufacturing and before
cooling.

A previous study by Yakout et al.20 reported that the lo-
cation of the part on the build plate affected the microstruc-
ture and RS of part in PBF-LB manufacturing. However,
Robinson et al.21 stated that the location of the part on the
build plate had no significant effects on the resulting RS of
parts in PBF-LB. Also, different locations of the build plate
will have different in-plane depths of powder surrounding
the part and different distances from other parts and distances
to the build chamber wall. It has been shown that the cooling
of parts at the center of the build plate is dependent on the
heat from the surrounding parts.20

In addition, for parts to be manufactured in the same build
plate, the first part to be printed per layer has a longer time
to cool before spreading and deposition of the new material.
In contrast, the last part to be printed in each layer is im-
mediately covered with new powder. For the multipart build,
part spacing (i.e., the distance between adjacent parts) can
also affect the cooling and resultant mechanical properties
of PBF-LB-manufactured parts.22 Parts built with tighter
spacing within the build volume have a more concentrated
thermal mass, which results in potentially slower cooling.22

However, the multipart build effects on temperature and RS
and variance between parts within a multipart build are yet
to be widely investigated in PBF-LB.8

To date, a significant progress has been made on the pro-
cess modeling of PBF-LB. However, most metal AM process
simulation models found in the literature are focused on
the PBF-LB manufacturing of a single part,23,24 or a small
portion of a single part,23,25–27 which is contradictory with
the multipart build in the real physical PBF manufactur-
ing. Although most of the real printing consists of a batch of
samples, there is limited process finite element modeling
(FEM) of multipart build, and thus, multibuild effects on the
thermal and mechanical behavior of parts have been largely
ignored.6 Prabhakar et al.28 simulated RS formation of five
cubic-shaped Inconel 718 samples during the PBF-LB pro-
cess, but did not investigate the influence of sample number
on RS of parts. In addition, for the convenience of compu-
tation, all the parts in the same layer were simplified to
melting and cooling simultaneously in Prabhakar’s research,
which is inconsistent with practical manufacturing. To ac-
curately simulate the practical manufacturing process of
multipart build in PBF-LB, the printing order of components
and the ILDT of each layer should be considered. The ability
to accurately simulate the physical PBF-LB manufacturing
process of multipart build and predict the temperature evo-
lution and RS of parts would further advance the develop-
ment of PBF-LB process modeling.

The objective of this work is to investigate the multipart
build effects on temperature and RS in PBF-LB manufac-
turing by computational thermomechanical modeling. The
results of this work could be beneficial for informing PBF-
LB machine operators of the optimum build plate configu-
ration for minimizing RS of components.

Methods

Setup of the finite element process modeling

A 50-mm-long, 10-mm-wide, and 60-mm-high prism-
shaped model of Ti-6Al-4V material is simulated above a
build plate with a dimension of 250 mm · 250 mm · 25 mm,9,29

as shown in Figure 1. The cross-sectional area of the prism
decreases along the build direction, which causes the total
heat input and ILDT per layer to decrease as build height
increases. To obtain the temperature and stress information
for the multipart build, the sequentially coupled thermomech-
anical modeling is performed by the FEM software ABAQUS
package (Dassault Systems, USA, 2019).25

For the sequentially coupled modeling, the thermal history
is independent of the mechanical response, and the influence
of structure on temperature is ignored.25 The thermal process
modeling is conducted first to determine the temperature
distribution, and then, the calculated temperature field is
imported into the mechanical analysis to determine RS. For
the mechanical analysis, the bottom of the build plate is fully
constrained during the whole manufacturing process except
for the build plate constraint releasing steps.

At these final steps, all the nodes at the bottom surface of
the build plate, except for the four extremity nodes, are un-
constrained to allow deformation of the part, simulating part
removal from the build plate.30,31 Details of the model param-
eters can be seen in Table 1. In this work, the layer-by-layer
process simulation method32 is utilized, where all finite
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elements at each whole layer of a part are heating, melting,
and solidification simultaneously.

