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This study investigates the origin of distortion during sintering of 316 L stainless steel components produced by
binder jetting, focusing on friction between the sample and the support surface and on density inhomogeneity in
the green state. A design of experiments (DoE) approach evaluates the influence of key printing parameters on
the sintering behavior of two geometries with different through-hole sizes. Dimensional measurements, and
density profiling, are performed in both green and sintered states. Sintering simulations use the Skorokhod-
Olevsky viscous sintering (SOVS) model and include experimentally measured density gradients and frictional
effects.

Results show that green density varies significantly (52% to 58%) depending on printing parameters, espe-
cially binder saturation, and exhibits directional dependence. These variations lead to measurable distortions
during sintering. Simulations that include both friction and density gradients match experimental deformations
with deviations below 4%. A compensation strategy that places parts on co-sintered 316 L support plates with
interposed refractory particles reduces distortion to <1.5%.

This work demonstrates the combined role of friction and density gradients in sintering distortion and presents
a practical method to improve dimensional accuracy in binder jetting.

1. Introduction

Distortion during sintering arises from multiple factors. One of the
primary causes is inhomogeneous density distribution in the green state,
which leads to localized differences in densification and, consequently,
non-uniform volumetric shrinkage [1-4]. This shrinkage variation often
results in shape changes and dimensional distortion. At high sintering
temperatures, both ceramic and metallic materials exhibit low-viscosity
behavior. When this rheological state is coupled with external influences
such as gravity [5,6] and friction at the part-support interface [7],
additional deformation may occur during sintering.

Numerous studies have focused on modeling sintering deformation.
The Olevsky Continuum Theory of Sintering [8], and its linear-viscous
formulation - the Skorokhod-Olevsky Viscous Sintering (SOVS) model
- have been shown to predict densification and dimensional changes
with high accuracy. Recent research has extended the application of the
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SOVS model to Binder Jetting (BJ) processes [6,7]. For instance, Tor-
resani et al. validated the model using a T-shaped connector geometry,
capturing the effects of gravity-induced loading with good agreement
between experimental and simulated results [9]. In a related study, the
same group applied an analytical model to quantify gravity-driven
distortion in stereolithography-printed alumina components [6].
Paudel et al. developed a simulation framework for sintering defor-
mation in metal BJ parts, incorporating both gravitational forces and a
Coulomb friction coefficient of 0.5 [10]. Similarly, Borujeni et al.
implemented the SOVS model along with a bilinear Mohr-Coulomb
friction law, using a friction coefficient of 0.2 in one study [11], and 0.5
between 316 L stainless steel and an AlzOs setter plate in another [12].
Zhang et al. reviewed the literature and found that many models use a
constant Coulomb friction coefficient of 0.2; however, their own simu-
lations achieved better agreement with experimental results using a
higher coefficient of 0.9 [13]. This elevated value was attributed to
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potential bonding between the sample and support surface during sin-
tering in the absence of a ceramic setter. Similarly, Li et al. used a
constant friction coefficient of 0.9 to simulate the initial bonding be-
tween the bottom surface of the printed part and the support, while a
coefficient of 0.2 was used to model the relative movement during sin-
tering [14]. Frictional effects have also been investigated in the context
of Metal Injection Molding (MIM). Sahli et al. used a friction coefficient
of 0.1 between 316 L parts and graphite supports [15], while Song et al.
employed a coefficient of 0.5 between MIM-fabricated 316 L wheels and
alumina supports [16].

Most of the literature has experimentally and numerically studied
sintering distortion induced by gravitational forces or density gradients,
while only a few studies have addressed distortion primarily induced by
friction. Moreover, the literature lacks examples of compensation stra-
tegies to minimize friction-induced distortion.

In the present study, the influence of friction on densification,
dimensional changes, and macrostructural evolution during the sinter-
ing of binder-jetted 316 L stainless steel components is investigated. A
continuum-based sintering model, initially developed by Cabo Rios et al.
[17-20] for cubic geometries, is adapted and extended to simulate the
behavior of more complex parts under frictional loading conditions. The
predictions of the FEM-embedded model are then compared with
experimental results to evaluate its accuracy in capturing shape distor-
tions and final geometry.

2. Materials and methods
2.1. Sample geometry

Two geometries were designed as shown in Fig. 1, having the same
shape and dimensions except for the through-hole. Table 1 lists the
nominal dimensions in both green and sintered states. The geometries
were designed with sintered dimensions and then scaled to compensate
for the expected anisotropic dimensional changes during sintering.

