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ABSTRACT

Metal binder jetting (MBJ), an additive manufacturing process, enables the resource-efficient pro-
duction of highly complex metal components and offers a cost advantage over metal injection
molding, particularly for small batch sizes. At the end of the MBJ process, the components
undergo sintering, during which they experience shrinkage of up to 20%. The relative movement
between the component and the setter plate during this process induces stresses and undesired
distortions caused by frictional forces. Reducing the coefficient of friction is identified as a poten-
tial solution to this problem. In this paper, the effect of micro-structured setter plates on friction
during sintering is investigated. Eight different surface structures are fabricated and tested at
ambient temperatures of 20°C and 1,100 °C. The results indicate that friction increases due to the
surface topography of the additively manufactured components in combination with insufficiently
small structural elements. However, post-processing the surfaces led to a friction reduction of up
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to 34%.

Introduction

Additive manufacturing (AM) processes enable the efficient
manufacturing of highly complex components, but their
broader adoption is often limited by relatively high produc-
tion costs. Compared to the established metal AM technolo-
gies, metal binder jetting (MB]) offers significantly lower
component costs, for example, up to 60% less than laser
powder bed fusion for metals (PBF-LB/M). (I) Furthermore,
compared to metal injection molding (MIM), MB] allows
for greater design complexity and improved cost efficiency
at lower production volumes, as it eliminates the need for
tooling. Shaping in MBJ involves a layer-by-layer selective
deposition of binder onto a flat powder bed. After printing,
the powder cake containing the components is cured in an
oven and the parts are subsequently depowdered. Depending
on process control, either thermal or catalytic debinding is
then performed, followed by sintering of the components.
The sintering process of the parts is carried out on ceramic
setter plates. Once sintering is complete, the components
can either be used directly or undergo conventional post-
processing, if required. Nonetheless, the sintering process
still faces certain challenges. For example, the combination
of friction, gravity, and high temperatures can lead to
undesirable deformation of the components. (2,3) To miti-
gate such effects, reducing friction during sintering becomes
essential. Beyond conventional approaches like the use of

lubricants, alternative methods such as structuring of surfa-
ces exist to reduce friction. (4)

Structuring is a method for functionalizing surfaces, giv-
ing them dirt-repellent properties, changing their appear-
ance, or influencing their tribological properties, for
example. This involves selectively removing or adding vol-
ume elements from a surface to create the desired topog-
raphy. A basic distinction can be made between defined and
undefined surface structures. While the latter are created by
means such as sandblasting and do not have a repeatable
pattern, defined structures have a repeatable, describable
pattern, which is usually the subject of investigations into
surface structuring. These patterns can be produced, for
example, by a laser beam ablation process. (5) Such surfaces
are used in both dry and lubricated friction pairs to adjust
the tribological properties. In both cases, the reduction in
friction is assumed to be due to a reduction in the contact
area, (6) whereby the effect is less pronounced in dry fric-
tion. (7,8) In addition, wear at the contact level is also
reduced, as the gaps absorb wear particles and thus remove
them from the contact zone. (9-11) In a review paper, Mao
et al. (12) demonstrate the potential of surface structuring
under dry conditions. Depending on the structure and
material pairing, the coefficient of friction can be reduced
by more than 50% or increased by more than 346%. Figure
1 shows an overview of selected typical surface structures
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Figure 1. Overview of different surface structures and classification in terms of shape, arrangement, and characteristics.

used in the literature, including the structure type and
arrangement. The size of the structures varies between
0.1pm (13) and 500 um (I4) and is independent of the
design of the structure. A basic distinction can be made
between point-like and line-like structures. Most structures
have a deep embossing and a point-like shape. These struc-
tures are wusually circular in design. (7,8,10,11,15-26)
Occasionally, other shapes such as ellipses, (21) triangles,
(9,14,21) squares, (27-31) or stars (26) are also investigated.
The arrangement is either square, hexagonal, or ring-shaped.
In the case of linear structures, a distinction can be made
between straight (6,9,13,16,24,29,30,32-36) and jagged lines.
(32,35) Additionally, there are special shapes such as the
combination of triangular and circular structural elements
(37) or irregular structures. (38)