The custom-written Python script for ABAQUS was pro-
grammed for the multipart build simulation to section the
three-dimensional (3D) macroscale parts into thin layers in
the FEM model.32 The ‘‘model change’’ function is applied
to simulate the gradual deposition of new layers.31–33 Due
to the symmetry characteristic of the FEM model (along the
XZ plane shown in Fig. 1) and the layer-by-layer modeling
approach (which models the printing of a whole layer in-
stantly), half of the prediction model is built to save the
computational cost (Fig. 1). However, in this study, the layer-
by-layer modeling approach is adapted to deposit the layer
for each part separately (not instantaneously printing the full
layer of all parts).

To investigate the influence of the number of samples
on temperature and RS, three sets of modeling varying the
number of prisms (1, 2, and 4) are performed in the same
build plate by ABAQUS (Fig. 1). The total seven prisms are
labeled with ‘‘1-1,’’ ‘‘2-1,’’ ‘‘2-2,’’ ‘‘4-1,’’ ‘‘4-2,’’ ‘‘4-3,’’
and ‘‘4-4’’ (Fig. 1), respectively, where the first number of
the symbol indicates the total number of samples in a single
build and the second number means the printing order of
part in the same build plate during PBF-LB manufacturing.

For the single-prism modeling (Fig. 1b), the prism locates
at the center of the build plate. For the two-prism (Fig. 1c) and
four-prism (Fig. 1d) modeling, the prisms are positioned
symmetrically with a 40 mm space (dps shown in Fig. 1) be-

tween two adjacent parts. To investigate the influence of part
spacing on RS, the two-prism PBF-LB process modeling with
part spacings of 80 and 120 mm is also utilized. Note that the
prism ‘‘2-1’’ and ‘‘2-2’’ with a part spacing of 120 mm in the
two-part build is at the same location of the build plate with
the part ‘‘4-1’’ and ‘‘4-4’’ in the four-part build, respectively.

In this work, it is assumed that the thin layers of each part
are manufactured sequentially for the two- and four-prism
manufacturing. For instance, the active layer of the part
‘‘2-1’’ on the powder bed is fabricated first and then the layer
of the part ‘‘2-2’’ is manufactured. The build direction is
along the positive z direction and the manufacturing sequ-
ence of prisms is along the x direction (Fig. 1), which is
opposite to the assumed gas flow direction to the negative x
direction.

The PBF-LB manufacturing normally operates in an inert
gas atmosphere (e.g., nitrogen atmosphere or argon gas) to
protect the material from oxidation. Heat losses due to con-
vection and radiation from the top surface of the part to the
surrounding gas atmosphere were included, but the gas flow
phenomenon was not explicitly modeled. To save computa-
tional cost, the prediction model did not explicitly simulate
the effects of gas flow,34,35 scanning strategy,4,36 process pa-
rameters,37 and build direction38 on temperature and RS,
which should be investigated in the future.

To simulate the practical PBF-LB manufacturing process
and for the convenience of computational FEM, the compu-
tational process for the single-prism modeling consists of
the following processes:

1. Heating step, in which the material is heated up to
above the melting temperature. By using the layer-by-
layer simulation method, each active (top) layer of the
part is heated simultaneously for a period of heating
step time tm.

2. Layer cooling step, which represents the cooling and
solidification process of the material and is in response
with the time for powder spread over the powder bed
during practical PBF-LB manufacturing. The layer

FIG. 1. Illustration of the computational model. (a) Geometry of prism,29 (b) single-prism model, (c) two-prism model,
and (d) four-prism model.

Table 1. Finite Element Modeling Details

for Multipart Model

Mesh type for thermal analysis DC3D8
Mesh type for mechanical analysis C3D8R
Element size (mm) 0.48
The number of elements (build plate) 47,250
The number of elements (1 prism) 73,500
The number of elements (2 prisms) 147,000
The number of elements (4 prisms) 294,000
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cooling step time tc is based on the converged results
of the authors’ previous publication.32

The above two steps are repeated for each layer until the 3D
part is completed. After completion of manufacturing of the
part, there is a final long-time cooling step (e.g., 6 h) for the part
to be completely cooled to room temperature with no more
deposition of powder material and no more heat input. For the
two-prism process modeling, it consists of the following steps:

1. The heating step for the first part ‘‘2-1’’ (Fig. 1c) to be
heated and melted for a period of heating step time tm,
which is the same as the heating step for the single-
prism modeling.