2.2. Design of experiments - printing

This study used AISI 316 L stainless steel powder, provided by Digital
Metals (Sweden), now Markforged (USA), with a particle size of D10 8.1
pm D50 15.3 pm, D90 27 pm, as measured by laser diffraction particle
size analyzer (GRO1 Malvern Mastersizer 3000E instrument according to
ASTM B822 Rev 2020).

The sample geometries were imported into Materialise software to
populate the building chamber. Nine replicates of each geometry were
positioned in the chamber, placed at three building levels, defined by the
distance from the building platform. As shown in Fig. 1, a numeric
marker was added to the vertical surface to facilitate sample identifi-
cation during post-printing operations. All samples were aligned ac-
cording to the reference system shown in Fig. 1, which means:

e X axis corresponds to the printhead injection direction.
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Table 1
Nominal dimensions in the green and in the sintered state of the two geometries.
For dimension annotations see Fig. 1.

State Geometry  LX Ext LY Ext Lz LX Int LY Int
[mm)] [mm)] [mm)] [mm)] [mm]
Green Thick 23.994 24.142 20.709 19.195 19.136
Thin 23.994 24.142 20.709 21.595 21.728
Sintered  Thick 20 20 17 16 16
Thin 20 20 17 18 18

e Y axis corresponds to the blade movement direction for leveling the
powder bed.
e Z axis represents the building direction.

The origin of the reference system in Fig. 1 corresponds to the first
printed layer of the sample. The reference system is kept constant
throughout the paper in all the figures.

A Digital Metal® DMP 2000 binder jet 3D printer was used for the
prints. A design of experiments (DoE) methodology was employed to
study the influence of printing parameters on the dimensional and
geometrical accuracy of the sintered product. Specifically, an L9
orthogonal array was used in Taguchi’s method to examine four printing
parameters (factors) at three levels. This fractional factorial analysis was
chosen as it requires 9 experiments, compared to 81 needed for a full
factorial analysis 3M.

The printing parameters investigated were:

e Printhead speed: the speed of the printhead as it injects binder onto
the powder bed;

e Blade speed: the speed of the blade as it spreads and levels particles
on powder bed;

e Shell thickness: as shown in Fig. 2, each printed layer includes a shell
and a core area. The shell is created around the section perimeter
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Fig. 2. Scheme of shell and core area.
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Fig. 1. Axonometric view and annotation convention of sample geometry (a) thick and (b) thin cubes.
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based on the shell thickness. Binder saturation was kept constant in
the shell area (dark body set to 8), while binder saturation in the core
area varied according to the levels of dark body factor.

Binder saturation grade: the binder content is controlled by a tech-
nological parameter named “dark body” by machine producer.
Basically, it controls the percentage of pixels saturated by the binder.
A dark body of 8 means all pixels are saturated, while a dark body of
3 indicates that 69 % of pixels are saturated [21].

Table 2 shows the permutation of factor levels in the nine experi-
ments. The factor levels were selected within the range of standard
values suggested by the machine manufacturer. Moreover, preliminary
tests were conducted at the lowest blade speed, showing that below 20
mm/s the samples exhibited numerous defects. A maximum speed of 50
mm/s was also tested, and no significant defects were observed in the
green samples. However, a maximum level of 38 mm/s was ultimately
selected to prevent inhomogeneous packing density in the green state.
All other printing parameters were kept constant: layer thickness (42
pm), image resolution (1200 DPI), and bed temperature (80 °C). The
analysis of factor significance (ANOVA analysis) and the optimal com-
bination of levels are presented in another works [22,23].

2.3. Post-printing operation and sintering

After printing, the building box was placed in a furnace and heated to
200 °C for 8 h to remove binder’s aqueous component. This thermal
process also induced crosslinking in the polymer component of the
binder. Later, green parts were carefully extracted during de-powdering
and subsequently sintered in a continuous furnace at 1370 °C under a
fluxed pure hydrogen atmosphere. Full sintering cycle is confidential.

During sintering, the samples were placed on an alumina plate,
except for the samples presented in Section 4.4. In that case, a plate
printed using the same powder as the samples was used as support.
Moreover, refractory powder was placed at the interface between the
sample and plate surfaces to prevent bonding during sintering.

2.4. Dimensions measurement and evaluation of distortion

Three sample geometries for each experiment (one for each building
level) were reconstructed in both the green and the sintered states using
a coordinate measuring machine (CMM). A Hexagon DEA Global S
07-10-07 machine was used, with a maximum permissible error (MPE)
of 2.2 + L/300 pm according to ISO 10,360-4. The machine was
equipped with an HP-S-X1 probe and a stylus with a 2 mm spherical tip.
Samples were fixed to the machine’s working plane using a centering
clamping system.

