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Abstract

Binder jetting additive manufacturing (AM) can print complex structures in economical and scalable manner. Binder jet-

ting AM comprises of deposition and weak binding of particles, known as green part, at room temperature and subsequent 

binder removal and sintering densiication at high temperatures. However, during the densiication (i.e., sintering), the part 

signiicantly deforms due to volume shrinkage. The deformation during sintering is diicult to predict, which prevents the 

widespread application of this technology. In this research, powder spreading simulation using discrete element method 

(DEM) was performed irst to capture local variations in powder bed coniguration. Second, inite element method (FEM) 

with a phenomenological continuum constitutive model was used to predict part shrinkage during the sintering process. 

DEM simulation showed variations in packing density, particle segregation, formation of uneven powder bed surface, and 

shift in particle size distribution (PSD). The sintering simulation modeled part deformation with a reasonable accuracy of 

3% for solid-state sintering and intermediate liquid phase sintering. A demonstration case with non-uniform initial packing 

density showed that inhomogeneous green part density and PSD should be accounted for prediction of part deformation in 

binder jetting AM.

Keywords Binder jetting · Additive manufacturing · Powder spreading · Sintering deformation · Discrete element method · 

Finite element method · Particle segregation

1 Introduction

Binder jetting is a popular additive manufacturing (AM) 

process, formulated in ASTM F42 [1]. Binder jetting AM 

uses sequential steps of metal powder spreading and poly-

mer binder deposition on the powder bed. The process is 

repeated for all layers comprising the object’s volume. The 

entire powder bed is then heated at a temperature of 200 ºC 

in a curing oven to cure the polymer binder and bind the 

metal particles in the desired regions. After curing, the 

parts are carefully extracted from the powder bed. In this 

state, the parts are fragile and are referred to as “green” 

parts [2]. A green part density is typically 30–60% [3–5] 

of the ideal, metal material density, and it always requires 

post-processing steps such as sintering or iniltration to 

achieve 95% of the ideal density or above, particularly for 

metal components. Binder jetting AM ofers several advan-

tages compared to fusion-based AM, such as negligible ther-

mal stresses, lack of textured microstructure, and a wide 

range of processible materials and powders [1, 6]. However, 

a wide application of binder jetting AM is hampered mainly 

due to low part density [3, 4] and anisotropic deformation 

during sintering [7].

The initial packing density of the powder bed is important 

since it determines the green part density that inluences part 

densiication, shrinkage, and distortion during sintering step 

[8, 9]. The packing density in the powder layer varies with 

the particle shape and size distribution, powder spreading, 

and binder saturation [7, 10]. Part characteristics also con-

tribute to distortion, as part dimension, geometric features, 

and printing orientation are strongly inluenced by powder 

spreading and binder saturation during the deposition [1]. 

Post-processing steps such as binder burn-out temperature, 

and sintering strategies determine part deformation during 

densiication. Sintering temperature, holding time, and heat 
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rate are the key controlling factors for achieving optimal 

densiication and associated shrinkage and distortion within 

a part [11–15].

Experimental characterization of powder bed is typically 

limited to bulk scalar properties (e.g., packing density, PSD, 

and surface roughness) and to measurement resolution for 

local variation of the properties over the powder bed. For 

instance, the local density variations in the green part as 

a function of build height during binder jetting AM were 

reported by Stevens et al. [7]. A cylindrical hollow jar with 

a rounded bulge in the middle was printed using a binder 

jetting machine and then sintered under vacuum at 1000 °C 

for 100 h and held for 2 h at the same temperature. Den-

sity contour was plotted in vertical cross-section of the jar. 

It showed ~ 40–70% density range at the lat protrusions 

whereas ~ 70–100% at the center curve region. However, the 

localized measurement of green part density in three dimen-

sions is laborious and provides limited information. Alter-

natively, numerical simulations can provide highly localized 

scalar properties (e.g., number of interparticle contacts and 

particle segregation) as well as tensorial properties (e.g., 

orientation of interparticle contacts, porosity distribution 

and connectivity) in addition of the bulk scalar properties.

Powder spreading in binder jetting is analogous to that in 

powder bed AM process. Numerous studies have reported 

to reveal powder-spreading mechanism and correlation to 

powder bed quality [16–24]. A pioneer powder-spreading 

simulation for AM application was developed by Parteli and 

Pöschel [16]. They investigated how the process conditions 

inluence the powder bed quality in terms of the surface 

roughness and roller velocity. The work showed that higher 

roller velocity and larger particle size distribution (PSD) 

reduces packing density and uniformity of the surface rough-

ness. Haeri et al. [17, 18] have performed powder-spreading 

simulation with non-spherical particles of Poly-Ether Ether 

Ketone (PEEK) polymer particles. Similarly, they found 

that lower translational velocity leads to improved quality 

of powder bed. Interestingly, in the work, particle shape 

segregation was observed for the rod shaped particles dur-

ing powder spreading. Experimentally, Muniz-Lerma et al. 

[25] observed particle segregation across the powder bed of 

AlSi7Mg in laser powder bed fusion (L-PBF) process. Mindt 

et al. [26] observed the occurrence of particle segregation 

using discrete element method (DEM) in L-PBF process. 

As the particle-spreading progresses, the coarser particles 

remain at the end of the layer. The propensity of segregation 

increases as the spreading is repeated. Meier et al. [19, 20] 

developed powder-spreading model based on DEM includ-

ing interactions of particle-to-particle and particle-to-wall. 