2. Cooling step of the first part ‘‘2-1’’ (Fig. 1c) for a
period of cooling time interval ti, which is before
fabrication of the active layer of the second part ‘‘2-2’’
(Fig. 1c). The cooling time interval ti is defined as the
time to manufacture the active layer of the first part
(or any part in the layer).27

3. The heating step for the active layer of the second part
‘‘2-2’’ for a period of heating step time tm, where the
corresponding top layer of the second part is heated.

4. Layer cooling step for a period of tc. During this tc
time, all the two parts continue to cool through thermal
disseminations.

The above four steps are repeated for each layer until
finish manufacturing of the two parts. At the end of the
computational process modeling, there is a final cooling step
for the two prisms to cool to room temperature. The process

modeling of the four prisms consists of the following steps
and is shown in Figure 2:

1. The heating step for the first part ‘‘4-1’’ (Fig. 1d) to be
manufactured for a period of heating step time tm.

2. The first part ‘‘4-1’’ cooling step for a period of
cooling time interval ti. This step is after manu-
facturing of the active layer of the first part ‘‘4-1’’ and
before melting of the active layer of another three
parts. The first part ‘‘4-1’’ begins to cool from the
beginning of this cooling step.

3. The heating step for the second part ‘‘4-2’’ (Fig. 1d)
for a period of heating step time tm.

4. The second part cooling step for a period of cooling
time interval ti. The second part starts to cool from the
beginning of this step.

5. The heating step for the third part ‘‘4-3’’ (Fig. 1d) for a
period of time tm.

6. The third part cooling step for a period of cooling time
interval ti. The third part begins to cool from the be-
ginning of this step.

7. The fourth part ‘‘4-4’’ (Fig. 1d) heating step for a
period of time tm.

8. Layer cooling step for a period of time tc, where all the
four parts continue to cool through this layer cooling
step.

The above steps are repeated for each layer until com-
pleting the manufacturing process of all the four parts on the
build plate, and then, all the parts are cooled to room tem-
perature during the final postprinting process.

FIG. 2. Flowchart for the four-part thermomechanical PBF-LB process modeling. PBF-LB, laser beam powder bed fusion.
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The effect of the number of parts per build on the tem-
perature of the part is investigated via the temperature evo-
lution at the central node of the part, which is labeled with
‘‘N1’’ in Figure 1a. To investigate the influence of the
number of parts in a single build on the temperature of the
build plate, temperature evolution at the node labeled ‘‘N2’’
(Fig. 1b) on the build plate is monitored for each simulation.

Thermal mechanisms

For the computational laser beam heating process in PBF-
LB, the layer-by-layer approach with an equivalent heat
source is used in this work. The governing equation for the
computational FEM using ABAQUS is given based on the
energy balance:

qCp

dT

dt
þq

d fLð Þ
dt
þ= � q¼Q (1)

where q represents the density, Cp for specific heat, T for
temperature, t for time, Q for power density of laser heating,
L for latent heat of fusion, and q for heat flux. The liquid
fraction f is assumed to be a linear function of temperature
as follows39:

f ¼
0 T < TS

T � TS

TL � TS
TS � T � TL

1 T > TL

8<
: (2)

where TS and TL are the solidus and liquidus temperature,
respectively.

The uniformly distributed power density applied on each
layer in the FEM simulation can be determined based on the
build process parameters40:

Q¼ AP

dsdmH
(3)

where A is the heat source absorption coefficient, P is the
laser beam power, ds is the heat source spot diameter, dm is
the melt pool depth, and H is the hatch spacing.