In the green state, the datum reference system, shown in Fig. 1, was
defined by the two vertical planes: the X-Z plane for orienting the first
datum, the Y-Z plane for locating the second, and top plane (X-Y) for
blocking the third datum. Each surface was sampled with 9 points, and
planes were reconstructed using a least squares method. Then, sample

Table 2
Matrix of experiments and factor’s levels according to Taguchi model.
Experiment Printhead Binder Blade Shell
n Speed [mm/s] saturation Speed Thickness
grade [-] [mm/s] [pixel]
1 150 0 25 1
2 150 3 30 2
3 150 6 38 5
4 200 0 30 5
5 200 3 38 1
6 200 6 25 2
7 250 0 38 2
8 250 3 25 5
9 250 6 30 1
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dimensions were calculated based on the distances between planes.

In the sintered state, vertical planes showed significant distortion
near the base (first printed layer). For this reason, samples were rotated
upside down as, shown in Fig. 3(a), allowing for a complete acquisition
of the zone where distortion was most prominent.

The bottom plane (X-Y) of the sample was used for orienting the DRF.
Secondly, X-Z and Y-Z midplanes were derived from the measurement of
vertical planes and they were used for locating and blocking the datum
reference frame. In the alignment procedure, 4 points were acquired for
reconstructing each plane by using least squares method.

After alignment, a pattern of 180 points was acquired on each
external surfaces, as shown in Fig. 3(b). The data was then post-
processed in MATLAB 2024b to compute the difference between
measured and nominal position of each point to highlight shape defor-
mation during sintering Fig. 3(c).

2.5. Density measurement

In the green state, density was determined by calculating the ratio
between the sample’s weight and its volume, as derived from dimen-
sional measurements. Additionally, density gradients were examined
along the X, Y, and Z axes, after sintering at 900 °C for 6 h in a tubular
furnace (Carbolite STF 15/450). This low sintering temperature created
necking between particles, resulting in minimal densification but suffi-
cient mechanical strength to allow sample slicing. Sections were taken
from different positions, as shown in Fig. 4. For these slices, density was
measured according to the ASTM B962-23 standard, which involves
multiple weights of samples in air, in air after oil impregnation, and in
water after oil impregnation. Meanwhile, the density of samples sintered
at 1370 °C were measured by water displacement methods, not using the
oil impregnation.

In the sintered state, density was measured using the Archimedes
method with a KERN ALJ 314-4A balance equipped with a water
displacement kit. Relative density was calculated using a theoretical
density of 7.95 g/cm®, and densification was computed using Eq. (1).

r:/’s*ﬂg
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@

3. Sintering modeling

This macro-scale sintering model, based on the Olevsky Continuum
Theory of Sintering [8] and implemented in COMSOL™, couples ther-
mal, mechanical, and densification phenomena to simulate the effects of
external factors such as gravity and friction, along with sintering pa-
rameters like the thermal cycle, on component deformation and densi-
fication. The constitutive behavior is governed by the Eq. (2):

Here, oy denotes the stress tensor (Pa), representing the externally
applied stresses, while é is the first invariant of the strain rate tensor (s°
1, corresponding to the volumetric shrinkage. 1, is the shear viscosity of
the fully dense material forming the powder (Pa-s), and §; is the Kro-
necker delta. The normalized shear and bulk viscosity moduli, ¢ and
y respectively, along with the effective sintering stress P, (Pa), are all
functions of porosity [20] (see the Appendix).

The rate of volume change in the porous material is described by the
first invariant of the strain rate tensor, and can be correlated to the
porosity evolution with the following mass conservation Eq. (3):

S = Vi = (6t et e)) =36, = 3
e=Vi; = (ex+& +e,) =3¢, a-0 3)
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Fig. 3. (a) clamping system of sample to the CMM working plane. (b) pattern of points acquired on external surfaces of samples. (c) example of the deviation between
experimental measurements and nominal point positions of nominal CAD or CAD extracted by the simulation.
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Fig. 4. The scheme of the slicing extracted by the pre-sintered samples to
evaluate the density gradient in the green state.

3.1. Boundary conditions

Proper motion and equilibrium conditions were applied to the outer
boundaries within the x-y-z coordinate system.

The gravitational force was defined as an external load and expressed
as a function of porosity, allowing the equilibrium equation to be written
as:

Vo +fi = Viog + (1 — 0)pyg = 0 )

Where f; is the force per unit of mass, given in terms of density (kg m”
%) of the part and gravity acceleration vector g (m s'2). Considering the
application of gravity along the vertical direction, the equation can be
simplified as [24]: 6, = — (1 — 0)p,8.