Emphasis of the study lies on the calibration and investiga-

tion of cohesion force and efect on particle stacking and 

powder layer characteristic. It showed that decreased particle 

size leads to inferior powder bed quality due to increased 

cohesiveness. Lee et al. [22] developed computationally ei-

cient DEM simulation. Their approach enables modeling 

of multiple layers by minimizing/eliminating modeling of 

every layer. They showed that higher rake velocity drives 

PSD shift to iner region. Chen et al. [21] proposed powder-

spreading mechanisms for PBF AM process. They identiied 

three types of deposition mechanisms: (1) cohesion efect, 

(2) wall efect, and (3) percolation efect causing particle 

segregation. Yao et al. [23] investigated the efect of dif-

ferent powder-spreading conditions, PSD, and wall efect 

on powder bed quality. They found that increasing blade 

velocity, blade angle (up to 15°) and the gap height between 

substrate and recoater is beneicial for powder bed quality.

Unlike traditional powder metallurgy based on the pres-

sure sintering, the interaction between powder and binder 

jetting recoater system leads to inhomogeneous packing den-

sity, anisotropic interparticle contact distribution, particle 

segregation, and lower green part densities [27, 28]. The 

correlation between powder spreading and sintering steps is 

often neglected in many binder jetting-related simulations 

and the green part density is assumed to be homogeneous 

for the sintering simulations. Ideally, the measured or cal-

culated green part density should be used as an input for the 

sintering model. The powder spreading model can assess 

the property variations in the green part and use them in the 

sintering model to determine the extent of part shrinkage 

during sintering.

Numerous phenomenological sintering studies have been 

reported over past decades in traditional powder metallurgy 

and ceramic industry [14, 15, 29–31]. Two most popular 

phenomenological models were developed by Olevsky 

[13, 14] for pressureless sintering and by Abouaf [32] for 

hot isostatic pressing (HIP). The early phenomenological 

models did not account for the inluence of difusion related 

physical phenomena (i.e., grain boundary difusion, plastic 

low, surface difusion, etc.) on the grain growth and sinter-

ing stress etc. Physical model was developed by Riedel [33] 

to consider various physical phenomena during sintering. 

Nguyen et al. [30] compared those three commonly used 

sintering models based on case studies for  Al2O3. It con-

cluded that the three models predict the macroscopic sinter-

ing with reasonable accuracy, but still the phenomenological 

models can be more easily implemented than the physical 

models which require extensive parameter determination. 

Molla et al. [34] proposed a multi-scale numerical approach 

for shape prediction during sintering. Kinetic Monte Carlo 

(KMC) model was used to predict shrinkage rate and inho-

mogeneous microstructure evolution in meso-scale. Then, it 

is coupled with the continuum theory through FEM simula-

tion to solve the sintering shrinkage of bi-layers in macro-

scale. Deng et al. [35] used Abouaf model [32] to predict the 

shrinkage of carbon anode during HIP in combination with 

DEM simulation. The particle illing was explicitly modeled 
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using DEM to capture initial powder density and its local 

distribution in a cylindrical capsule. FEM model was sub-

sequently used to calculate the continuum-scale shrinkage. 

The results showed that the geometrical diference occurred 

at the top corners after HIPing is attributed to the diference 

of packing density distribution.

Relatively few publications address the prediction of 

part deformation in binder jetting AM. Still, many numeri-

cal models have focused on sintering shrinkage in contin-

uum-scale without consideration of powder spreading step 

or assuming homogenous and uniform coniguration. In 

this article, we present why the powder spreading should 

be incorporated into the part-scale simulation for shrink-

age prediction. Two distinct particle- and part-scale models 

are implemented and provide example studies. The particle-

scale model uses discrete element method (DEM) to resolve 

the motion of individual particles and their efect on the 

powder bed coniguration. The part-scale model uses con-

tinuum inite element method (FEM) to model deformation 

of the green part during sintering. The variations of powder 

bed characteristics and properties were quantiied across 

the build platform. The part deformation was predicted at 

four sintering temperatures and validated with experimen-

tal results. Lastly, we demonstrate using the examples, the 

changes in deformation behavior that results from variations 

in green part density, which highlights the importance of 

working towards better integrating the particle simulation 

with sintering simulation.

2  Experiments

ExOne M-Flex binder jet machine was used to deposit the 

H13 cube coupons using ExOne aqueous binder (BA005) 

whose chemical composition can be found in the literature 

[36]. Cubic coupons with 20.3 mm in edge length were 

printed using a binder saturation of 85% and 105%. For 

each binder saturation, eight coupons were printed in the 

center of the build platform. The measured green density 

was 3.97 g/cm3 and 3.91  cm3 for 85 and 105% saturation 

samples, respectively. The percent green density was cal-

culated using theoretical density of H13 (7.75 g/cm3) and 

is ~ 51.33 and ~ 50.49% for 85 and 105% saturation coupons, 

respectively. The PSD was measured using Morphologi G3 

particle analyzer. The particle size is 13.6, 19.2, and 32.0 µm 

for D10, D50, and D90, respectively. The layer thickness of 

100 µm was used for the deposition. While the binder satu-

ration can have noticeable impact on liquid formation, our 

efort is focused at capturing the deformation rather than the 

underlying sintering mechanism. Thus, the model does not 

account for the efect of binder saturation and subsequent 

liquid formation during sintering. The cubes were heated 

to 900 °C at a ramp rate of 10 °C/min and held for 3 h to 

burn-out the binder and equalize temperature throughout the 

geometry. Then, the coupons were heated to 1340, 1360, 

1380, and 1400 °C at a ramp rate of 10 °C/min and held 

for 5 h to determine the extent of densiication as a func-

tion of the peak sintering temperature. The binder burn-out 

and sintering were conducted as a single cycle in a custom 

vacuum furnace using graphite heating elements under vac-

uum level of  10–5 mTorr. The coupons subjected to furnace 

cooling by simply switching of the furnace and the average 

cooling rates were in the range of ~ 4–7 °C/h. The sintered 

parts were measured for dimensional changes along x-, y-, 

and z-directions to determine the shrinkage during sinter-

ing while Archimedes method was used for measuring the 

density of the coupons.

