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management in binder jetting of 316L
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'Department of mechanical engineering, Polytechnique Montréal, Montréal, Quebec, Canada
2Colibrium Additive, West Chester, Ohio, United States of America

Abstract

Accurate management of powder bed temperature is essential in binder jetting
(BJ) to achieve dimensional accuracy and adequate mechanical properties. Three
different models using the finite element method operating at different scales
were developed in this study to compare their accuracy in predicting the thermal
history of the powder bed during the BJ process. The simulated temperatures were
compared with in situ experimental thermal measurements of the powder bed
during printing. The first model relied on 2D Gaussian heat sources to model the
movement of infrared lamps, achieving an absolute average error of just 1.5°C with
the experimental data, but taking 28 h to simulate only 20 layers using eight CPUs. The
second model employed a layer heating (LH) approach to reduce computation time
while maintaining accuracy similar to that of the previous model. The second model
was able to simulate 200 layers in 33 h with an average error of 1.7°C in comparison
with the thermal measurements. The third model combines the LH and lumping
approach to further reduce the model computational time, enabling simulation of
the full process (2000 layers) in 33 h with an average error of 2.3°C compared to the
experimental case. This parametric study suggests that thermal management of the
powder bed during BJ can be improved using a combination of infrared lamps above
the powder bed and a heated build box. This avoids bleeding, interlayer stitching
issues, and other detrimental phenomena regardless of the nesting configuration.

Keywords: Additive manufacturing; Binder jetting; Finite element method; Thermal
simulation; Binder drying

1. Introduction

Additive manufacturing (AM) allows the production of components through sequential
deposition of material layers according to the specifications of computer-aided design
models. This method enables new possibilities, such as rapid prototyping and fabrication
of complex geometries that conventional manufacturing techniques cannot achieve. AM
may be used to process a wide range of materials, including Mg,' Ni,> A’ alloys, and
stainless steel.®

Among the emerging technologies in AM, binder jetting (BJ) shows great promise
for numerous applications, as it is a solid-state process characterized by relatively low
cost and high throughput.” Nevertheless, thermal management of the powder remains
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a challenge to control the binder viscosity. Efficient
production in B]J relies on controlling the powder-binder
interaction to ensure sufficient structural integrity and
dimensional accuracy of the green part. Infrared lamps
and a heated build box are commonly used to control
the temperature of the powder bed and the viscosity of
the binder. Excessively high powder bed temperatures
rapidly increase the binder viscosity, preventing proper
penetration into the powder bed. This may lead to an
interlayer stitching issue and delamination of the green
part.® In contrast, if not enough heat is applied, the binder
viscosity remains low and propagates undesirably into
the powder bed. This phenomenon leads to inaccuracies
in the printed geometries referred to as bleeding defects.’
Part nesting also plays an important role in controlling
powder bed temperature. Determining the optimal
machine configuration and printing parameters to print
consistently defect-free parts is time- and cost-intensive.
The finite element method (FEM) allows for establishing a
parametric model to predict the impact of parameter input
on the thermal history of the powder bed, omitting the
need for iterative experimentation.'®"

For BJ, FEM has been mostly used to simulate the
sintering process.'*'* However, no existing work has
explicitly aimed to predict the complete thermal history of
printed components throughout the process. Some studies
have focused on understanding the formation of thermally
induced defects in laser powder bed fusion (LPBF)
applications during printing.’**¢ Given that both LPBF and
the BJ drying process described involve the movement of
heat sources over a powder bed, many modeling approaches
considered for LPBF are, to some extent, relevant in this
context. The laser heat source is commonly modeled
using a Gaussian distribution for LPBE.'"" It consists of
a symmetric distribution with the maximum heat flux
occurring at the center of the heat source. This approach
is known to yield excellent accuracy, with the downside of
being computationally costly for large-scale simulations.?
In the literature, layer heating (LH) is employed to reduce
the number of time steps required to simulate the heat
input.®?! The LH approach avoids the need to simulate
heat source movement by applying a uniform heat input
to an entire layer. When this method is paired with layer
lumping, multiple layers can be processed simultaneously,
further improving the computational efficiency.** To the
best of our knowledge, no existing comprehensive model
accurately represents the thermal behavior associated with
BJ printing.

This work presents the first attempt to simulate the
thermal behavior of the powder bed during BJ, with the
aim of enhancing powder bed thermal management and
reducing part defects. Three models were proposed based

on the different approaches to simulate the heating source.
The first model (Model 1), called the incremental heating
model, uses a 2D Gaussian moving heat input, replicating
the movement of the lamps. The second model (Model 2)
is referred to as the single LH model because the LH
method is applied to an entire layer at a time. The third
model (Model 3), named the multiple LH model, uses the
combination of the LH method and the lumping method
to simulate multiple layers at a time. All three model results
were compared with the in situ thermal measurement for
each build layer. The impact of each heating method on the
accuracy and simulation time was discussed.

2. Materials and methods
2.1. Feedstock material

The powder material used in this study was gas-atomized
316L stainless steel powder provided by Sandvik (Sweden).
The particle size distribution was measured with the
CAMSIZER X2 system (Microtrac MRB, Germany),
obtaining D10, D50, and D90 values of 9 um, 20 um, and
40 pm, respectively. The powder particles were primarily
spherical, with a small proportion of satellite particles
adhering to larger particles, as shown in Figure 1. The
nominal composition of the 316L stainless steel powder is
provided in Table 1.