The heating step time for each layer is defined as follows27:

tm¼
ds

vs

(4)

where vs is the laser beam scanning speed during the material
melting process.

The part cooling time interval ti can be calculated based on
the total scanning length of the active layer of a part and the
laser beam scanning speed and can be defined as follows27:

ti¼
Lt

vs

(5)

where Lt is the total scanning length of the specific active
layer of part.

The ILDT for each layer is defined as the sum of part
heating step time tm, cooling time interval ti, and layer cool-
ing step time tc of all parts during manufacturing of a specific
layer. As the cross-sectional area of the prism decreases along
the build z direction, the ILDT per layer decreases with the

number of layers deposited. For different numbers of the
prism manufacturing per build, the ILDTs also differ from
each other,13 as shown in Table 2.

Boundary conditions

In this multipart process modeling work, the thermal trans-
fer mechanisms include heat conduction to the previously
deposited material and the build plate, heat conduction from
the solidified material to the surrounding powder bed, heat
radiation and convection from the top surface of the active
layer to the surrounding atmosphere (chamber) until the next
layer is added. The initial predefined temperature of the
whole powder bed model is set to be 293 K.41 Details in
terms of the thermal transfer mechanisms can be found in the
authors’ previous publications.32,33

The heat flux due to conduction can be formulated as
follows42:

qcond ¼ � k=T (6)

where k is the temperature-dependent thermal conductivity of
the material. The heat radiation at the top surface of the active
layer is considered in the modeling before the next layer is
added32:

qrad ¼ ers Ts
4�Tr

4
� �

(7)

where qrad is the heat flux due to the active layer radiation, e is
the emissivity, rs is the Stefan–Boltzmann constant, Ts is the
surface temperature of the part, and Tr is the build chamber
temperature.43 Here the emissivity of the active layer surface
e and the Stefan–Boltzmann’s constant rs were set as 0.3544

and 5.669 · 10-8 W/(m2K4),45 respectively.
The heat flux between the solidified material and the

surrounding powder bed can be formulated as follows32,33:

qconv¼ h Ts� Trð Þ (8)

where h is the heat transfer coefficient.44

Mechanical mechanisms

The equilibrium for the mechanical analysis is given by the
following:

= � r ¼ 0 (9)

where r is the stress tensor. The mechanical constitutive law
for the elastic problem is defined as follows:

r¼C : ee (10)

Table 2. The Interlayer Dwell Time for Different

Numbers of Prism Printing

Number
of prisms

ILDT of first
layer (s)

Total ILDT
of a part (s)

1 18.3 5572.71
2 26.6 6145.42
4 43.2 7290.84

ILDT, interlayer dwell time.
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where C is material stiffness tensor and ee is the elastic strain.
The total strain rate can be represented as follows:

_eTotal¼ _eeþ _epþ _eT (11)

where eTotal, ep, and eT are the total, the plastic, and the
thermal strain tensor, respectively. The thermal strain com-
ponent is given by the following:

eT ¼ aDT (12)

where a is the coefficient of thermal expansion.

Material properties and process parameters

The temperature-dependent Ti-6Al-4V material proper-
ties are utilized for the build plate and parts.31–33,46 The
temperature-dependent plastic property with isotropic hard-
ening law is original from Ahn et al.,47 as shown in Figure 3.
The volumetric energy density applied at each layer of
powder bed is 1.59 · 1010 J/m3. According to Ali et al.,48 the
minimum energy density to manufacture nearly fully dense
Ti-6Al-4V components is 5.54 · 109 J/m3. The process pa-
rameters for the computational multipart PBF-LB modeling
are summarized in Table 3. The proposed process parame-
ters are the same as what were used by Wang et al.,49 Zhao
et al.,50 and Shrestha and Chou.51 They proved to be suffi-
cient for manufacturing dense Ti-6Al-4V components.