However, depending on the type and design of the struc-
tural elements, both friction asymmetry and friction anisot-
ropy can occur. This means that the effect changes when the
direction of movement is reversed, or the orientation of the
movement relative to the structure is changed. For example,
linear structures lead to an increase in the friction coeffi-
cient when aligned parallelly to the sliding direction and to
a decrease when aligned transversely. (13,33) In order to
achieve a direction-independent effect, a structure that is as
isotropic as possible is therefore required. (13,31) There is
no clear correlation regarding the size of the structural ele-
ments, as both larger and smaller structural elements can
achieve a reduction in friction. However, structures that are
too fine can increase friction, as this is accompanied by an
increase in contact pressure around the structural elements.
(39) The depth of the structures has already been identified
as insignificant. (8,40) However, it should be noted that
wear particles must continue to be absorbed, as otherwise
there will no longer be any friction- and wear-reducing
effect. (26) Although there are some conflicting statements

regarding the surface area of the structures, most results
show a greater reduction in friction with higher structure
density. (11,15) Nevertheless, each contact situation requires
its own structural elements, including its own shape, size,
and density. (21)

Rosenkranz et al. (41) have formulated eight general rec-
ommendations that should be taken into account when
designing surface structures:

1. The distance between structural elements should not be
too large, as otherwise wear particles cannot be effect-
ively removed.

2. In case of bore features, if the structural element density
is too high, there is not enough surface area to absorb
normal forces, or the load-bearing capacity of the con-
tact surface is too low.

3. If the structural elements are too deep, stress peaks will
lead to excessive plastic deformation.

4. Lower-lying areas of the structure must be able to
accommodate even the largest wear particles that occur.

5. The manufacturing process used to produce the struc-
ture should induce as little internal stress as possible in
the material.

6. The influence of the structure on properties that can
indirectly affect wear and friction must be understood—
in particular, heat transfer and surface energy.

7. Rationally designed textures, especially those determined
with the aid of simulations, can be used to improve
tribological performance.

8.  Where possible, a structured surface should be used in
combination with solid lubricants.

In summary, it can be said that despite the large number
of structures of various sizes and shapes that have already
been investigated, it is still not possible to systematically
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design and optimize the structure for a given application on
the basis of the literature. (40) This includes not only the
number and size of the structural elements, but also their
shape and arrangement. In addition, the base and counter
bodies used in previous studies have been manufactured
conventionally. It is not yet known whether the friction
reduction effect also applies to additively manufactured
counter bodies.

In this paper, the influence of micro-structured setter
plates on the friction behavior during the sintering process
of MBJ] components is investigated, making an original
contribution to the field of sintering.

1. The first in situ measurements of static and dynamic
friction during MBJ sintering (20°C vs. 1,100°C) are
presented, obtained while parts shrink on setter plates
that were equipped with deliberately engineered micro-
textures.

2. By pairing these textures with both as-printed and
ground MBJ coupons, the governing role of native,
particle-induced surface roughness in the transition from
adhesion- to form-fit-dominated friction is revealed.

3. Across eight pillar- and dimple-type patterns spanning
contact-area ratios from 21% to 76%, the operating win-
dows in which texturing lowers friction by up to 34%—
and, conversely, the regimes in which certain textures
amplify friction and part distortion—are identified.

The design parameters of these structures, such as feature
size, are systematically varied to identify configurations that
minimize frictional forces. In addition, a detailed analysis of
the relationships between surface characteristics, such as
roughness and topography, and their effects on the coeffi-
cients of friction at both room and elevated temperature of
1,100°C is presented. Dilatometric tests have shown that
there is sufficient sintering activity and component shrink-
age at this temperature. These phenomena have conse-
quently resulted in relative movement in relation to the
setter plate. (42)

Surface structure

During sintering, the direction of movement of each volume
element of a component can be aligned differently in the con-
tact plane. If, for example, a line-like surface structure is
applied, both an anisotropic and an asymmetric influence on
the coefficients of friction occurs, depending on the design.
(13,33) Another possibility, which has already been investi-
gated, would be to arrange the structural elements in concen-
tric rings. (10) However, this requires knowledge of the
center of shrinkage of each component and its exact place-
ment on the surface structure. To achieve a direction-
independent effect, a structure that is as isotropic as possible
is therefore required. (13,31) A commonly used and effective
surface structure consists of cylindrical protrusions or
blind holes (Fig. 2, left). (10,11,21,22,26) If these holes
are arranged in a hexagonal pattern (Fig. 2, center), a high
structural element density can be achieved. (11) Alternatively,

a square arrangement (Fig. 2, right) may be used, though it
results in a slightly lower maximum density of structural ele-
ments. For both arrangements, three design parameters
define the structure, as illustrated in Fig. 2:

e hg: structural height;
e dg: structural element diameter;
® ag: spacing between two structural elements.