3  Numerical simulation

In this study, two diferent types of multi-physics code were 

implemented for particle- and part-scale simulation. Powder 

spreading simulation was performed irst to capture local 

variations in powder bed coniguration using discrete ele-

ment method (DEM), LIGGGHTS [37]. Second, a phenom-

enological continuum constitutive model was performed to 

predict part shrinkage during the sintering process using 

inite element method (FEM), ABAQUS [38]. The particle 

properties (PSD) and process parameters, i.e., roller velocity 

and RPM (revolutions per minute), were used as an input for 

powder spreading simulation. Then, the green density and 

sintering parameters were incorporated into part deforma-

tion simulation to predict the part shrinkage. The overview 

and data low between simulations are summarized in the 

low chart as shown in Fig. 1. Note that the two simulations 

used in this study are loosely linked by the assumption of 

uniform green part density.

3.1  Governing equations and assumptions

3.1.1  Particle-scale simulation

The metal powder particles fabricated through gas atomiza-

tion process are typically spherical, in the order of 10 µm 

particle size range [8]. During rapid movements of pow-

der spreading, individual powder particles and the recoater 

system interact by friction, collision, and cohesive forces, 

and can lead to diferent macroscopic powder conigura-

tions. In DEM simulation of powder spreading, the parti-

cles are modeled as discrete elastic spheres. The DEM’s 

algorithm determines the overlap between two particles and 

calculates contact force based on particle contact models [8, 

39]. Total forces acting on the particles are contact normal 

force, contact shear force, gravitational acceleration force, 

and cohesion force. Contact shear force and relative rotation 
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between two particles contribute to the momentum acting on 

the particles. The contact forces and momentum are used to 

calculate the translational and rotational acceleration based 

on Newton’s second law of motion.

where Ftot is total force acting on a particle, Fcn is contact 

normal force, Fcs
 is contact shear force, F

g
 is gravitational 

force, m is particle mass, ẍ is acceleration velocity of par-

ticle, Mtot is total momentum acting on a particle, Mcs
 is 

momentum caused by shear force, Mr is rolling resistance, 

I is inertial of a particle, and �̈ is angular acceleration of a 

particle.

In addition to the contact forces, cohesion forces, such 

as Van der Waals, metallic, and electrostatic force, are 

present between particles. For metal particles, electrostatic 

force is negligible with the size greater than 1 µm [8, 19, 

20]. Van der Walls force is only efective in the order of 

1 nm range. Moreover, metallic bonding might be much 

stronger than Van der Waals force in such a short-range 

order. The powder spreading typically occurs in atmos-

pheric environment resulting in contamination, oxidation, 

and moisturization that afect the bonding between parti-

cles. Nevertheless, measuring all of the relevant adhesive 

(1)Ftot = Fcn + Fcs + Fg + Fa = mẍ,

(2)Mtot = Mcs
+ M

r
= I�̈,

forces is generally infeasible since the values vary by a 

couple of orders of magnitude depending on the particle 

surface conditions [19, 20, 40]. Adhesive normal forces, 

Fa in SJRK model is calculated using Eq. (3):

where � is the cohesion energy density and A is the 

contact area between sphere particles.

In this study, the simpliied Johnson–Kendall–Rob-

erts (SJKR) model. It models particle interaction using 

Hertzian theory with friction and cohesive energy. The 

DEM algorithms have been extensively described in the 

literature [8, 16, 19, 20, 39], so that only key features are 

discussed in this section.

3.1.2  Part-scale sintering simulation

Phenomenological model of Skorohod–Olevsky viscous 

sintering (SOVS) was used in this study to predict the 

shrinkage and deformation after sintering of the green part 

[13, 30, 41]. The SOVS model assumes incompressible 

nonlinear viscous deformation in porous media in which 

voids are uniformly distributed through the skeleton body 

called matrix. The matrix is the sum of the particles while 

the void is the sum of pores between particles. Although 

nonlinear viscous assumption may be more representative 

of the actual sintering behavior, acquisition of modeling 

parameters from the sintering experiments is consider-

ably more diicult compared to the linear viscous model. 

Therefore, a linear viscous assumption has been broadly 

employed in the sintering process simulations [30] as well 

as in this study. The equivalent stress, �eq in the original 

SOVS constitutive model can be rewritten as a product 

of shear viscosity in the fully dense matrix phase, �
0
 , and 

the equivalent strain rate,�̇eq in Eq. (4), which results in 

a simpler form of the general constitutive equation given 

by Eq. (5):

where �ij is Cauchy stress tensor, � is the normalized 

shear viscosity, �̇
�

ij
 is the deviatoric strain rate tensor, � is 

the normalized bulk viscosity, �̇
�

kk
 is the trace of strain rate 

tensor, �ij is the Kronecker delta, and �sint
 is the sintering 

stress (= Laplace pressure).