2.2.BJ process

The specimens were printed on the H2 metal B] machine
(Colibrium Additive, United States [US]) using Colibrium
Additive’s proprietary water-based binder to generate data
for validating thermal models. In total, 27 specimens of
two different formats were printed, with the dimensions
(length x width x height) being 19 x 19 x 18 mm and 90
x 15 x 15 mm for Format 1 and Format 2, respectively.
Specifically, five specimens of Format 1 and 22 specimens
of Format 2 in two different orientations were disposed

Table 1. Nominal chemical composition of 316L stainless
steel powder

Element Composition (wt. %)
Fe Balance
Cr 16.50-18.00
Ni 10.00-13.00
Mo 2.00-2.50
Mn 2.00

Si 1.00

N 0.13

(0] 0.06

P 0.04

C 0.03
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of on the print bed, as shown in Figure 2A. The distance
between the specimens varied between 9 mm and 50 mm.
All the specimens were built starting 1 mm above the build
plate, and the final build height was 19 mm. The printing
parameters used to produce the specimens are presented
in Figure 2B.

The GE H2 BJ] machine was equipped with a heated
powder bed to facilitate thermal management of the
powder bed and control the binder viscosity. Heating
elements were positioned close to the base plate and four
build box walls. For this work, the build box components
were maintained at a constant temperature of 65°C. The
top surface of the powder bed was exposed to the air of
the chamber. Figure 3 provides a detailed representation
of the BJ printing process, representing both the recoating
(Figure 3A) and the binder deposition step (Figure 3B).
The recoater speed was kept constant at 90 mm/s during
the application of a new layer. Two heating lamps were
positioned ahead and behind the recoater, respectively,

to help control the binder temperature and viscosity. The
heat generated by the lamp positioned ahead of the roller
heated the previously deposited layer containing powder
and binder-powder mixture, as shown in Figure 3A. The
trailing lamp heated the newly deposited powder layer
in preparation for the upcoming binder deposition. Each
lamp covered the entire width of the powder bed (y-axis)
as it moved along its length (x-axis). Power produced by
each lamp (20 W) was kept constant during the entire
printing process. After the recoater moved back to its
initial position, the printhead moved from the opposite
side of the powder bed and selectively applied binder to the
newly deposited layer, as shown in Figure 3B. The binder
set time (Figure 2B) corresponded to the time between the
movement of the printhead in layer n and the recoater in
layer n+1.

2.3. Finite element modeling of the BJ process

An Ansys Parametric Design Language (APDL)-based
finite element model was used to simulate the thermal

Figure 1. Scanning electron microscopy images showing the morphology of 316L stainless steel powder under different scales: (A) 20 um and (B) 10 um.

Magnifications: (A) x 500, (B) x 1000

A B
9 mm 20 mm D
D“[ — L ] Build parameter Value
50 mm Build box wall temperature (°C) 65
13 mm
] [ J [ j
Base plate temperature (°C) 65
[ ][ 1 ] Lamp power, P (W) 20
19mm
Specimen] = DI 12 Recoating speed, v (mm/s) 90
405mm | |15 mm
1l I I i
—_— ;
90 mm \ — Powder layer thickness, t (um) 100
[ I I i Binder set time (s) 15
- Binder saturation (%) 100
B x

405 mm

Figure 2. Summary of the printed specimens. (A) Schematic of the different printed specimens (Formats 1 and 2) in the powder bed. (B) Build parameters
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A
Recoater movement (v = recoater speed)
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Recoater assembly
A
[ Roller )

Front lamp Trailing lamp
N E% ~

- Binder ‘T—J Powder

Powder layer n+1 z @ !
Powder layer n 1S

Printhead movement

v

Printhead

o Mixture
O5i
(binder-powder)

Figure 3. Schematics (not to scale) of (A) the recoater assembly composed of a front lamp, trailing lamp, and roller; and (B) the printhead with the different

materials involved in the process identified

history of the BJ process. The nodal temperature of the
model was calculated following Equation (1) from Fourier’s
3D heat conduction law:

Gl LN L R P
ox\_ ox) oyl oy ) oz\ oz P ot

where k is the thermal conductivity (W/m/K), T is the
temperature (K), q” is the volumetric heat flux generated
by the lamps (W/m?), p is the density (kg/m?), Cp is the
specific heat capacity (J/kg/K), and t is the time (s). Setting
initial and boundary conditions was necessary before
attempting to solve the second-order differential equation.

The initial state of the system, represented in Equation (2),
formed the initial condition:

T(x,y,2,0)=T, 2)

where T is the initial temperature (K) of the powder
bed. Since the simulation domain in this study was limited
to the powder bed, the various exposed surfaces were
subjected to a combination of heat transfer mechanisms,
including conduction, convection, and radiation. All heat
transfer mechanisms involved in the model’s boundary
conditions are defined in Equation (3):

oT
—ka+h(T—Tw)+crg(T4—T:)=0 (3)

where # is the direction normal to the surface, h is
the convective heat transfer coefficient (W/m?*/K), T_
is the temperature of the chamber (K), € is the surface
emissivity coefficient, and o is the Stefan-Boltzmann
constant (W/m?K*). Radiation was neglected, as the
temperature difference between the powder bed and the air
of the chamber during most of the process was under 20 K.
Notably, the temperature spikes generated by the movement
of the infrared lamp lasted less than four seconds and were
localized over a small area of the powder bed.