At the interface between the lower surfaces of the components and
the supporting structure, the following boundary conditions were
imposed:

u,=0and 6, =y o, 5)

Here, o, represents the tangential surface stress resisting movement
during densification or slumping, and following the classical Coulomb
framework, it is related to the normal surface stress o,, induced by
gravitational acceleration, via the friction coefficient . However, during
sintering and densification, the interface does not remain in a purely
static or purely sliding regime. To capture within a continuum frame-
work the transition that occurs between sticking and sliding as relative
motion and evaluate the frictional interaction between the simulated
sintering component and the support, the following dynamic friction
law was applied:

H=Hgy + (ﬂstaz - .“dyn)eadcflbs‘ (6)

where the static friction coefficient pigae represents the maximum fric-
tional resistance in the limit of vanishing slip velocity, corresponding to
an interface in the sticking regime. The dynamic friction coefficient payn
defines the asymptotic frictional resistance at finite slip velocities, where
steady sliding occurs. The friction decay coefficient a4 controls the rate
at which friction weakens as sliding initiates, thereby determining the
sharpness of the transition between static and dynamic regimes. The slip
velocity v; represents the magnitude of the relative tangential velocity at
the contact interface between the sintering component and the sup-
porting surface. The values used in this work are reported in Table 3.

The proposed friction coefficients align with values reported in the
literature for stainless steel, which typically range from 0.2 to 0.8,
depending on surface roughness and load conditions [25,26].

While calculating the friction coefficient at high temperatures may
seem straightforward, several studies have demonstrated that both the
atmosphere and temperature significantly influence these values. In
particular, it has been observed that friction coefficients tend to increase
with rising temperatures [25,27,28].

3.2. Sintering model parameters experimental determination

The sintering model parameters were derived from dilatometric
tests, as detailed in previous studies [20,29]. In these tests, the influence
of gravity can be reasonably neglected due to the small size of the
specimens. Consequently, Eq. (2) can be simplified to represent a
pressure-less, isotropic case:
0—>2 . P\

=20, [0, + (w—£)3e] +Py @

Combining the continuity equation, Eq. (3), with the above Eq. (9)
allows to derive the relationship which describes the porosity evolution
during sintering:

. P
0:—@—@%}
0

®

This equation characterizes the evolution of porosity as a function of
porosity 6, effective stress P;, normalized bulk viscosity y and the

Table 3

Friction coefficients assumed in this work.
Hstat Hdyn Odef
1.2 1 1
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material’s shear viscosity 7,. As previously noted, both P; and y are
dependent on porosity. The shear viscosity 5, of the powder is
temperature-dependent and is modeled using an Arrhenius-type
expression. To account for the effect of delta-ferrite phase formation
on the material behavior, a piecewise formulation—introduced in Eq.
(Al)—is employed. In this formulation, the pre-exponential factor Ay
(Pa-s-K™!) and activation energy Q (kJ-mol™) are material-specific con-
stants that must be experimentally determined.

These constants were previously derived from similar 316 L binder
jetting (BJ) samples produced using the same printing and powder
system, and sintered at various heating rates ranging from 2 to 15 °C/
min [29]. Dilatometric analyses across these rates revealed that the ki-
netics of §-ferrite formation had an impact on viscosity behavior.
Consequently, the shear viscosity 7, variation is considered for both
phases in the present study. The values of the constants applied are
provided in Table ATl.

3.3. Comparison between sintering model and experimental results

Sintering simulation was employed for comprehending the origin of
shape distortion occurring during sintering. The simulation was con-
ducted on both geometries focusing on experiments DoE07 and DoE09.
Three cases were investigated by using the SOVS sintering model. In case
1, dynamic friction coefficient was introduced, and a homogeneous
density is assumed throughout the part. In case 2, friction was combined
with the density gradient measured in the opposite sample’ walls. The
green density input values were determined by experimental procedure
explained Section 2.5. Finally, a third case was investigated, assuming
frictionless conditions between sample and support during sintering, but
maintaining the density gradient. This simulation aims at clarifying the
contribution of friction and density inhomogeneity on the origin of
sintering distortion.

4. Results and discussion

Sintering distortion was measured across all samples. This defor-
mation is then correlated with the green and sintered densities to explain

DoE01 DoE02 DoE03 DoE04

Build. Lev.3 Build. Lev.3 Build. Lev.3 Build. Lev.3 Build. Lev.3 Build. Lev.3

DoE02 DoE03

DoE01 DoE04

Build. Lev.2 Build. Lev.2 Build. Lev.2 Build. Lev.2 Build. Lev.2 Build. Lev. 2

DoE01
Build. Lev. 1

DoE02
Build. Lev. 1

DoE03
Build. Lev. 1

DoE04
Build. Lev. 1

DoE05

DoE05

DoE05
Build. Lev. 1
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the differences in shrinkage as a function of the printing parameters
investigated through the design of experiments.