The stress in Eq. (5) consists of a deviatoric and a volu-

metric part. The inversion of Eq. (5) provides the relation-

ship between inelastic part of total strain rate (i.e., viscous 

sintering), the deviatoric and volumetric stresses.

(3)Fa = �A,

(4)�eq = 2�0�̇eq,

(5)�ij = 2�0(��̇
�

ij
+ ��̇

�

kk
�ij) + �sin t�ij,

Fig. 1  Flow chart for binder jetting simulation, two simulation tools 

of LIGGGHTS and ABAQUS were used to understand correlation 

between powder spreading and part deformation
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where �̇ie
ij
 (=  �̇total

ij
− �̇elastic

ij
) is the inelastic strain rate, �

�

ij
 is 

deviatoric stress tensor, and �
h
= (�

kk
∕3) is hydrostatic 

pressure.

Equation  (6) gives a simple constitutive equation to 

describe sintering process. However, the shear viscosity � 

and bulk viscosity � are inluenced by and vary with tempera-

ture, relative density, and grain growth during sintering. Also, 

sintering stress varies as a function of the relative density and 

grain radius. Shinagawa [42] incorporated grain growth fac-

tor into the viscosity term in SOVS model as an Arrhenius 

type function. The modiied SOVS constitutive equation is 

expressed as in Eq. (7):

where fs(�) is 0.4/
√

1 − � . The sintering stress �sint
 is given 

as below:

where � is the speciic surface energy,� is the correction 

factor for sintering stress, R is grain radius, m is the itting 

constant for sintering stress, and �
0
 is the initial green density. 

Note that the major parameters to control viscous sintering 

behavior are the efective shear and bulk viscosities and sinter-

ing stress which are functions of relative density, temperature 

and grain growth.

where C
1
 and C2 are material constant for viscosity, T is 

the temperature, d
0
 is the initial grain size, j is exponent for 

grain growth, � is the constant for grain growth, and n is the 

exponential constant for shear and bulk viscosity modulus.

The evolution of relative density � can be calculated by the 

mass conservation and the inelastic strain rate, such that:

(6)�̇ie
ij
=

�
�

ij

2�0�
+

(�h − �
sint

)�ij

3
(

2�0�
)

(7)�̇ie
ij
=

1

2�0�
2n−1

[

�
�

ij
+

2�ij(�h − �sint)

9f 2
s

]

,

(8)�sint
=

2�

�R
�

m

[

�

(

1 − �0

)

�0(1 − �)

]
1

3

,

(9)�
0
= C

1
T exp

(

C2

T

)

d
3,

(10)dj = d
j

0
+ �T ,

(11)G = �
0
�

2n−1
,

(12)K = 3f 2

s
�0�

2n−1
,

(13)
�̇

�
= −�̇ie

kk
,

where �̇ is the relative density evolution rate.

3.2  Boundary conditions

3.2.1  Particle size and distribution

The particle size and range of Co–Cr were obtained from 

measured values in literature [22]. The size range was 

between 25 and 105 µm. The D10, D50, and D90 are 29.84, 

52.08, and 86.11 µm, respectively. The continuous parti-

cle size distribution was converted into discrete D10 ~ D95 

groups for the input of DEM simulation. Figure 2 shows 

particle size in cumulative size frequency and size fre-

quency in radius and the converted particles used in the 

DEM simulation.

3.2.2  Modeling of powder spreading

The computational domain used to model the powder 

spreading is shown in Fig. 3. It consists of a roller, a spread-

ing plate, and a build platform. The particles are spread by 

roller with a diameter of 5.62 mm. The roller moves at a 

ixed velocity of 5–125 mm and rotates in counter-clockwise 

at 150 and 300 RPM. The build platform has the dimensions 

of 6 mm (L) × 2 mm (W) × 0.28 mm (H). Approximately 

40,000 particles are considered in the simulation. In author’s 

previous work [22], the material properties for DEM was 

calibrated experimentally using static angle of repose (AOR) 

measurement and the simulation results agreed well with 

the optical observation of AOR. The particle properties are 

given in Table 1.

The cohesive energy density of Co–Cr can be converted 

to adhesive surface energy ∆γ of 0.053 mJ/m2 using Eqs. 15 

and 16. The detailed derivations are found in literature [22]. 

(14)�(�) = �
0

exp(−�kk),

Fig. 2  Particle size in cumulative size frequency and size frequency 

in radius (inset at right bottom) and the converted particles in DEM 

simulation (inset at upper left)
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The calculated value for ∆γ is close to the value of 0.02 mJ/

m2 for AOR = 29° and 0.06 mJ/m2 for AOR = 34° found in 

the literature for Ti-6Al-4 V powder [19, 20].

or equivalently,

(15)� =
3

�

8E ∗2

3R ∗ �2

3
√

Δ�

where and E∗ represents the efective elastic contact mod-

ulus, R∗ denotes the efective particle radius of the contact of 

two particles, and � is cohesive energy density.

3.2.3  Part sintering simulation

The powder spreading stage creates a green density of 

40–60% of the ideal. For a practical usage, the part density 

should be increased up to 95% and above. A commercial 

FEM code, ABAQUS was used for phenomenological sin-

tering simulation. The thermal-stress analysis was sequen-

tially coupled and presumed that the mechanical stress did 

not afect phase transformation and temperature evolution. 