Consequently, Equation (3) can be rewritten as follows:

oT
—ka+h(T—Tw)=0 (4)

The simulation process was fully automated, from
file creation to managing simulation results using a shell
script, increasing the overall efficiency of the model.
This approach proves particularly useful in the context
of parametric studies, as many different simulation cases
can be created and run simultaneously. Figure 4 shows
the specific structure and framework of this automation
method. Specific sets of printing parameters, such as
those presented in Figure 2B, were used as inputs in a
Python script to generate APDL input files. The input
files contained the material properties, the geometry of
the printed specimens, the mesh, the initial and boundary
conditions, as well as the commands to model the different
steps of the BJ process. Ansys batch mode was used to
execute the simulations, providing the ability to run
several simulations simultaneously or sequentially from a
single command. Once the model was solved, the nodal
temperatures that matched the location of interest from
the experimental data were used for validation with the
thermal camera data.

2.4. Heat source models

Modeling the movement of heat sources from the front
and trailing lamps requires multiple time steps and
becomes a computational burden when simulating a high
number of layers. Optimizing the time discretization is an
efficient approach to improve the model’s computational
efficiency. Three different methods were used to simulate
the heat sources from the two lamps attached to the
recoater. Model 1 is referred to as the incremental heating
model, Model 2 as the single LH model, and Model 3 as the
multiple LH model. Concepts from LH and layer lumping
were integrated into the multiscale modeling approach of
this study to improve computational efficiency without
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Inputs: build box wall temperature, base
plate temperature, recoating speed, lamp
power, layer thickness, binder set time,
and binder saturation

Outputs: nodal temperatures

Figure 4. Flowchart of the computational framework
Abbreviation: APDL: Ansys Parametric Design Language

sacrificing accuracy significantly.?>*® The heat input from
the lamps was modeled as a volumetric heat input, while
the boundary condition resulting from the convection
between the air of the chamber and the top of the powder
bed was modeled as a heat flux for the three models. This
allows for compensating for the inability of the Ansys
software to apply more than one heat flux to a surface at
a time.

2.4.1. Incremental heating model (Model 1)

For Model 1, the movement of the heat sources on the
recoater was modeled with several time steps. A sensitivity
study was conducted to determine the optimal number of
time steps (40 increments). Inspired by the 2D Gaussian
moving heat input suggested by Goldak et al.'® for the weld
heat source, the volumetric heat flux was computed for
every element at each time step using Equation (5):

P ERy
g =—C e
HnrR

®)

where g~ is the volumetric heat flux (W/m?), H is the
top layer thickness (100 um; Figure 2B), R is the radius
of the sensor (0.0127 m), and 7 is the absorptivity of the
material (0.45). To simplify the experimental requirements
of this study, it was assumed that the absorptivity of the
CO, laser in iron powder* was sufficiently similar to the
conditions of this study. This assumption was based on
the fact that the heat sources shared a similar wavelength

Binder jetting parameters

.I

Python code
(generating files for APDL)

ANSYS thermal solver

Temperature history

(10 wm) with the CO, laser and that 316L powder is an
Fe-based alloy. P (W) represents the maximum power
of the lamps (20 W; Figure 2B). As shown in Figure 5A,
the distance between each element and the center of the
heat sources can be computed using x as the element
center position (m) and x, as the heat input center
position (m). The positions of the heat sources evolve
over time and are dependent on the recoater speed. B is
the heat concentration parameter (0.0266 m) calibrated
experimentally, which is proportional to the diameter of
the heat sources and allows adjustment between the width
of the heat sources and lamps.

A PM160T-HP thermal sensor power meter (Thorlabs,
US) was positioned in the center of the powder bed to
ensure the matching of the sensor’s top surface with the
powder bed. The recoater was then moved along the
powder bed with the lamps active, but without the roller
action involved to prevent the sensor from being buried
by powder. Power data at regular intervals of 0.1 s were
acquired, and the recoater moved over the bed at constant
speeds of 50, 60, and 90 mm/s. This method took
advantage of the sensor area to measure power and identify
the maximum heat flux, eliminating the need to consider
the fraction of heat absorbed within its radius, as done
for the LPBF process."” Based on this approach, Equation
(5) consisted of the sensor’s radius instead of the heat
source’s radius. Finally, the heat flux was made volumetric
by assuming that the heat absorbed by the sensor only
penetrates through the top layer.
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Center of heat
input (x, Zg)

Model 1: Incremental heating model

Model 2: Single-layer heating model

Model 3: Multiple-layer heating model

Figure 5. Schematics of the heat input approaches. (A) The incremental heating model (Model 1), where x is the position of the center of the beam, v is
the build speed, and t is the time. (B) The single-layer heating model (Model 2). (C) The multiple-layer heating model (Model 3) integrates layer heating

and layer lumping

2.4.2. Single-LH model

To imitate the addition of a layer in a single time step, we
simultaneously activated and heated the entire layer, as
shown in Figure 5B. Equation (6) represents the quantified
volumetric heat input for this LH method:

» NxExn
1 HxA xt

sensor layer

(6)

where E is the total energy (]) captured by the thermal
power sensor throughout the complete motion of the lamps
over the print bed, computed by integrating the power data
overtime; A is the area of the sensor (0.000510 m*) used
in the experiment; b ayer is the real time (s) needed for the
lamps to travel over the powder bed; and N is the calibration
coeflicient (0.525) that allows the LH method to reproduce
volumetric heat input from the incremental approach over
one layer. LH is mostly used with a calibration coefficient of
1 for thermo-mechanical simulation in LPBE2*?! It was set
to 0.525 in our study to ensure the convergence of results
from Models 1 and 2. This can be explained by the fact that
heat loss through conduction in LPBF is more pronounced
due to the higher thermal conductivity of the molten and
solidified metal compared to the powder in B].*® Moreover,
Imani Shahabad et al.* showed that radiative losses, which
were neglected in this study, account for approximately
20% of the total thermal energy loss in LPBF applications.
Therefore, the laser heat input must be scaled down using
a calibration coefficient between 0 and 1 to account for the
significantly lower heat loss in BJ.