Due to manufacturing limitations, it is not possible to
create a planar drilling base, which is why for holes, the
height hg is defined as the maximum distance between the
drilling base and the surface of the base body. Other charac-
teristics that can be determined based on the previously
mentioned parameters are the area Ag occupied by the
structures and the structural density ps, defined as the ratio
of Ag to the total area Ag. For the hexagonal unit cell, ps is
calculated as the ratio of the surface areas of a circle and a
regular hexagon as follows:

ndé
Ps == -
2\/3 asg

Here, the condition dg < ag must be satisfied.

For a square arrangement, however, the structural density
is calculated by the ratio of the surface areas of a circle and
a square with:

1]

2
_ mdg

=—.
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When using pillar-like structures, the following applies:
1Y K — Ps’ [3]

where pg is defined as the ratio of contact area Ak to total
area Ag. However, when holes are used as structural ele-
ments, the contact area decreases by the area taken up by
the structures

px =1~ ps. [4]

As previously explained, the indentations also serve to
capture wear particles. Although significant wear is not
expected during the relatively short sliding distances in the
sintering process, it is possible for entire powder particles to
become dislodged from the component. This can occur due
to unintended relative movement when the component is
placed on the setter plate. Another critical phase is the heat-
ing stage of the sintering cycle, prior to the formation of
sufficient sintering necks between the powder particles. The
heating causes a relative movement between the component
and the sintering base due to the thermal expansion and
subsequent onset of shrinkage of the component, during
which loose powder particles can also be released. Therefore,
the gaps or holes in the surface structure should be large
enough to accommodate at least the largest occurring pow-
der particle, characterized by the equivalent particle diam-
eter dp. For dimple structures, this means that they should
be at least as large as the particle diameter.

When using cylindrical elevations, the capture of particles
occurs in the gaps. The size of these gaps depends on the
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Figure 2. Parameters used to describe the structuring: sectional view of bore and cylinder features (left), top view of a hexagonal arrangement (center), and top

view of a square arrangement of structural elements (right).

combination of structural arrangement, element diameter,
and spacing. Assuming spherical particles, for a hexagonal
arrangement, the particle is located between three structural
elements arranged as an equilateral triangle (Fig. 2, center).
This results in the maximum particle diameter dp ,.x being
equal to the radius of the triangle’s circumcircle minus the
radius of the structural elements. For dg < as, the diameter
dp max can be calculated as follows:

2
= 4
V3

In a square arrangement, the maximum particle diameter
dp max results from the diagonal distance between two struc-

tural elements minus the diameter dg and can therefore be
calculated as follows:

— ds. 5]

dP, max —

2 as — ds. [6]

dP, max —

Materials and methods

To evaluate the performance of the surface structures, the
coefficients of friction at ambient temperatures of 20°C and
1,100°C are determined and compared with those of an
unstructured reference plate. Dilatometry tests confirm suffi-
cient sintering activity and associated component shrinkage
at 1,100°C, resulting in relative movement between the
component and the setter plate.

A custom-built tribometer test rig, as illustrated in Fig. 3
(left), is used in this study. (3) The setup includes the
LH 30/14 chamber furnace from Nabertherm, which enables
precise control of ambient temperature and atmosphere. The
measuring system features a linear axis that moves at a con-
stant speed of 0.2mm/s. This axis drives the specimen,
which is placed on a setter plate, via a ceramic rod equipped
with an integrated specimen holder. During this movement,
the frictional force Fr required to move the specimen is
measured by a force sensor located at the opposite end of
the rod. The signal is recorded at a sampling rate of
1,000 Hz. In combination with the applied normal force Fy,
the static and dynamic friction coefficients are calculated.

The test sequence consists of 32 linear slide-hold-slide
cycles. A representative force-displacement curve is shown
in Fig. 3 (right). Initially, no load is applied. As the linear
axis moves forward, the sensor contacts the ceramic rod,
causing the measured frictional force Fr to rise. Once the
static friction threshold is reached, the specimen begins to
move, transitioning to dynamic friction, which continues

until the movement ends. The sensor is then unloaded by a
backward movement of the axis, completing the cycle.

The test geometries are square plates with an edge length
of 20mm and a thickness of 4 mm, featuring a radius of
3mm at the corners, which results in a base area of
392mm’. These plates are produced using the DM P2500
system and powder from Digital Metal, with the material
being 17-4PH—a martensitic, age-hardenable steel. The
powder has a monomodal particle size distribution, with
D10, D50, and D90 values of 7.45, 15.77, and 26.11 pum,
respectively. The maximum particle diameter is around
30 pm.