The cubic geometry with 20.3 mm edge length in Fig. 4a 

was discretized by 68,921 hexahedron elements with DC3D8 

and C3D8 types. SOVS model was implemented through 

UMAT user subroutine to predict the part shrinkage and 

deformation during sintering. Heating cycle of 3 h at 900 °C 

and 5 h at 1340 °C was implemented into the model with 

(16)Δ� =
3

8

R ∗ �
2

E ∗
2
�

3
,

Fig. 3  Computational domain 

for powder spreading simulation

Table 1  Metal particle properties of Co–Cr used in DEM simulation 

[22]

Parameters Symbol Values Unit

Particle density � 7.75 g/cm3

Gravity acceleration G 981 cm/s

Poisson’s ratio Ν 0.33 –

Young’s modulus E 1.6 ×  1010 Pa

Cohesive energy density � 3.6 ×  107 erg/cm3

Restitution coeicient Ω 0.4 –

Rolling friction coeicient �
r

0.05 –

Static friction coeicient �
s

0.4 –

Fig. 4  Sintering conditions, a 

uniform heating applied to cube 

with 20.3 mm edge length and b 

heating cycle used for sintering 

simulation
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variable amplitudes shown in Fig. 4b. The H13 material 

parameters used for SOVS model are given in Table 2.
4  Results

4.1  Efect of process parameters on powder bed 
quality in a layer

Figure 5 shows the inluence of roller velocity and RPM 

on powder bed density and surface roughness. Five roller 

velocities (5, 25, 50, 75, 100, and 125 mm/s) and two RPM 

s (150 and 300 RPM) were investigated in this work. The 

roller moves from the left to the right direction in the igure 

and revolves in counter-clockwise direction. The powder bed 

density is measured by the ratio of total volume of spheres 

in a virtual box to the volume of virtual box. Generally, the 

bed packing density decreases with increasing roller velocity 

and RPM. Notice that a hump starts to form at the velocity 

of 25 mm/s. The hump forms due to the interaction between 

particles and the printing hardware. For instance, the roller 

Table 2  Material parameters of H13 used for sintering simulation

Parameters Symbol Values Unit

Speciic surface energy � 0.9 J/m2

Material constant for viscosity C
1

8.80×  106 –

C
2

5.96×  103 –

Initial green density �
0

50.3 %

Initial grain size d
0

20 μm

Constant for sintering stress m 5.0 –

Correction factor for sintering stress � 0.5 –

Exponent for grain evolution j 1/0.37 –

Coeicient of grain evolution � 6.0×  10−6 –

Exponential constant for bulk and 

hear modulus of viscosity

n 2.5 –

Fig. 5  Inluence of roller velocity and RPM on powder bed density 

and surface roughness. 150 RPM + a 5 mm/s, b 25 mm/s, c 50 mm/s, 

d 75 mm/s, e 100 mm/s, and f 300 RPM + 125 mm/s. Note that the 

packing density decreases with roller velocity and RPM. Hump starts 

to form at the velocity of 25 mm/s
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with counter-clockwise rotation continuously pushes the 

particles forward. Once they reach to the edge of the wall, 

reaction force caused by a contact between particles and the 

edge wall pushes the particles backward. Consequently, the 

hump forms close to the wall edge. Note that the pushing 

force is a combined form of linear and rotational motion.

The correlation of packing density with roller velocity 

and RPM is analyzed and shown in Fig. 3. Two kinds of 

packing density are conventionally used to compare the 

variation: (1) apparent packing density and (2) voxel pack-

ing density. The apparent density is deined by the ratio of 

total particle volume to box enclosure volume. The voxel 

density, which is theoretical quantity, is deined by the ratio 

of the total particle volume in an imaginary reference vol-

ume inside the packed particle to the reference volume. The 

voxel packing density is higher than the apparent density 

since it does not account for the wall efect. In this work, 

the apparent packing density is used to examine the efect 

of process conditions on the powder bed quality during the 

powder-spreading step. The box volume is marked as a light 

red color in Fig. 3.

The packing density linearly decreases with increasing 

the roller velocity and decreasing roller RPM. Two extreme 

velocities of 5 and 100 mm/s were irst simulated, and a 

linear mathematical equation was derived from the two val-

ues (in blue color) shown in the Figure 6. The orange color 

denotes the packing densities which were subsequently pre-

dicted by simulations. The packing density values are close 

to the line based on the end conditions. This implies that we 

might use a linear relationship for further prediction of pack-

ing density at diferent roller velocities. In addition, double 

increased RPM of 300 was compared to RPM of 150 at the 

same roller velocity of 75 and 125 mm/s. It showed that the 

increased RPM decreases the packing density by 2.9% for 

both cases.

Surface quality is one of the key parameters of the powder 

bed quality. The powder bed surface quality is investigated 

for the considered process parameters. At 5 mm/s and 150 

RPM in Fig. 7a, the surface appears smooth, and the bed 

area is tightly packed with the particles. As we increase 

the roller velocity, the surface becomes unleveled and the 

unilled region in Fig. 7c–f starts to appear at the start and 

end edge of the bed. Higher roller velocity provides stronger 

translational forward motion to the particles and indicates 

that the translational motion is one of the reasons for the 

unilled region at the start and end regions.

4.2  Particle segregation

Homogeneous PSD and uniform packing density would be 

preferred in the binder jetting process since inhomogenei-

ties change binder iniltration and sintering kinetics [43]. 