2.4.3. Multiple-LH model

It is also possible to group and simulate numerous layers
concurrently to reduce computational time, as shown
in Figure 5C. This approach, known as layer lumping,
combined with LH, allows for applying the heat input
simultaneously to a group of layers. Bayat et al?? and An
et al.® demonstrated that lumping up to 20 layers can

produce accurate results in the LPBF process. To further
improve the efficiency of Model 3, the LH method was
applied to the equivalent of 10 layers at a time. The group
of layers was meshed as a single, thicker layer, significantly
reducing the number of elements in the model and
enhancing the advantages of the lumping method.
Equation (6) was used without changing any parameter;
however, to accurately replicate the process, the duration of
each step in the calculations was multiplied by the number
of lumped layers, ensuring that the different heat exchange
mechanisms operate for the same length of time as they
would in a traditional layer-by-layer approach.”

2.5. Powder bed geometry and meshing

Figure 6 presents the finite element model of the powder
bed, with a length and width of 405 mm each, and a print
height of 18 mm, used for drying simulations.

The simulation employed linear elements with a
height matching the thickness of deposited powder layers.
For Model 1, the meshing was programmed to ensure
that the elements were aligned in the x and y directions
(Figure 7A) using the VMESH command. The mesh
size was not uniform to adequately integrate the printed
geometry area, as element boundaries must coincide with
the specimen boundary during the simulation. Alignment
among the elements of the print bed required additional
manipulation, but is essential to effectively simulate
the behavior of the recoater, including the deposition of
powder and the incremental heating discussed in Section
2.3. Since the LH methods did not require aligned elements,
the VMESH was used to generate the mesh without
additional manipulations, as shown in Figure 7B. A mesh
independence study was conducted to assess the impact of
element size. The mesh of the incremental and LH models
showed no change in results for most of their surface
when refining the mesh from 5 mm to 2.5 mm. Another
limiting factor was the nesting of the specimens; the
smallest distance between specimens (9 mm; Figure 2A)
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19 mm

Figure 6. Schematic of the finite element model of the binder jetting
powder bed used to simulate the drying process

A Meshing pattern for Model 1 B  Meshing pattern for Model 2 & 3

W [

X X
Figure 7. Meshing patterns created using VMESH for (A) Model 1 and
(B) Models 2 and 3 using the same element size for the ESIZE command

required a mesh size of 5 mm to adequately capture the
temperature gradient between the powder and printed
specimens. Figure 8A illustrates the artificial cooling of the
loose powder between specimens using a 10 mm element
size in the model. In contrast, Figure 8B demonstrates the
correction of this issue by refining the mesh size to 5 mm.

2.6. Boundary conditions from experimental
calibration

Figure 9 shows a comparison between the chamber’s
thermal profiles experimentally measured during printing
using thermocouples and the temperature distribution
in the simulations. The temperature inside the chamber
increased due to convective heat transfer between the heated
powder bed and air. Results demonstrated that the air in
the chamber, initially at 25°C, increased logarithmically to
42°C. The model used a linear increase method to reduce
the computational time. Since the deposition of each new
layer changes the interface between the elements and air, an
algorithm was used to adjust the interface’s location, thereby
removing the surface convection from the newly buried
elements and reapplying it to the uppermost active elements.

To reduce calculation time, the aluminum build box
was not incorporated into the model. However, this means
that heat transfer by conduction between the powder bed,

B  Adequate mesh size (5 mm)

A Inappropriate mesh size (10mm)

Figure 8. Meshing patterns created using VMESH and the same element
size for the ESIZE command for (A) Model 1 and (B) Models 2 and 3.
The white arrows indicate thermal artefacts resulting from an insufficient
number of elements to accurately capture the thermal gradient

60

 Air of the chamber experimental
55 +
—Air of the chamber simulation

501 —Deposited powder simulation

45

Temperature (°C)

20

0 50 100 150

Number of layers

Figure 9. Comparison between the temperature distribution of the air in
the chamber and the distribution used for the simulations

the base plate, and the walls of the build box cannot be
computed. To address this issue, the heat transfer between
the base plate and the walls of the build box, which were
kept at a constant temperature of 65°C, was modeled using
convection. The convection coefficient of each surface
was calibrated in the model using a special experimental
procedure. Seventeen thermocouples of type-K were
positioned in the powder bed filled with 316L powder, as
shown in Figure 10A. The base plate and the four powder
bed walls were heated to 130°C for 24 h, while the air of the
BJ chamber was simultaneously and gradually heated from
25°C to 60°C. The heating profiles for the build box and the
chamber air are presented in Figure 10B and C, respectively.
The powder was only heated by the build box, and the
infrared lamps attached to the recoater were not used.