The setter plates consist of aluminum oxide with a purity
of >99.5% and have a base area of 100 x 50 mm® with a
thickness of 2mm. In terms of roughness, the arithmetical
mean height is 1.2 um and the maximum height is 19.5 um.
Eight different structures were produced by a supplier using
laser interference structuring, (43) applied to the central
area (30 x 80 mm?) of each setter plate. Half of the struc-
tures feature depressions, while the other half consists of ele-
vations. The parameters of the structural elements were
selected to allow for the investigations of both a wide range
of contact surface reduction and the potential to accommo-
date entire powder particles between or within the structural
elements. In addition, the limitations of the manufacturing
process had to be considered, which define the minimum
feasible size of the structural elements. The achievable struc-
ture depth is also constrained by these process limits and
reflects the current maximum depth attainable for each
respective element size. The following analyses are con-
ducted according to the flow chart illustrated in Fig. 4.

After manufacturing, the characteristics and uniformity
of the structures are analyzed on a microscopic level. The
aim is to assess the shape deviation of the individual struc-
tural elements in relation to the target geometry and to each
other. For the assessment, evenly distributed surface areas
with a size of approx. 760 x 570 um” are recorded using the
3D laser scanning microscope VK-X3000 from Keyence.
Figure 5 (left) schematically shows the position and orienta-
tion of the measurement areas on a setter plate. For each
structure, 45 images distributed over five rows and nine
columns are recorded and analyzed.

The peak material volume V,,, and the dale void volume
of the valleys V,, are used as evaluation criteria, (44) the
determination of which is illustrated in Fig. 5 (right) using
the material ratio curve. These parameters quantify the
extent of reduced peaks and valleys based on volume
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Figure 3. Principle sketch of the measurement setup for determining the friction coefficients under sintering conditions (left) and exemplary measuring signal of a

test cycle as force-displacement curve at 20 °C ambient temperature (right). (3)
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Figure 4. Flowchart of the experimental procedure.
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Figure 5. Schematic representation of the structured surface region and the measurement areas on the base body for analyzing the structural elements (left) and
illustration of the procedure for determining the surface parameters V,,, (peak material volume) and V,, (dale void volume) using the material ratio curve, using sur-

face structure P7 as an example (right).

measurements. The closer the measured material ratio curve
aligns with the theoretical one, the more the values of Vi,
and V., approach zero. The parameter V,,,; is used to evalu-
ate pillar structures, while V,, is applied to dimple struc-
tures. The material ratio thresholds used for evaluation are
selected in accordance with the standard ISO 25178-3. (45)
After surface evaluation, the structures are analyzed with
respect to their influence on the coefficients of friction. The
analysis is first conducted at room temperature, followed by
testing at an elevated temperature of 1,100°C. To ensure a
comparable microstructure of the powder particles in both
test conditions, the specimens for room temperature testing
undergo heat treatment. They are heated at a rate of 3°C/
min to 1,100°C and cooled down inside the furnace after
one-minute holding time. This heat treatment is performed
using the furnace of the Desktop Metal Studio System.
Subsequently, the effects on component distortion are
analyzed using the geometry shown in Fig. 6 (left). The ini-
tial length and width are 20 mm with a height of 15mm.
This geometry is specifically designed to promote significant
distortion during sintering, caused by friction between the
component and the setter plate (Fig. 6, center and right).

The parts are produced using the previously described pro-
cess chain and sintered on the structured surfaces. The sin-
tering process is carried out using the furnace of the
Desktop Metal Studio System. As a measure of distortion,
the resulting component width by, in the contact plane
between the component and the setter plate after sintering is
evaluated (Fig. 6, right).

Finally, the effects of the surface structures on the surface
quality of the test components and on friction are investi-
gated, along with an analysis of additional potential influ-
encing factors. The factors examined include possible
position dependency and the surface topography of the test
components. Surface quality is assessed using a laser scan-
ning microscope and includes 24 individual images per
component, resulting in six images per contact surface. The
total measured area of the composite images is at least
1.5 x 0.76 mm”.

For the investigation of position dependency, the tem-
poral progression of friction is analyzed and correlated with
the profile of the respective surface structure. To evaluate
the influence of specimen surface topography, the heat-
treated specimens are ground prior to testing, and then
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Figure 6. Schematic representation of the test component geometry used to assess component distortion: 3D-view (left), cross-section before sintering (center),
and cross-section after sintering (right), including the measured distance b, Used to quantify distortion.

friction measurements are performed at both room tempera-
ture and 1,100 °C.