Local variation of PSD potentially alters packing density 

and interparticle contacts in the powder bed leading to a dif-

ferent amount of binder saturation and heat conduction rate 

during sintering. Eventually, this result in non-uniform part 

deformation at the part level. Figure 8 shows the particles 

segregation occurring during the powder spreading process. 

Large fraction of coarser particles (in red color) are observed 

at the front area of roller in Fig. 8a. It implies that PSD may 

be diferent at the beginning and at the end of the powder 

bed layer as the spreading progresses. Particle segregation 

becomes weaker with increase of the roller velocity from 5 

to 20 times. Higher rake velocity increases force in forwards 

and upwards leading to stronger mixing action at the rake 

front. As a result, particle segregation nearly disappears at 

higher rake velocity.

Particle size distribution at the roller front is further 

investigated in Fig. 9. Although the distribution generally 

resembles Gaussian shape, it shifts from positively skewed 

to negatively skewed as the roller velocity increases from 

(a) 5 mm/s, (b) 25 mm/s to (c) 100 mm/s. This PSD proile 

shows that the distribution is shifting from coarser to iner 

Fig. 6  Packing density proportionally decreases with roller velocity. Roller rotation shows further decrease of packing density
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particle region as the roller velocity increases. More ine 

particles are found at lower roller velocity of 100 mm/s.

The fractional change in each particle size range is 

summarized in Table 3. The particles range from 25 to 

100 µm in diameter. Table 3 clearly shows that the frac-

tion of ine particles continues to increase with increasing 

the roller velocity while the fraction of coarser particles 

decreases with increasing the velocity. As the roller veloc-

ity changes from 5 to 100 mm/s, the fraction of ine par-

ticles is increased by 10.1%. In other words, the fraction 

of coarser particles in bin 6 (= 88 to 100 μm) is decreased 

Fig. 7  Powder bed quality at the various roller velocity and RPM. a 

5 mm/s and 150 RPM, b 25 mm/s and 150 RPM, c 50 mm/s and 150 

RPM, d 75  mm/s and 150 RPM, e 100  mm/s and 150 RPM, and f 

125 mm/s and 300 RPM. Higher roller velocity deteriorates the sur-

face quality. Unilled area is observed at the start and end of the pow-

der bed

Fig. 8  Particles segregation at the roller front. Constant 150 RPM and roller velocity of a 5 mm/s, b 25 mm/s, and c 100 mm/s. Higher roller 

velocity reduces the particles segregation
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by 2.4%. The migration of particles may have inluence on 

packing density and sintering kinetics.

The particle segregation was reported in binder jetting 

AM literature [25, 27] where a periodic zone with iner 

and coarser particles was observed along the z-axis in 

the powder bed. The authors hypothesized that dynamic 

interaction between the counter-rotating roller and parti-

cles could lead to the particle segregation during spread-

ing. Figure 10 shows how the roller velocity of 5 and 

100 mm/s changes particle segregation in the powder bed. 

Finer particles settle at the lower bottom of the powder bed 

at 5 mm/s roller velocity in Fig. 10a while particles are 

fully mixed at 100 mm/s and uniform particle size distri-

bution is observed at the lower and upper powder bed in 

Fig. 10b. Notice that for the 5 mm/s case, more fraction of 

coarser particles is found in the upper region than in the 

lower bottom region of the powder bed. This indicates that 

formation of the particle segregation is attributed to the 

roller spreading action [25]. Once the particles are spread 

for the next layer, the iner particles are placed above the 

coarser particles and consequently it generates a sandwich 

pattern with iner and coarser particle zones. This particle 

size luctuation leads to local anisotropy in powder bed 

density. Moreover, for the same energy, the ine particles 

likely melt faster than the coarser particles due to smaller 

volume/mass ratio. It implies that the lower bottom region 

melts faster than upper region during sintering at above 

a certain temperature, which results in non-uniform part 

shrinkage. This suggests that particle segregation should 

be mitigated to achieve uniform inal part properties and 

homogeneous distortion during sintering.

Fig. 9  Particle size distribution at the roller front in Fig. 8. The PSD 

proile shows that the distribution is shifting from coarser to iner par-

ticle as the roller velocity increases

Table 3  Fractional change in 

particle size distribution at the 

roller velocity of 5, 25, and 

100 mm/s

The fraction of ine particles increases with increasing the roller velocity

Bin 5 mm/s 25 mm/s 100 mm/s ∆Fraction 

(5 mm/s–

25 mm/s)

∆Fraction 

(5 mm/s–

100 mm/s)#Particle Fraction #Particle Fraction #Particle Fraction

1 245 1.8% 1351 8.9% 1881 12.0% 7.0% 10.1%

2 2646 20.0% 3492 23.0% 4008 25.5% 3.0% 5.5%

3 4503 34.0% 4752 31.3% 4553 29.0% − 2.7% − 5.0%

4 2502 18.9% 2434 16.0% 2294 14.6% − 2.9% − 4.3%

5 2017 15.2% 1878 12.4% 1765 11.2% − 2.9% − 4.0%

6 1337 10.1% 1278 8.4% 1211 7.7% − 1.7% − 2.4%

Sum 13,250 100.0% 15,185 100.0% 15,712 100.0% – –

Fig. 10  Particle segregation in the powder bed. Blue and red indicate coarse and ine particles in radius, respectively. a 5 mm/s and b 100 mm/s
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4.3  Part deformation

Part shrinkage was simulated using continuum 

FEM model. The cubic sample has dimensions of 

20.3 mm × 20.3 mm × 20.3 mm in the green part state prior 

to densiication. The part was uniformly shrunk by 16% at all 

edges after sintering. Figure 11a shows the shrinkage in the 

FEM model along z-direction in comparison of original with 

sintered geometry. The dimensional change of the cube in 

green and sintered part is illustrated in Fig. 11b. About 3 mm 

shrinkage in all three directions occurred during sintering 

at 1340 °C. The simulation predicts the shrinkage with less 

than 0.5% error in y- and x-direction but 1.7% in y-direction 

in Fig. 11c. The results show that the phenomenological 

simulation reasonably well predicts the part shrinkage for 

the simple cube geometry.