The thermocouple experiment was then reproduced
in the simulation software with an array of different
combinations of convection coefficients for the base plate
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A 112 mm B c
Base plate and build box BJ chamber
walls temperature air temperature
100 m 10 140 70
i 61
O I o13 e 120 60
: : 11 100 ~ 50
f g 3 &
16¢ ; old ‘: 80 1 T
8e Se 2 : ] 3
= 17¢ 2 g% Y
o" % E 40 g2
S &~
70 mi = 20 =10
. o 2 0 0
31.5mm 82 mm 89 mm
0 12 24 0 12 24
e Time (h) Time (h)

405 mm

Figure 10. Summary of the calibration process for the boundary conditions. (A) Schematic representation of the thermocouple positioning within the
powder bed during the experimental procedure to establish the boundary conditions, with boundary conditions differentiated by distinct colors: red
indicating the base plate and the build box walls, whereas blue indicates the binder jetting (BJ) chamber air. Heating profiles for the (B) base plate and the

build box walls, and (C) BJ chamber air

(hyr)> build box walls (h ), and upper surface of the
powder bed (hmp). Figure 11 shows a schematic of the
applied boundary conditions. Convection coeflicients of
15,20,and 30 W/m?*/Kforh,  andh_ . aswellas7.5,15,
and 30 W/m?*/K for h_ , were used across a total of 27 cases.
The average error for each thermocouple was computed for
each simulated case, and the optimal parameters with the
lowest maximum error and the lowest average error for
all thermocouples were used. In Figure 12, the thermal
profiles acquired from the thermocouples were compared
with the results from the simulation using optimum
coeflicients (h =15 W/m*/K, h _, =20 W/m*/K, and

bottom

h_ =7.5W/m*/K). The maximum (13.2°C) and minimum

(1.4°C) average errors were observed at thermocouples 10
and 3, respectively.

2.7. Powder deposition

The “element birth and death” technique was used to
simulate the gradual deposition of powder onto the bed
and to reduce the computational time. Initially, the model
representing the print bed at the end of the process was
created. Then, the Ansys command EKILL was used, and
all the elements unrelated to the initial stage of the process
were deactivated. Although the deactivated elements
remained in the model, their material properties were
significantly reduced, preventing them from contributing
to the heat transfer process.” Once the calculation
started, elements were gradually reactivated according
to the machine deposition pattern as new layers were
added, using the EALIVE command. Figure 13 illustrates
how the element birth and death technique affects the
elements composing the powder bed. Upon activation,
the nodal constraints on the top surface of the elements
were removed using the DDELE command, allowing the
elements to interact freely with the powder bed.

q ” (htop)

q” (hyay) q” (hyan)

q i (hbonom)

Figure 11. Schematic of the boundary conditions involved in modeling
heat transfer from the powder bed

To account for the differences in volume and specific
heat capacity between the air and the powder in the supply
bed, it was determined that after 50 layers, the deposition
temperature of the powder started increasing linearly until
it stabilized at the air temperature (Figure 9).

2.8. Temperature-dependent material properties

Isotropic temperature-dependent properties, such as
thermal conductivity, specific heat capacity, and density
values for temperatures ranging from 25°C to 125°C,
were assigned to powder compacted in the powder bed,
the binder-powder mixture, and the green (binder-
powder mixture dried) parts. For 316L, the powder
density (4,830 kg/m’) was obtained by measuring the
mass, size, and volume of the powder bed. Knowing the
relative density of the powder material, the specific heat
capacity (509 J/kg/K at 25°C) and thermal conductivity
(0.14 W/m/K at 25°C) were obtained from literature.?
For the water-based binder, the water properties from the
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Temperature (°C )

0 5 10 15 20 5 10 15 20 0 5 10 15 20
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7} -==- 10 Sim
60
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Figure 12. Comparison between the simulation results and the experimental thermocouple data for the case retained in this study. The 17 curves correspond
to the 17 thermocouple locations at which the experimental temperature measurements were compared with the simulated values (h, =15 W/m¥/K,
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Figure 13. Schematic of the element birth and death technique coupled with the usage of nodal constraints for binder jetting during gradual powder
deposition

literature,” such as the specific heat capacity (4.2 J/kg/K
at 25°C) and thermal conductivity (0.61 W/m/K at 25°C),
were used. This hypothesis was justified by the fact that the
water content in the binder was above 85%. The mixture
density, specific heat capacity, and thermal conductivity
were obtained using the mixture law between the powder
and the binder. The powder bed density was approximated
to be 60%, which was considered a density approximation
for 316L, based on its mass, size, and volume, whereas the
remaining 40% was attributed to the binder. Considering

E,=fE, +E, 7)

where E,E, and E are the mixture, the water, and the
powder properties, respectively, and f is the fraction of
binder in the mixture (40%). The thermal diffusivity for
the green state was obtained using the LFA 467 HyperFlash
(Netzsch, Germany), whereas the specific heat capacity
was measured using the Q2000 differential scanning
calorimeter (TA Instruments, US). The green parts
density was measured to be 4520 kg/m?, which was used to

the powder form and inclusive porosities, the mixture law
takes the form as presented in Equation (7):

calculate thermal conductivity as per Equation (8), using
thermal diffusivity o
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(8)

2.9. Application of the binder

The properties of the elements where the binder was applied
were changed to imitate the binder deposition on loose
metal powder by the printhead, as shown in Figure 3B.
Equation (9) uses the heat energy transferred between the
powder and the binder to compute the temperature of the
mixture T at deposition:

mwxcpwx(Tm_Tw):_(meCppX<Tm_TP)) )

where Tp, T ,and T are the temperatures (K) of the
powder, binder, and mixture, respectively. T is obtained
from the simulation at the time of deposition, whereas T
was assumed to be constant and slightly higher than room
temperature (27.5°C) due to marginal heating caused by
the air of the chamber. C, and C,, are the specific heat
capacities (J/kg/K) of the powder and binder, respectively,
while m_and m,_ are the masses (kg) of the powder and
binder, respectively. By isolating the temperature of the
mixture, Equation (9) can be rewritten as follows:

T +T x—~ Ldud
o meCPP
T = c (10)
m X
mpxCpP

Using Equation (7), the masses can be obtained from
the density since ratios are used in Equation (10):

m,=fxp, (11)

m,=p, (12)

where p and p, are the densities (kg/m®) of the powder
and binder, respectively. The deposition temperature was
computed and applied to all the relevant nodes for a brief
period to simulate the temperature change caused by the
interaction between the powder and binder. The in-process
drying driven by the lamps™ heat, as shown in Figure 3A,
was also represented by a change in material properties,
progressing from a binder-powder mixture to the green state.