More detailed analysis was performed on samples DoE07 and DoE09,
showing the minimum and maximum green densities, respectively, and
the greatest differences in densification. Specifically, the following
sections focus on these two printing conditions, discussing local density
variation, and the comparison between sintering simulation and geom-
etry reconstruction.

4.1. Geometry reconstruction and distortion analysis

Fig. 5 and Fig. 6 show the shape deformation for geometry Thin and
Thick, respectively. Figures display samples printed using different
printing conditions (DoE) and as a function of different building levels.
Colored map represents the deviation of measured points from the
nominal position in nominally sintered geometry as reported in Fig. 1
and Table 1.

Fig. 5 and Fig. 6 highlight non uniform deviation from nominal ge-
ometries across experiments. The deviation is poorly affected by the
building levels, while it is significantly affected by printing parameters.
Experiments 1, 4 and 7 showed the larger negative deviation while
Experiments 3, 6 and 9 presented the larger positive deviation. This is
attributed to binder content. Increasing the binder saturation grade, the
shrinkage decreases during sintering as also reported in other literature
works [22,30]. In both geometries, X-Z planes are significantly dis-
torted, more than Y-Z planes. Looking from outside, X-Z surfaces present
a convex shape deformation, whereas Y-Z surfaces have a slight concave
shape, which is better highlighted in Fig. 7, or they are almost flat.
Additionally, the distortion is in the bottom section of the parts and
maximum occurred approaching the bottom plane. The distortion
pattern repeats systematically in all Thick samples, while it changes in
Thin samples, which also exhibit convex deformation on both the X-Z
and Y-Z surfaces.

Hofmann et al. observed similar distortion on cube of 10 x 10 mm
while symmetric distortion was found on similar geometries printed in
the present work [31]. They attributed the deformation to frictional
force between sample and support. Basically, during sintering, material

DoE06 DoE(7

Build. Lev. 3

DoE0O8 DoE09
Build. Lev.3 Build. Leyv. 3

DoE06

DoE07 DoE08 DoE09
Build. Lev.2 Build. Lev.2 Build. Lev. 2
A

DoE06
Build. Lev. 1

DoE07
Build. Lev. 1

DoE08
Build. Lev. 1

DoE09
Build. Lev. 1

Meas-Nom [mm]

04

Fig. 5. Shape deformation in the sintered state of thin geometry as a function of the experiment (DoE) and building level (1,2,3).
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N
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DoE05
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DoE01 DoE02 DoE03 DoE(4
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DoE05
Build. Lev. 1

DoE06 DoE(7 DoE08 DoE09
Build. Lev. 1 Build. Lev. 1 Build. Lev. 1 Build. Lev. 1

Meas-Nom [ﬁlm]

0.4

Fig. 6. Shape deformation in the sintered state of thick geometry as a function of the experiment (DoE) and building level (1,2,3).

shrinkage produced a relative movement between sample and support.
The frictional force acted opposite to the sample displacement produc-
ing a virtual constraint to free-sintering.

4.2. Density measurement in the green and sintered state

Fig. 8 shows the green, sintered density and densification parameter
as a function of experiment number (DoE) and building levels for ge-
ometry Thick and Thin.

Generally, no significant differences were found when comparing the
two geometries. In the green state, Thick samples exhibited higher green
density than Thin ones, although the scatter bands are virtually over-
lapping. In the sintered state, Thin samples showed slightly higher
density. Literature generally reports that as green density decreases,
sintered density increases [22,30]. Additionally, larger the part volumes
are associated with lower sintered density due to the closure of surface
porosity, which prevents the gas evacuation from pores in the inner part
of the material [32]. Generally, samples are almost fully densified after
sintering. All batches presented similar sintered density between 98 %
and 100 % as shown in Fig. 8(c)-(d). Conversely, green density (Fig. 8
(a)-(b)) is significantly affected by the printing parameters, especially
binder content. Increasing the binder saturation grade, green density
increases as exhaustively explained in [22]. Green density is not
significantly affected by the position in the building plane (X-Y coodi-
nates); however, it is slightly influenced by the printing level (Z coor-
dinate) in the way that sample printed closer to the building platform
(level 1) presented higher green density in comparison to last printed
samples (level 3). This outcome has been observed in other works and it
has been related to the powder compaction during the powder spreading
stage [1,33]. These variations can explain the slight difference in
distortion intensity as a function of experiments and printing level
showed in Fig. 5 and Fig. 6. The lower initial green density is associated
with higher densification, which results in slightly higher distortion
during sintering.