Table 4 compares the predicted part deformation to the 

measured dimensions along x-, y-, and z-axes. The simu-

lation predicts the deformation within approximately 3% 

at the temperature ranges of 1340–1380 °C. However, it 

underpredicts the shrinkage about by 15% at 1400 °C. The 

same underprediction is found at 1400 °C in the prediction 

of relative density in Table 5. The part deformation during 

sintering is a complex function of liquid volume fraction, the 

number of interparticle contact, powder bed coniguration 

and initial particle size. A small volume of liquid starts to 

form at 1360 °C and increases the volume to 15% at 1400 °C 

due to chemical composition of the material. The shape loss 

at 1400 °C can be attributed to liquid phase sintering. Thus, 

the prediction error can be minimized by considering liquid 

phase sintering.

Anisotropic dimensional variation during sintering is a 

critical issue in part design aspect since the inal part dimen-

sion is approximated in priori as CAD shape by STL (ste-

reolithography) ile. The anisotropic shrinkage is strongly 

related to non-uniform green part density and geometry 

related sintering conditions. Non-uniform green part den-

sity can be originated from inappropriate parameters set-

tings during deposition and/or complex part geometry. The 

uniform green part density may not be maintained wherein 

segregation or PSD shift is present as shown in Figs. 8, 9, 

and 10 and Table 3. Thus, we used three demonstration cases 

to show how the heterogeneity in packing density changes 

the part deformation behavior during sintering. The pack-

ing density of 61% on the top and 64% on the bottom were 

set for the sintering simulation as shown in Fig. 12a. The 

flipped densities in Fig.  12b and low corner density in 

Fig. 12c were additionally tested. Notice that the part bends 

up, down, and even twisted toward the lower packing density 

Fig. 11  Predicted part shrinkage 

for the cube shape. The part 

shrinks about 3 mm in x-, y-, 

and z-directions. The phenom-

enological model predicts the 

shrinkage within minor error

Table 4  Comparison of the predicted part deformation to the experi-

ment after sintering in x-, y- and z-directions at various sintering tem-

peratures

Tem-

perature 

(°C)

Direction Experiment 

(mm)

Prediction (mm) Error (%)

1340 X 16.98 17.06 0.48

Y 17.36 17.06 − 1.72

Z 16.87 16.80 − 0.40

1360 X 16.58 17.03 2.70

Y 16.89 17.03 0.81

Z 16.35 16.79 2.69

1380 X 17.23 17.01 − 1.31

Y 16.49 17.01 3.12

Z 16.65 16.79 0.82

1400 X 16.65 16.87 1.35

Y 17.27 16.87 − 2.29

Z 14.49 16.64 14.83

Table 5  Comparison of the predicted relative density to the experi-

ment after sintering

Temperature 

(°C)

Experiment Prediction Error (%)

1340 0.828 0.811 − 2.05

1360 0.896 0.831 − 7.25

1380 0.885 0.849 − 4.07

1400 1.000 0.853 − 14.90
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region. It indicates that inhomogeneous green part density 

potentially leads to anisotropic part distortion and that initial 

green part density should be taken into account, possibly by 

DEM simulations, and incorporated into continuum FEM 

sintering simulation for better prediction. Although the part 

was not printed to prove this concept, a prior literature [34] 

showed that the bi-layer plate bends towards a region with 

lower packing density due to diference in sintering rate that 

supports our indings. Total displacement is magniied by a 

scale factor of ten for better graphical representation.

5  Discussion

The powder spreading makes noticeable changes in the pow-

der bed coniguration. The packing density varies with the 

spreading parameters such as roller translational and rota-

tional velocities. Surface related defects such as voids and 

humps were observed at the ends of powder bed layers. Par-

ticles migrate towards the bottom region of the powder bed 

resulting in vertical particle segregation. The roller velocity 

shifts the PSD. The segregation and PSD shift potentially 

inluence the sintering rate and consequently leads to aniso-

tropic part distortion [34, 43, 44].

In binder jetting AM literature, an enhanced linear shrink-

age was observed in z-direction. This can be attributed to 

gravity and the rigidity of the powder bed coniguration. 

The weight of upper layer applies a load to the lower layer 

during sintering. During sintering, the liquid binder illing 

the pore between particles will burn-out, and in particular 

the binder at the layer interface will disappear and the upper 

layer will collapse down to ill the void space where binder 

previously existed. The efect can be worse if the layer sur-

face is unleveled as shown in Fig. 7. The amount of binder 

is not same to ill the hump and valley and consequently it 

results in irregular shrinkage in z-direction.