3. Results
3.1. Computational time

The computations were performed on a dual-CPU
system equipped with Xeon Gold 6240 processors,

operating at 2.6 GHz, using eight cores. Figure 14 shows
the computational times for different numbers of layers
simulated using the three models. The number of layers
was 5-20 for Model 1, 20-200 for Model 2, and 200-2000
for Model 3. At this scale of comparison, the computational
time increased significantly with the number of layers for
all three models. Model 1 demonstrated the most rapid
increase in simulation time relative to the number of
elements involved, followed by a slightly lower increasing
rate for Model 2 and a significantly reduced rate for
Model 3. Model 1 required 28 h to simulate 20 layers. Model
2 simulated 200 layers in 33 h, whereas Model 3 showed a
10-fold increase in efficiency, simulating 2000 layers in 33 h,
primarily attributable to its capability to lump 10 layers at a
time compared to only one layer for Model 2.

3.2. Model validation

The surface temperatures of the powder bed were measured
during the printing of 27 coupons using a thermoIMAGER
TIM VGA thermal imaging camera (Micro-Epsilon,
Germany) positioned above the powder bed, with a
resolution of 640 x 480 pixels and a measurement error of
+ 2°C. The emissivity of the infrared camera was calibrated
using a thermocouple in contact with the powder bed
to ensure that both the camera and the thermocouple
recorded the same temperature. No significant variation
of emissivity was detected between wetted and unwetted
powder areas.

A representative image of the temperature distribution
on the top surface of the powder bed after the binder set
time of the 20" layer is shown in Figure 15A. A maximum
temperature of 59°C was observed in the loose metal
powder, whereas the minimum was approximately 44°C,
observed in the areas of the binder-powder mixture
(specimens 1 and 2). Models 1 and 2 produced results
similar to those obtained from the thermal camera. Model
3 showed a similar trend, but with a slight variation in
temperature ranging between 46°C and 56°C.

To better illustrate the temperature variation during B],
three areas were selected (shown in Figure 15), and their
temperatures were plotted as a function of the number of
layers (Figure 16). Area 1 was positioned on loose metal
powder, Area 2 on a printed specimen of Format 1, and
Area 3 on a printed specimen of Format 2. In this way, two
types of specimens with different build heights, 18 mm
(Format 1) and 15 mm (Format 2), were examined.

From Figure 16, a slight drop in temperature was
observed in Area 1 (loose powder only) during the
deposition of the first 15 layers, attributed to the
cooling effect of successive powder layer depositions at
room temperature. This effect was more pronounced in
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Figure 14. Computational time comparison using eight CPUs. (A) Comparison among the Models 1, 2, and 3. (B) An enlarged view of the results of

Models 1 and 2
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Figure 15. Comparison of the temperature distribution of the powder bed after the binder set time of the 20" layer among (A) the thermal camera
measurement and the simulation results for (B) Model 1, (C) Model 2, and (D) Model 3. The three areas of interest are indicated using white plus signs,
whereas the white arrow indicates a cooler zone on the left edge of the powder bed

Areas 2 and 3 (binder-powder mixture) due to increased
cooling upon the deposition of the binder, driven by
the higher specific heat capacity of the binder-powder
mixture compared to the loose powder. After 20 layers,
the temperature remained relatively stable with a slight
increase observed in Area 1, primarily due to the gradual
heating of metal powder within the powder bed as its
volume increased, eventually equilibrating with the build
box temperature. This process resulted in heat transfer
through conduction between the powder beneath the
surface layer and the surface itself, where the experimental

data were collected. Meanwhile, Area 3 demonstrated a
similar trend to Area 2 up to the 150" layer (Figure 16B)
due to their comparable material properties (binder—
powder mixture). After the 150" layer, the material
properties of Area 3 changed from binder-powder
mixture to powder only due to the printing completion
of the Format 2 specimen. This led to a sharp increase
in Area 3’s temperature by approximately 10°C. Since
the specimen 1 in Area 2 was completed only after the
180™ layer, the material properties remained constant,
and the temperature remained relatively stable.
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Figure 16. The temperature variation in the studied regions over (A) the initial 60 layers, as determined by experimental data and modeling results from
Models 1 and 2, and (B) the first 180 layers, as determined by experimental data and modeling results from Models 2 and 3

Figure 16A presents the comparison between the
temperature evolution of Areas 1 and 2 with Models
1 and 2 for the first 60 build layers. Data from Area 3
were omitted, as they did not show a distinctive behavior
compared to Area 2 during the first 60 layers. The two
models accurately predicted the temperature evolution in
Area 1, with maximum absolute errors of 1.6°C and 2.5°C
for Models 1 and 2, respectively. The two models showed
a larger error when simulating Area 2. They initially fell
below the experimental results by approximately 4.5°C
at the 10" layer, then gradually increased, converging
with the experimental data around the 30™ layer. The
larger variation observed within the first 10 layers can
be attributed to an overestimation of the powder bed
packing density, as the powder bed density was likely to
vary during the deposition of the first layer. Consequently,
a mis-evaluation of the binder saturation rate assumed
for the process led to an inaccurate prediction of the
drying conditions of the binder. Determining the precise
moment at which certain properties emerge in the
binder-powder mixture is inherently challenging. This
difficulty arises from the dynamic process conditions
varying spatially across the powder bed. The general
variation observed in the model’s behavior can also be
attributed to the calibration of the boundary conditions
coefficients, which are known to introduce errors in
the temperatures predicted inside the powder bed, as
discussed in Section 2.5.