Results and Discussion

The effect of batch size on temperature
of the build plate

The temperature history of the build plate influences the
temperature history and RS of PBF-LB-manufactured parts.52,53

Therefore, the temperature evolution with time at the N2
node (Fig. 1b) of the build plate is computationally investi-
gated for the single-prism, two-prism, and four-prism PBF-
LB manufacturing (Fig. 4). To accurately predict temperature
evolution during the actual printing, the dimension of the
computational build plate is the same as that of a real PBF-LB
hardware.9

In this work, the sample location effect on the tempera-
ture evolution of the build plate was not investigated. For

different numbers of prisms, all the N2 nodal temperature
histories follow the same overall trend. The temperature
of the build plate gradually increases with the deposition
of layers during the manufacturing process (Fig. 4a) before
reaching the peak temperature after the last layer of powder is
deposited (Fig. 4b), and then monotonically decreases to
room temperature during the postprinting process (Fig. 4c).

A similar process of temperature evolution of the build
plate was observed in experimentation.54 Figure 4 indicates
that the larger the number of the same parts printed in the
same build plate, the significantly higher temperature of the
build plate. The peak temperature at the N2 node of the build
plate for the two-prism (369.64 K) and four-prism (420.03 K)
PBF-LB during the entire manufacturing process is 10.62%
and 25.70% higher than that of the single-prism (334.15 K)
PBF-LB printing. Processes with additional parts apply
more energy and thus resulting in more heat to be conduc-
ted to the previously solidified layers and significantly in-
creasing the overall temperature of the powder bed in a single
build.

FIG. 3. Temperature-dependent tensile behavior of Ti-
6Al-4V material applied for PBF-LB process modeling.47

Table 3. Process Parameters Applied in Multipart

Laser Beam Powder Bed Fusion Modeling

Build plate size (m) 0.25 · 0.25 · 0.025
Tbp Build plate preheat

temperature (K)
293

Lh Layer height (mm) 0.48
tm Heating step time each layer (s) 0.000167

Volumetric energy density
( J/m3)

1.59 · 1010

tc Cooling step time each layer (s) 40
P Laser beam power (W) 95
A Heat source absorption

coefficient
0.4

R Heat source spot radium (mm) 0.05
vs Laser scanning speed (m/s) 0.6
e Emissivity 0.35
h Heat transfer coefficient

(w/m2/K)
12.7

L Latent heat of fusion (kJ/kg) 370

From Wang et al.,49 Zhao et al.,50 and Shrestha and Chou.51

FIG. 4. Effect of the number of the same prisms (1, 2, and
4) per build on temperature evolution of the build plate with
time. (a) Manufacturing process, (b) peak temperature, and
(c) postprinting cooling process.
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The effect of batch size on temperature of part

To investigate the effect of the number of samples per
build on the temperature history of parts, the temperature
evolution with time at the central node of N1 (Fig. 1a) of the

parts ‘‘1-1,’’ ‘‘2-1,’’ and ‘‘4-1’’ (Fig. 1) is plotted (Fig. 5). To
make the temperature evolutions more feasible to compare
for different numbers of part printing, the time zero in
Figure 5 is set to be the time point when the middle layer of
the part (where the N1 node locates, Fig. 1a) is printed.

FIG. 5. Temperature evolution with time at the central node N1 for different numbers (1, 2, and 4) of prism printing.
(a) Original figure and (b) magnified figure.

FIG. 6. Temperature contours of prisms after completing printing and cooling for 40 s for different numbers of prism
modeling. (a) Single prism, (b) two prisms, and (c) four prisms.

EFFECTS ON TEMPERATURE AND RS IN PBF-LB MANUFACTURING 755



For all the modeling cases, the repeated deposition, melting,
and solidification of the subsequent layers of material cause
periodic fluctuations of nodal temperature at N1, but the overall
trend of temperature is decreasing with time. The ILDT, in-
cluding melting time and cooling time for each layer, is different
for different numbers of part printing. The larger the number of
part printing at the same build plate, the larger the ILDT, which
causes a larger oscillation interval of temperature (Fig. 5).