Green density gradient was also evaluated by cutting some slices in
pre-sintered samples as shown in Fig. 4. The results are displayed in
Table 4 for experiments 7 (DoE07) and 9 (DoE09).

Generally, slightly higher green density was found on plane XZ
(powder spreading section) than YZ (binder injection section) Several
authors characterized porosity distribution generated by printing oper-
ation using metallographic analysis [18,34] or micro-computer tomog-
raphy [35-37]. These studies showed a periodicity on pores which can
be attributed to layering fabrication. In addition to the layered-porosity
along printing direction (Z), pores bands aligned with binder deposition
direction have been found on metallographic section cut parallel to the
printing plane (X-Y) [18,38]. Authors assumed that these bands were
produced by the ballistic impact of binder droplets on powder bed as
observed monitoring binder deposition using high-speed X-ray imaging
[39,40].

4.3. Simulation results

Fig. 9 reports the sintering simulations according to the three sce-
narios, as described in Section 3.3. Fig. 9(a) displays the deformation
assuming static and dynamic friction conditions between the sample and
the support, while maintaining a homogeneous initial density. This leads
to a symmetrical deformation pattern influenced by frictional forces,
which partially replicates the experimental deformation shown in Fig. 7,
especially for some Thin samples.

Fig. 9(b) reports the deformation combining both friction conditions
and initial density differences in the opposite walls case (2-by-2
configuration). The sintering deformation is clearly asymmetrical, pre-
senting an hourglass-like profile. This outcome closely mirrors experi-
mental results for both tested geometries, validating the critical role of
the interplay between friction and initial density gradients in governing
sintering behavior.

Finally, Fig. 9(c) displays the sintering deformation obtained
assuming frictionless condition between sample and support, while
maintaining the density gradient in the initial condition. The simulation
shows homogeneous densification with no asymmetry in the final shape,
resembling the behavior observed during sintering with a base plate, as
further described in Section 4.4.

Fig. 10 and Fig. 11 compare the deviation between experimental and
simulation results in scenario number 2, for geometry Thick in
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experiments DoEO7 and DoEQ9, moreover Table 5 and Table 6 quantify
the maximum distortion obtained by CMM measurement and simula-
tion. In both experiments, simulation deformation of the bottom plane
mimics the shape of samples after sintering, proving the contribution of
friction and density inhomogeneity in the origin of sintering distortion.
The colored map shows the deviation between the experimental and
numerical results. Essentially, colors indicate the deviation between
measured and nominal point coordinates, deriving nominal point co-
ordinates from the CAD extracted by the simulation. Generally, the
sintering simulation slightly underestimates the deformation along Y
direction (XZ planes), mostly close to the bottom plane. This difference
is attributed to the experimental limits on quantifying density in-
homogeneity by using other samples, not strictly the samples sintered
and measured. For this reason, slight discrepancy in actual and assumed
density inhomogeneity could have produced the deviation reported
here.

Further analysis of Fig. 10 and Fig. 11 displays that the simulation of
experiment DoEQ9 provides a lower discrepancy with respect to DoEQ7.
As previously discussed, the actual estimation of density in the green
state is challenging and significantly affects numerical results. The use of
more advanced techniques, like micro-CT, can improve density mea-
surement in the green state and improve data overlapping.
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4.4. Compensation of frictional deformation

The use of supports to counteract distortion during sintering is poorly
described in the literature [41,42], though it is often recommended in
the design guidelines provided by printer manufacturers and part pro-
ducers [43-46].

As explained in [41], the approach involves printing both supports
and parts using the same material and coupling them for sintering. To
prevent bonding during sintering, refractory particles are placed be-
tween the support and part surfaces. The use of supports can effectively
mitigate both gravity-induced distortions and friction-induced distor-
tions since supports and parts shrink simultaneously during sintering.
The absence of relative movement between the support base and the
sintering samples during sintering, eliminates the frictional forces. It is
worth noting that, supports are not required during BJ printing opera-
tions unlike in laser-based AM technology.