Figure 16B presents the comparison between the
temperature profiles of the experimental observations and
the models for the first 180 layers. Model 1 was not included
due to its insufficient computational efficiency. Models
2 and 3 closely matched the trends in the experimental
data for Area 1, with a maximum discrepancy of just
over 2.2°C for Model 2 and under 4°C for Model 3. The
maximum temperature variation observed in Model 3
coincided with the first computed layer of Model 3 due to

the lumping strategy employed. For Areas 2 and 3, Model
2 underestimated the temperature during the first 30
layers by up to 3°C, which is also observed in Figure 16A.
This temperature difference decreased with the number
of layers and turned into an overestimation of up to 2°C.
Model 3, on the other hand, overestimated the first 10
layers by up to 4°C due to the 10-layer lumping strategy,
then converged rapidly with Model 2 as the number of
layers increased, exhibiting similar temperature profiles.
The two models accurately captured the sharp temperature
increase observed after the 150" layer due to the changes in
material properties in Area 3.

4, Discussion
4.1. Thermal profile and computational efficiency

Model 1, with gradual powder deposition and
incrementally moving heat sources, is closest in replicating
the actual B] process. As evident in Figure 15, Model
1 captured a slightly cooler area on the left side of the
print bed (marked by white arrows in Figure 15B), which
cannot be observed with other models. However, due to
the movement of heat sources, the time discretization
used became noticeable, as the cooled area around the
printed specimens displayed an undulating profile. The
number of layers that can be simulated using this model
is severely limited due to its high computational cost,
driven by the use of 40 time steps. This limitation was
resolved by Model 2, which utilizes the LH method in
a single time step, yielding an average absolute error of
0.6°C (Figure 17A) and reducing the calculation time
for simulating 60 layers by a factor of 60 compared to
Model 1. Nevertheless, this approach enables a detailed
comparison with experimental data to ensure validation,
but it is not sufficiently fast for a full-build simulation.
Model 3 further improved the computational time,
simulating 200 layers in 1/165 of the time required by
Model 2 and the entire BJ process (2000 layers) in 32 h,

Volume 5 Issue 2 (2026)

12

doi: 10.36922/MSAM025380088


https://dx.doi.org/10.36922/MSAM025380088

Materials Science in Additive Manufacturing

Powder bed heat model for binder jetting

A, B,
—+=Area 1 - Model 2 vs Model 3
6 ——Area 2 - Model 2 vs Model 3
- -
Area 3 - Model 2 vs Model 3
DU 0 oU 4
- -
£ £
2 2,
s = |
g s
= =
g 1 g0
Y v
= —=Area 1 - Model 1vs Model 2 | =
2 M L
== Area 2 - Model 1 vs Model 2 |
2 -4

20 30 40

Layer number

50 60

0

20 40 60 80 100

Layer number

120 140 160 180

Figure 17. The temperature errors in the studied regions over (A) the initial 60 layers between the modeling results from Models 1 and 2, and (B) the first
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which is slightly less than twice the process time (18 h to
print the 2000 layers). These results are consistent with
earlier findings reported in the literature on LPBF, where
the computational time achieved using four lumped
layers is three times shorter compared to the standard LH
method.”

Figure 17B illustrates the error in temperature results
from Models 2 and 3 over the 180 printed layers. The
error between the models was more pronounced in the
early stages of the process, which stabilized around 2°C
for all areas. Transition phases where material properties
or boundary conditions change are challenging to capture.
For Areas 2 and 3, the first results observed for Model 3
corresponded to the 10% layer and showed an error of +7°C
relative to Model 2. The first 10 layers of the experimental
case were combined into a single layer, where only the
conditions of the top layer in the group were used for
calculations. This limited the model’s ability to capture any
changes in behavior occurring within the lumped group. In
addition, the material change occurring at the 150" layer of
printing in Area 3 constrained the number of layers that
can be lumped together. The number of lumped layers
must ensure that the material change coincides with the
boundary between two layers of elements, thereby aligning
the shift in properties within the model with the process
timing.

An effective solution to these challenges involves
modulating the number of lumped layers based on the
simulated conditions, following a method similar to that
proposed by Tangestani et al.**—developing a multiscale
model for LPBF applications. Using this approach, the
change in boundary conditions and materials can be
accurately modeled by reducing the number of lumped
layers in situations where a transient state is observed. In
contrast, the calculations for the rest of the process, where
a steady state is observed, can be reduced by increasing the
number of lumped layers.