It can be seen from Figure 5a that the overall trend in
temperature with time is consistent for all cases, but with
different magnitudes of temperature. Figure 5b indicates that
the overall temperature and temperature increment of the
four-prism printing are always the highest compared with that
of the two-prism and single-prism manufacturing for each
layer. For the multipart PBF-LB manufacturing, more energy
(e.g., four times for the four-part build compared with the
single-part manufacturing) is input into the powder bed that
results in a higher temperature than the single-part printing.

The upward slope (for the heating process) for the three
computational models is identical, due to the same process
parameters being used (Table 3). However, the downward
slope (for the cooling process) is different for the different
numbers of part manufacturing, for example, the downward
slope for the four-part build ‘‘4-1’’ is lower than that of the
single-part build ‘‘1-1’’ (Fig. 5).

To investigate the influence of the number of parts on the
temperature of prism, the computational modeling results
of temperature contours for the single prism, two prisms, and
four prisms after completing printing and cooling for 40 s
are demonstrated in Figure 6. For all the temperature fields
with different numbers of prisms, the top areas of the prisms
always have a higher temperature than that of the bottom
of the part. This is because the heat energy is input from the
top layer of parts and the thermal dissemination is mainly
from the top to the bottom of the parts.

The overall part temperature of printing setup ‘‘4-1’’ is
significantly higher than that of the setup ‘‘1-1.’’ The tem-
perature contours indicate that part temperature is higher
when a greater number of prisms are printed on a common
base plate. This phenomenon was also found by Yılmaz
and Kayacan.9 After the manufacturing process is complete
and cooling for 40 s, the temperature of four-prism and two-
prism printing is 2.97% and 8.11% than the single-prism
manufacturing, respectively.

The higher temperature of prisms for the larger number
of samples is caused by more energy input into the powder
bed per build. While for the two-prism and four-prism
manufacturing on the same build plate, the effect of the prism
printing order on temperature is found to be minimum (i.e.,
<0.85% temperature difference, Fig. 6b, c), which indicates
that the prisms and powder bed tend to form a uniform
temperature distribution in the same build plate during PBF-
LB manufacturing.

To quantify the temperature difference for different num-
bers of prism PBF-LB manufacturing, the peak temperatures
of parts after completing printing and cooling for 40 s for
different numbers of the prisms are summarized in Figure 7.
It can be seen from both the temperature contours (Fig. 6) and

FIG. 7. Computational modeling results of peak tempera-
ture statistics of parts after completing printing and cooling
for 40 s for different numbers and different printing orders
of prisms in a single build.

FIG. 8. The final minimum principal RS contours for different numbers of prism printing at the same build plate. (a)
Single prism, (b) two prisms, and (c) four prisms. RS, residual stress.
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temperature magnitudes (Fig. 7) that the more prisms manu-
facturing at the same build plate, the higher the peak temper-
ature is of the part after build completion and cooling for 40 s.

For instance, the temperature of four-prism printing the part
‘‘4-1’’ is 8.11% higher than that of the single-prism printing
part ‘‘1-1’’ (Figs. 1 and 7). In addition, for the four-prism
manufacturing, the lowest peak temperature (463.86 K for the
part ‘‘4-1’’) of part is 0.85% lower than that of the highest
temperature (467.84 K for the part ‘‘4-4’’), which also indi-
cates that the part printing order included in this model in the
same build plate has a minimum effect on the temperature of
parts. The conclusion from the temperature histogram (Fig. 7)
is consistent with the temperature contours of parts (Fig. 6).

The effect of batch size on RS

The final RS refers to RS of part after the build is
completed and has been allowed to cool for 6 h to room
temperature. Figure 8 shows the final minimum principal

RS contours of the parts ‘‘1-1,’’ ‘‘2-1,’’ and ‘‘4-1’’ (Fig. 1),
which represent the single-prism, two-prism, and four-prism
manufacturing, respectively. It can be seen that, regardless
of the number of part printing at the same build plate, the
surfaces of prisms have tensile RS, while stresses at the cen-
tral areas of prisms are compressive, which is in good agree-
ment with the results of simulation and experiment by other
studies.23,28,32

For all the computational modeling cases, the largest ten-
sile RS occurs at the bottom of the part (i.e., the interface
between the part and the build plate), which is also found
elsewhere.4,31 The single-prism modeling (Fig. 8a) has a
marginally larger maximum stress (594.63 MPa) than the two-
prism (577.93 MPa) and four-prism modeling (558.90 MPa),
which indicates that the multipart build in the same build
plate is beneficial for mitigating the RS of parts.