Results and discussion

Table 1 summarizes the measured parameters of the surface
structures examined. A total of eight structures were pro-
duced, four featuring pillars and four featuring dimples. The
diameters ds of the structural elements range from 5.0 pm to
44.0 pm, with corresponding heights hg between 5.0 pm and
100 um. The spacing as between elements varies from
7.7 um to 80 um. These dimensions result in structure den-
sities ranging from 21.6% to 45.6%. It should be noted that
for the pillar structures, the stated density corresponds to
the actual contact area, whereas for the dimple structures, it
indicates the percentage reduction in contact area.
Consequently, the relative contact area for setter plates with
dimple-type structures ranges from 75.8% and 54.4% com-
pared to an unstructured plate. Regarding element spacing,
half of the structures allow for the accommodation of entire
powder particles. However, the structural depth is not suffi-
cient in all cases. Among the produced surface structures,
type P80 provides the greatest available space.

Figure 7 shows three representative topographical images
of the P80 and D40 structures. For structure P80 (Fig. 7a
and b), the intended cylindrical elements were not formed.
Instead, the resulting features exhibit a square cross-section.
Nevertheless, the P80 structure shows relatively consistent
structural depth and peak heights in some areas (Fig. 7a),
while other areas display irregularities (Fig. 7b). In contrast,
structure D40, designed as cylindrical holes, exhibits greater
variation in peak height (Fig. 7c). Similar deviations are
observed in the remaining six structure types: although
cylindrical geometries were intended, square-shaped features
were produced, and the hole structures show uneven peak
heights.

Using the 10% and 80% material ratio values, the distri-
butions of the parameters V., and V,,,, shown in Fig. 8, can
be determined. The results indicate that dimple-type struc-
tures generally show greater deviations from the ideal geom-
etry compared to pillar-type structures. Among all
substrates, structure P7 demonstrates the lowest deviation,
with an average peak material volume of 0.11 mL/m” and
minimal scattering of +0.01 mL/m”. In contrast, structure
P80 exhibits the highest variation, with a scattering of
+0.31 mL/m?, attributed to individual outliers. Furthermore,
structure D40 shows the greatest deviation from the ideal
geometry, with a peak value of 1.06 mL/m> Overall, it can

Table 1. Measured parameters to characterize the structural elements of the
manufactured surface structures.

Type ds (um) hs (um) ds (um)  dpmatm)  ps (%) pk (%)
Dimples D9 5.0 6.5 9.0 7.7 24.2 75.8
D21 160 20.0 21.0 137 456 544
D40 240 30.0 40.0 326 283 717
D70 440 27.0 70.0 55.0 310 69.0
Pillars P7 5.0 5.0 7.7 5.9 33.1 33.1
P21 12.0 18.0 21.0 17.7 256 256
P40 250 27.0 40.0 316 307 307
P80 420 100.0 80.0 71.1 216 216

be concluded that smaller structures tend to exhibit better
conformity with the intended geometry.

The results for the coefficients of friction (Fig. 9) indicate
that at 1,100°C, both static and dynamic friction are con-
sistently higher than at 20°C, with a more pronounced dif-
ference between the two. This increase is assumed to be
attributed to plastic deformation at elevated temperatures,
which enlarges the real contact area and consequently raises
friction levels. (46) Additionally, the use of structured surfa-
ces can lead to either an increase or a decrease in the coeffi-
cients of friction compared to an unstructured surface. At
1,100 °C, static friction is partially reduced, whereas it tends
to increase at room temperature. In both temperature
regimes, dynamic friction is higher than the reference value
of the unstructured surface. As expected, the static friction
coefficient is higher than the dynamic one across all cases.
Notably, the static friction values also show greater variabil-
ity than the dynamic values, particularly at elevated
temperatures.

A comparison of the friction measurement data with the
structural dimension px (cf. Table 1) reveals that structures
with a significantly lower ratio tend to exhibit reduced static
friction. On average, the dimple structures, with contact area
ratios ranging from 54.2% to 75.8%, result in an average
static friction coefficient of 1.13. In contrast, the pillar struc-
tures, with lower ratios between 21.6% and 33.1%, yield an
average static friction coefficient of 0.86. Since these differ-
ences are only apparent in static friction at 1,100°C, it is
likely that the reduced adhesion caused by the smaller con-
tact area is responsible for this behavior.