4.2. Challenges associated with finite element
modeling

Incorporating the gradual deposition of material into
FEM throughout the process is a challenging task. While
using the element birth and death technique is a useful
tool in FEM for simulating the AM process, certain
considerations need to be taken into account when using
this approach with APDL. Deactivated elements still
experience temperature changes through conduction from
neighboring active elements, causing the initial conditions
of deactivated nodes to be lost. This requires applying
nodal constraints to maintain the intended temperature.
However, controlling the activation temperature is difficult
because adjacent layers share common nodes that cannot
be constrained. As a result, only the top nodes of newly
activated elements are constrained. This induces a nodal
thermal gradient across the elements, influencing the
matrix calculations during the simulation, subsequently
impacting the accuracy of temperature predictions at the
upper surface of the powder bed. One potential solution
is to introduce a thin layer of elements to act as a buffer
between the activated and constrained inactive elements.
This approach has the advantage of significantly reducing
the nodal thermal gradient. However, it doubles the
number of elements, thereby increasing the computational
cost. Furthermore, a dynamic remeshing algorithm cannot
be applied in this case because Ansys is unable to merge
elements during the solution process.

4.3. Finite element modeling-based optimization of
specimen nesting in BJ

Similarly to electron beam melting, where thermal
management within the chamber is critical, a combination
of numerical simulations and experimental methods
facilitates a deeper understanding of the thermal processes
involved in BJ.* During BJ printing, closely nested parts
can reduce the efficiency of the drying process, as the
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Figure 18. Impact of nesting on the temperature between the printed specimens before the application of binder on the 150" layers of printing for (A) the
reference case with a 9 mm gap between specimens, (B) a smaller gap of 5 mm between specimens, and (C) a bigger gap of 13 mm between specimens. The

area of interest for the comparison is indicated using a white plus sign

binder concentration increases significantly in localized
regions, potentially leading to bleeding defects.* This work
effectively utilized FEM to optimize the nesting process by
establishing the effect of the inter-specimen distance on
the temperature distribution in the surroundings.

The finite element model incorporated the specimen
configuration and printing settings described in Figure 2,
whereas the specimen sizes were varied to adjust the
inter-specimen distance. Figure 18 shows the thermal
distribution simulated using Model 3 in the region
surrounding the smallest gap between printed specimens
before the application of binder on the 150" layer. In
Figure 18A, the results corresponding to the specimen
dimensions used for model validation in the previous
section are provided. Lower temperatures were observed
in the loose powder between the specimens compared
with the loose powder elsewhere in the powder bed. In
Figure 18B, the gap between the specimens was reduced to
5 mm, producing a cooler and wider channel in the loose
powder compared to the reference case. In Figure 18C, the
gap was increased to 13 mm. Under this configuration,
the temperature between the specimens of Formats 1 and
2 was higher than in their vicinity, suggesting a better
thermal isolation between the specimens.

The effect of inter-specimen distance on the temperature
between them is shown in Figure 19. As the center became
farther from the cooled specimen, the energy loss through
conduction was reduced. This resulted in a nearly linear
temperature increase of 5°C as the distance increased from
5 mm to 15 mm after 150 layers. The observed temperature
stability can be attributed to the heat transferred to the
powder bed from heating lamps and the heated build box
during printing. At approximately 65°C, the solvent in
the binder partially vaporized upon deposition, causing
an increase in viscosity. Under these conditions, the
temperature variation observed has a negligible effect on
the amount of solvent evaporated. As a result, the binder
should maintain consistent properties across the entire

64
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Figure 19. Temperature at the center of inter-specimen spacing before
binder application on the 150* layer as a function of varying distances
between printed specimens

powder bed, regardless of the nesting configuration of
the printed specimen, thereby minimizing the risk of
defects. A heated powder bed and lamps arranged in an
H2 configuration significantly contribute to efficiently
controlling thermal variations caused by binder deposition
during printing. This, in turn, reduces the effect of part
nesting on solvent evaporation and subsequently binder
viscosity, resulting in a more evenly distributed thermal
profile.

5. Conclusion

In this study, the thermal analysis of the print bed during
the BJ process was performed by developing three novel
finite element models employing 2D Gaussian moving
heat input, LH, and lumped heating combined with
LH, respectively. Results ranging from accurate heat
distribution, characterized by the movement of the lamps,
to the behavior of the print bed over a full print were
obtained for the three models and validated using thermal
data obtained from BJ printing with the same parameters.
Major conclusions from this study are:
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(i) The incremental heating model simulated 20 layers in
28 h. The single LH model extended this capability to
200 layers in 33 h, whereas the multiple LH model,
grouping 10 layers at a time, enabled simulation of 2000
layers for the same computation time. The multiple
LH model proved to be the most computationally
efficient, allowing the simulation of a full B] process.
The incremental heating model showed the
highest accuracy, with an average absolute error
of approximately 1.5°C compared to experimental
results during the first 60 layers. The single LH model
exhibited a 1.7°C error, and the multiple LH model
reached 2.3°C for the 180-layer case.

(iii) The incremental heating model effectively captured
local temperature variation associated with the
movement of the heat sources in the printer and
phase transitions during binder-powder mixing and
evolving boundary conditions. The LH model ofters
an efficient alternative for simulating a large number
of layers and similarly captures phase transitions.
However, the multiple LH method, while significantly
faster, sacrifices accuracy during transient states,
indicating the need for a multiscale modeling
approach to optimize efficiency.

(iv) Using the element birth and death technique in
FEM effectively models powder layer deposition.
For BJ, lower temperatures compared to fusion-
based processes require precise control of nodal
temperatures for newly activated elements, with nodal
constraints in APDL being the most efficient solution.
The proposed powder bed design—with heating
elements around the build box and two infrared
lamps on each side of the recoater—provides efficient
thermal control. This design reduces the effects of
part nesting on binder viscosity, enhancing printing
repeatability by mitigating defects from binder drying
variability.

(ii)

(v)
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