The final maximum RS (maximum principal stress and
minimum principal stress) of the single-prism, two-prism,
and four-prism manufacturing is shown in Figure 9. Both
the maximum principal RS and the minimum principal RS
results (Fig. 9) indicate that an increase in the number of parts
at the same build plate reduces the maximum RS magnitude
of parts. The maximum principal RS for the single-prism,
two-prism, and four-prism modeling is 1711.30, 1658.42, and
1613.89 MPa, respectively.

The thermal behaviors of parts (Figs. 6 and 7) during the
PBF-LB manufacturing influence the final RS of the parts.
The decrease of RS of parts with increasing the number of
prisms is because the temperature of the build plate increases
(Fig. 4) with the number of prism printing in the same build
plate, which results in a potentially lower thermal gradient
and thus a lower RS of parts.55

The effects of part printing order and location on RS

Figure 10 shows the computational modeling results of
the minimum principal RS contours of the four-prism mod-
eling with different printing orders within the same build
plate. Similar RS distributions of prisms are formed for the
different printing orders, assumed to be caused by similar
temperature histories (Figs. 6 and 7). Both the final maximum
principal RS magnitudes (Fig. 9) and RS contours (Fig. 10)

FIG. 9. The final finite element-predicted peak RS (max-
imum principal stress and minimum principal stress) for
different numbers and printing orders of prism modeling.

FIG. 10. Effect of part printing order on RS contours in four-prism build. (a) The part ‘4-1’, (b) the prism ‘4-2’, (c) the
prism ‘4-3’, and (d) the prism ‘4-4’.
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of prisms for the different printing orders indicate that the
printing order of samples on the same build plate has a
minimum effect on the RS of samples. This conclusion agrees
with other studies.9

Figure 11 illustrates the histogram distribution statistics of
the maximum principal stress of prisms for the four-prism
printing with different printing orders at the same build plate.
For all cases, RS for most regions within the prisms is low—
ranging from -200 to 200 MPa (Fig. 11). For the four-prism
printing, the prisms located toward the edges of the build
plate (e.g., the part ‘‘4-4’’) have a wider RS distribution com-
pared with other prisms in the same build plate.

It is noted that the prisms located near the central areas
of the build plate (the prisms ‘‘4-2’’ and ‘‘4-3,’’ Fig. 1) have
comparatively lower RS than that of the prisms located near
the edges of the build plate (the parts ‘‘4-1’’ and ‘‘4-4,’’
Fig. 1), which is in consistence with a study.9 This is assumed
to be caused by the outer parts being connected to cooler
regions of the build plate than the centrally located parts, and
thus, the cooling rate of parts at the edges of the build plate is
higher than that at the center of the build plate.9

Figure 12 shows the minimum RS for a two-prism build
with different spacings (40, 80, and 120 mm). The results in-
dicate that for the 40 and 80 mm part spacing manufactur-
ing, the larger the spacing between parts, the lower the RS
that resulted. For part spacing larger than 80 mm, it has an
insignificant effect on RS (Fig. 12c–f). Note that in the mul-
tipart process modeling, the heat conduction between the
solid part and the surrounding powder material is simplified
as the part-interface convection.32,33

Therefore, the specific part heating and cooling processes
influenced by the surrounding parts are not considered in the
multipart manufacturing in this work. In future, the convec-
tion approximation (i.e., the heat sink temperature and the
depth of surrounding powder) should be further modified for
multipart build in PBF-LB process modeling.