Fig. 12 presents the results of applying this strategy to the Thick
geometry investigated in this study. Fig. 12(a) compares these experi-
mental results with those from sintering simulation case 3, which in-
corporates density inhomogeneity and assumes frictionless condition.
CMM measurements highlight an almost perfect overlap between
experimental and numerical results on the XZ planes, while the simu-
lation slightly overestimates shrinkage on the YZ planes. This discrep-
ancy likely arises from the model’s isotropic-shrinkage assumption,
despite the anisotropic shrinkage behavior observed in actual BJ

Fig. 7. Sintering deformation of the thick and thin samples (a) overall view, (b) bottom view, (c) different deformations of thin samples.
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Fig. 8. Green density, sintered density and densification as a function of the experiment (DoE) and building level (1, 2, 3). (a) green - thick, (b) green - thin, (c)
sintered — thick, (d) sintered - thin. (e) densification — thick. (f) densification — thin.

products. Fig. 12(b) shows the deviation from nominal CAD geometry,
with the sintered dimensions reported in Table 1. The maximum devi-
ation is on the order of +£0.15 mm (1.5 % of linear dimension),
demonstrating that the cube geometry is preserved after sintering, with
only marginal deformation induced by friction near the sample’s base.
These findings highlight a straightforward yet effective approach to

prevent friction-induced deformation during sintering.
5. Conclusions

This work investigated the sintering deformation of 316 L manu-
factured via binder-jetting technologies. A design-of-experiments
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Table 4
Density measurements in XZ and YZ section of pre-sintered samples and devi-
ation from nominal values.

Experiments  Average density and standard Deviation from average
deviation [ %] value [ %]
XZ plane YZ plane XZ plane  YZ plane
DoE07 53.21 (0.97)  52.65 (0.41) 0.53 % —0.53 %
DoE09 58.42 (0.87) 57.66 (0.38) 0.65 % —0.65 %

methodology was employed to study the influence of printing parame-
ters on sintering deformation. Two cubic geometries were designed,
each including a square through-hole of different size. Samples were
located at different height levels in the build box to study the effect of
printing position. Before and after sintering, sample geometries were
reconstructed using a coordinate-measuring machine. Specifically, sin-
tered samples exhibited high distortion compared to the nominal ge-
ometry, which is attributed to friction-induced deformation and density
inhomogeneity in the green state. Sintering simulations were conducted
using the SOVS model to validate these hypotheses.
Here is a list of the main findings:

e Density: Experimental measurements show a significant green den-
sity variation across experiments, as a function of building level, and
as a function of the printing direction.

o Effect of process parameters: green density ranges between 52 % to
58 % in the nine batches. Binder saturation is found to be the most
critical parameter affecting green density and shrinkage. Basically,

Additive Manufacturing Letters 16 (2026) 100352

higher binder saturation produces higher green density, while

other printing parameters are not significant for either sintering

densification or deformation.

Effect of printing level: In the green state, density slightly de-

creases with increasing distance from the build platform, but this

trend disappears after sintering. The difference in the green state is
attributed to powder compaction by the blade during powder
spreading.

o Effect of building direction: Slightly higher green density was
found along the powder-spreading direction than the binder-in-
jection direction in a range between 0.53 % and 0.65 %.

Sintering distortion: Samples were distorted after sintering, espe-

cially near the bottom surface. This result is attributed to the influ-

ence of friction between the sample and the sintering-tray surfaces,
and to density inhomogeneity in the green state:

o Friction-induced deformation: The sintering model demonstrated
the impact of friction on the origin of distortion. Static and dy-
namic friction models were employed in simulation.

o Density-induced distortion: Furthermore, sintering simulation
confirmed the critical effect of density variation on the non-sym-
metric deformation of samples. Comparison between the sintering
model and experimental results highlights a maximum deviation of
3.85 % along the powder-spreading direction and 2.34 % along the
binder-injection direction.

Friction-compensation approach: A compensation approach was

successfully tested by placing samples on a 316L-printed support

plate and inserting refractory particles between them to prevent
bonding during sintering. Geometric reconstruction showed

(e}

Front view

£
(&

(a) Simulation Case 1
Bottom view

(b) Simulation Case 2
Front view

Bottom view

(¢) Simulation Case 3 \
Front view

Bottom view

Fig. 9. Shape changes during sintering resulting in different simulation scenarios. (a) Case 1: homogeneous density and friction condition between sample and
support. (b) Case 2: inhomogeneous density distribution and friction condition. (c) Case 3: inhomogeneous density distribution and frictionless condition.
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and colored map showing the deviation of measured points acquired by CMM from nominal points of the CAD obtained by the simulation - experiment DoE09.

Table 5
Comparison between experimental and simulation results of the maximum
linear dimensions in the distorted bottom plane of experiment DoE07.

Sample DoE07 X LY
Experiment 19.52 [mm] 21.98 [mm]
Simulation 19.063 [mm] 21.134 [mm]
(Simulation- Exp)/Exp 2.34% 3.85 %

Table 6
Comparison between experimental and simulation results of the maximum
linear dimensions in the distorted bottom plane of experiment DoE09.