It is well known in powder metallurgy and binder jetting 

AM that the sintering shrinkage and densiication are signii-

cantly inluenced by the PSD and the green part density [2, 

9]. For instance, PSD of wide (16–63 μm), ine (16–25 μm), 

and coarse (53–63 μm) produced green part density of 52, 

45, and 48%, respectively. Typically, the densiication is 

faster for lower green densities than for the higher ones. 

As seen in Figs. 8, 9, and 10, higher roller velocity shifts 

the PSD from coarser to iner region and causes the ine 

particle segregation at the bottom of the powder bed. The 

ine particle can contain more amount of liquid binder due 

to lower packing density. The efect can be repeated at the 

interface of every layer. During burn-out, more shrinkage 

in z-direction can occur in parts with segregated particles. 

The microstructure evolution such as grain size is afected 

by PSD, as well. The coarsening rate is related to the number 

of interparticle contacts that typically increase with pack-

ing density and the sintering rate is a function of the initial 

number of interparticle contacts [7, 45].

A signiicant shape loss in z-direction was observed at 

the sintering temperature of 1400 °C as shown in Tables 4 

and 5. It is an indication of change of the sintering mecha-

nism from solid-state to liquid phase sintering. According 

to thermodynamic prediction for H13, the liquid starts to 

form at 1360 °C and reaches the volume to 15% at 1400 °C. 

The sintering temperature range can be categorized into 

Fig. 12  The efect of non-uniform packing density on part distortion. Non-uniformity in green part density potentially leads to anisotropic part 

distortion in the part (the deformation is magniied by a scale factor of 10)
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three stages of solid-state sintering (1340–1360 °C), inter-

mediate liquid phase sintering (1360–1380 °C), and liquid 

phase sintering (1380–1400 °C). The current model made 

a reasonable prediction up to the intermediate temperature 

range. It implicates that the solid-state sintering assumption 

is still efective under 15% or less liquid volume fraction. 

The current sintering prediction accounts for grain growth. 

However, the microstructure evolution during liquid phase 

sintering is more complicated due to orders of magnitude 

faster difusion rate in liquid which results in lower accuracy 

of the part dimension and density prediction at 1400 °C.

The part deformation control in complex geometries is 

mostly based on trial and error by operators due to lack of 

linkage between process steps of green part formation and 

sintering. Several literature has reported the inluence of 

printing conditions on particle low, packing density, surface 

roughness, and void formation in AM ield [16, 20, 23, 26]. 

Additionally, many literature has reported in continuum-

scale sintering in powder metallurgy [30, 35]. However, 

the process optimization efort has been made in discrete 

ields of powder spreading and powder metallurgy not in 

integrated scheme. The correlations between the powder 

spreading and sintering processes in binder jetting AM have 

scarcely considered in the same pipeline. The particle segre-

gation, PSD shift, non-uniform green part density in Figs. 8, 

9, and 10, and resulting complex part deformation in Fig. 12 

indicate that tight coupling of particle-scale DEM and con-

tinuum-scale FEM simulation should be made for binder 

jetting AM to improve the predictions in part deformation. 

The relationship is summarized in the Fig. 13. A detailed 

density distribution can be further applied to the part defor-

mation model using voxel or representative volume element 

(RVE) at each integration point of the elements in the part 

deformation model.

6  Summary and conclusions

Particle-scale DEM and part-scale FEM simulations were 

used to investigate correlations between powder spreading 

and sintering deformation for binder jetting AM. The DEM 

provided a detailed information of powder bed structure such 

as packing density, particle segregation, surface roughness, 

and PSD in various process conditions. The results showed 

that higher roller velocity is recommended for forming 

homogeneous PSD (i.e., less or no particle segregation) over 

the powder bed. However, the higher roller velocity deterio-

rates the powder bed surface roughness. It creates unilled 

edges and unleveled surfaces during the spreading. Diferent 

PSDs were observed at the beginning and end of the powder 

bed while the segregation becomes weaker with increase 

of the roller velocity. Larger fraction of ine particles was 

observed at the bottom of the powder bed.

Part deformation during sintering was predicted using 

continuum FEM model. The model provided a reasonable 

accuracy within 3% error in geometric dimension and part 

densiication at the temperature ranges of 1340–1380 °C. 

However, the shrinkage was underpredicted in z-direction 

Fig. 13  Flow chart for binder 

jetting simulation. Pow-

der spreading and sintering 

simulation should be coupled to 

improve the prediction accuracy 

at local region of the part [7, 46]
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at 1400 °C due to the assumption of solid phase sintering. 

Green part density can vary with the spreading conditions 

and part geometry. The efect of inhomogeneous density 

was demonstrated in rectangular plate having a density 

of 61% and 64% at the top and bottom of the plate. The 

results showed that up, down, and twisted bending toward 

the low density regions. This indicates that small local 

variation in green part density can lead to anisotropic 

part deformation such that initial green part density needs 

to be accounted for in sintering simulation for improved 

predictions.

In current state of the work, DEM and FEM models are 

not explicitly coupled so that it only shows the reasons why 

the powder spreading should be incorporated into the contin-

uum model. The local distribution of the green part density 

can be statistically quantiied through micro-CT measure-

ments with image analysis or computer vision. These data 

can be used for validation of the particle-scale model. The 

kinetic parameters such as densiication rate can be obtained 

from in-situ measurements in the sintering furnace or by 

calibrated meso-scale simulations. Then, the prediction 

accuracy and full coupling of DEM and FEM model will be 

achieved in the desired level suggesting initial part geometry 

design for less trials and errors.
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