For parts at exactly the same location of the build plate, but
with different numbers of part fabrication per build (i.e., the
part ‘‘2-1’’ with a part spacing of 120 mm and the part ‘‘4-1,’’
the part ‘‘2-2’’ with a part spacing of 120 mm and the part
‘‘4-4’’), the lower RS of part is obtained for the larger number
of part build (Figs. 9 and 12). This further proves that the
multipart build is beneficial for mitigating RS. This work
investigated part spacing effects on RS by using a two-part

build. As the number of parts can also influence RS, the part
spacing effect on RS in multiple (over two) parts should also
be investigated in future work. This also provides guidance
for the design of builds for experimental measurements of
RS, demonstrating that repeated builds of single-part-only
builds may give more repeatable experimental RS results
than a single build with multiple parts.

Conclusions

In summary, the computational thermomechanical FEM
framework for macroscale multipart build by single laser
beam PBF-LB for Ti-6Al-4V is presented. The effects of
the number of prisms per build, part spacing, and part loca-
tion at the build plate on temperature and RS of parts are
predicted in multipart PBF-LB manufacturing. The key con-
clusions of this work are as follows:

� Coupled thermomechanical process modeling capabil-
ity was developed for multipart PBF-LB manufactur-
ing for predicting temperature and RS of Ti-6Al-4V
material.

� The temperature of the build plate and part by different
numbers of part manufacturing is quantitatively compa-
red. The more samples manufactured in a single build
in PBF-LB, the higher the temperature will be of both
the part and the build plate. The predicted temperature
of the build plate increases with time during the mul-
tipart manufacturing process.

� A multipart build is predicted to produce a lower RS
than that of the single-part build and the maximum RS
of parts decreases with the number of (same) parts per
build.

� In multipart PBF-LB build, nonuniform stress profiles
in parts at the same build plate are obtained. Parts lo-
cated at the central areas of the build plate are predicted
to have a lower RS than parts that are located at the
edges of the build plate in multipart build.

FIG. 11. Histograms and distributions of the peak maxi-
mum principal stress statistics for four-prism printing with
different printing orders.

FIG. 12. Computational modeling results of the effect
of part spacing on RS for the two-prism printing. (a) Prism
‘‘2-1’’ with a part spacing of 40 mm. (b) Prism ‘‘2-2’’ with a
part spacing of 40 mm. (c) Prism ‘‘2-1’’ with a part spacing
of 80 mm. (d) Prism ‘‘2-2’’ with a part spacing of 80 mm.
(e) Prism ‘‘2-1’’ with a part spacing of 120 mm. (f) Prism
‘‘2-2’’ with a part spacing of 120 mm.
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� The larger the part spacing in multipart PBF-LB
manufacturing, the lower the RS the part resulted be-
fore stabilization with the part spacing of 80 mm.

� For multipart printing, the largest stress occurs at the
interface of the part and the build plate, and tensile stress
occurs at the surface areas of parts while compressive
stress forms at the central area of the part, which is
identical with the single-part PBF-LB manufacturing.
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Nomenclature

q ¼ Density of solid, kg/m3

Cp ¼ Specific heat, J/(kgK)
L ¼ Latent heat of fusion, J/kg
q ¼ Heat flux, W/m2

Q ¼ Power density, W/m3

A ¼ Heat source absorption coefficient
P ¼ Laser beam power, W
ds ¼ Laser beam spot diameter, m

dm ¼ Melt pool depth, m
H ¼ Hatch spacing, m
vs ¼ Laser scanning speed, m/s
k ¼ Thermal conductivity of solid, W/(m2K)

=T ¼ Temperature gradient, K

qcond ¼ Conduction heat flux, W/m2

qconv ¼ Convection heat flux, W/m2

h ¼ Heat transfer coefficient, W/(m2K)

Tr ¼ Chamber temperature, K

qrad ¼ Radiation heat flux, W/m2

e ¼ Emissivity coefficient

rs ¼ Stefan–Boltzmann constant, W/(m2K4)

r ¼ Stress, MPa

ep ¼ Plastic strain

et ¼ Thermal strain

a ¼ Thermal expansion coefficient, 1/K
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