Sample DoE09 X LY
Experiment 19.58 [mm] 22.34 [mm)]
Simulation 19.539 [mm] 21.842 [mm]
(Simulation- Exp)/Exp 0.21 % 2.23 %

negligible distortion and a maximum deviation of +0.15 mm (1.5 %
of linear dimension) from the nominal geometry. The sintering
model slightly overestimates shrinkage in the X direction (+-0.2 mm),
likely due to the model’s isotropic-shrinkage assumption.

In summary, this study provides an analysis of sintering deformation
in binder-jetted 316 L components, highlighting the critical roles of

11

green density variation and friction at the part-support interface.
Through combined experimental measurements and validated sintering
simulations, it demonstrates that even small differences in green density
can significantly influence final geometry. The work further introduces a
practical compensation strategy using co-sintered supports and re-
fractory particles, effectively mitigating distortion. These findings
advance the understanding of deformation mechanisms in metal binder
jetting and offer a validated pathway for improving dimensional and
geometrical accuracy in sintered parts.
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Appendix
Al. Simulation model appendix

A piecewise Arrhenius-type function, previously proposed [24], was used to describe the viscosity parameter 7, introducing a defined transition
temperature to differentiate the material’s behavior across two distinct thermal regimes [9,24].
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Qi i=1-A,Q, if T<Tr
1o = AiTexp <—> (A1)
Q-Q

Aq (A2)
RIn (A_z)

where : Ty =

i Aifals mK) Q [K J mol 1} TrlK]
1 8.993 201.7 1583.62
2 5.335¢-32 11787

Expressions as a function of porosity for sintering stress and normalized bulk and shear viscosities:

2
p, 321 -0 (A3)
Tg
9=01-07 a9
2 (1 — )13
_ 5% (A5)

In the final expression, the effective sintering stress—also referred to as the Laplace pressure—is directly proportional to the material’s surface
tension a (J-m2), which serves as the primary driving force for sintering, and inversely proportional to the average grain radius re (m).
The kinetic equation proposed by Olevsky [25] can be used to describe the evolution of the grain growth during the sintering process:

3
drg ko[ 0. \2_ (Q (Ada)
E‘sTg(eJreC) m’(fr

In this non-linear equation, the temperature dependence of grain growth kinetics is captured by the pre-exponential factor k, (m> s1) and the
activation energy Q, (kJ mol ™). The evolution of porosity is influenced by the critical porosity 6,. which represents the threshold at which pore
depinning from the grain boundaries significantly affects both grain growth and densification kinetics. These parameters were experimentally
determined in a previous study by [20] and are summarized in Table Al.

Table Al
Parameters for Eq. (A4) identified for binder jetted samples made by
316 L ([20D).

m3s™) Qg (kJ mol!) 0,

2.97.10722 164.8 5.20 %

A2. Metallographic analysis and XRD

In the sintered state, residual porosity was evaluated by optical micrographs in Thick samples printed in experiments number 7 (DoE07) and
number 9 (DoE09). These samples were chosen since they presented the lowest and the highest green density, respectively. Fig. A1 shows X-Z sections,
while Fig. A2 displays Y-Z sections.

13
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Fig. Al. Optical micrograph of X-Z plane of samples from experiments number 7 (DoE07) and number 9 (DoE09).

Fig. A2. Optical micrograph of Y-Z plane of samples from experiments number 7 (DoE07) and number 9 (DoE09).

Generally, the porosity distribution is virtually uniform when comparing the X-Z and Y-Z sections and when comparing DoE07 with DoE09. No
significant gradient was observed as a function of building direction (Z). DoEQ9 exhibited slightly higher porosity compared with DoE07, which aligns
with the density measurements showed in Fig. 8. The etched microstructure is displayed in Fig. A3 for both the X-Z and Y-Z sections as well as DoOE07
and DoE09.

(a)

Fig. A3. Etched microstructure of (a) DoE0O7 — section X-Z, (b) DoE09 - section X-Z, (c) DoEO7 - section Y-Z, (d) DoEQ9 - section Y-Z.

Fig. A3 illustrates a nearly identical microstructure in both samples across the different planes. The predominant phase is austenite, with small
amounts of ferrite and twinning also observed. A few spots of delta ferrite are distinguishable within the microstructure; however, these are below the
detection threshold of the XRD analysis (Fig. A4). In conclusion, the printing process does not significantly affect the microstructure following the
sintering process. Although differences in green density result in variations in densification and dimensional shrinkage, the final microstructure
remains consistent after sintering.

14
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Data availability

The data are available from the corresponding author on reasonable.
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