Both friction coefficients exhibit a positive correlation
(20°C: r=0.997; 1,100°C: r=0.565), indicating that an
increase in static friction is accompanied by an increase in
dynamic friction, and vice versa. However, statistical signifi-
cance is only evident in the case of dynamic friction. The
difference between static and dynamic friction (Fig. 9, right)
shows a contrast between testing temperatures of 20°C and
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1,100°C. At 1,100 °C, the average difference is 0.42, which is
more than four times higher than at room temperature. At
20°C, no significant differences are observed between the
various sintering substrates.

When comparing the structures, a qualitative trend is
observed between the structural dimensions and the friction
coefficients. Larger structures, characterized by the parame-
ters as and ds tend to exhibit higher static and dynamic fric-
tion. For example, ds shows moderate positive correlations
with static (r=0.68, p=0.063) and dynamic friction
(r=0.70, p=0.052). The spacing as showed similar trends
(static: r=0.68, p=0.065; dynamic: r=0.70, p=0.054). The
height of the structures (hs) displays slightly weaker correla-
tions (staticc r=0.58, p=0.136; dynamic: r=0.58,
p=0.136). While there is a general trend that suggests that
larger and more spaced structures may increase friction,
none of these correlations reached statistical significance in

the present dataset, and the differences between static and
dynamic friction appear largely unaffected by the tested
structural parameters.

At 1,100 °C, all pillar-like structures exhibit lower average
friction coefficients compared to the unstructured reference
plate, accompanied by a corresponding reduction in the dif-
ference between static and dynamic friction for this struc-
ture type. In contrast, all dynamic friction coefficients
exceed the reference value. Among the dimple structures,
D21, D40, and D70 show the highest dynamic friction coef-
ficients, ranging from 0.64 to 0.66, whereas structure P7
shows the lowest value at 0.49. When compared to the aver-
age dynamic friction coefficient of the unstructured surface
(0.47), this represents an increase of 4% to 40%.

Despite its low peak material volume, structure P7 also
exhibits the highest variability in both static and dynamic
friction measurements at elevated temperatures. Even at
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room temperature, structure P7 results in the smallest
increase in friction coefficients: 7% for static friction and 1%
for dynamic friction. In contrast, structure P80 produces the
largest increase, with static and dynamic friction rising by
86% and 88%, respectively. However, no clear correlation
could be established between the friction coefficients and
the surface roughness parameters V., and V,,,. Neither the
qualitative trends nor the variability or uniformity of the
individual structural elements appear to have a significant
influence on the measured friction values.

Figure 10 shows the measured width b, 0of the test
components in the contact plane after sintering, with four
measurements taken per structure type. It can be observed
that all test components sintered on structured substrates
exhibit a greater final width compared to those sintered on
an unstructured substrate. The lowest average width
(18.2 mm) was recorded for test components sintered on the
unstructured substrate, while those on structured substrates
showed an average width of 19.1 mm, which can be attribu-
ted to the higher dynamic frictional forces. According to
Beere, (47) the sintering force is the driving force resulting
from the difference in void concentration between pore sur-
faces and grain boundaries. This force changes throughout
the sintering process, approaching zero toward its end. (48)
If an external force is equal in magnitude to the driving
force, no shrinkage occurs. (49) Therefore, if a friction force
is equal to the driving force, no further shrinkage will occur
in the direction of action from this point onwards.
However, in other spatial directions or in areas where no
frictional force is acting, the component continues to shrink,
resulting in non-uniform shrinkage and distortion. If a com-
ponent is subjected to a higher frictional force, this state of
equilibrium will be reached earlier, resulting in less shrink-
age or greater geometric deviation. Since shrinkage begins in
phase II of the sintering process (42) and the width by, in
the contact plane has already decreased by approx. 1 mm
compared to the initial state of the test specimen, it can be
assumed that distortion begins during the second heating
phase.

Consistent with the friction results, pillar-like structures
generally lead to less distortion than dimple-type structures.
However, the differences in distortion are small and lie
within the 99% confidence interval for the individual struc-
ture types. The variance analysis shows that there is a

P21
Type of structure

P40 P80 GD

| 10 mm I
Figure 10. Measured distance b, Of test components in the contact plane with the substrate after a sintering cycle (mean + 99% confidence interval, number of
measurements n =4 per structure). Additionally shown on the right: side view of the test components before sintering (I) and after sintering on substrate P21 (ll).

significant difference between structured and unstructured
substrates, but not between the different types of structured
substrates. A correlation analysis with the friction coeffi-
cients at 1,100 °C shows that there is no linear correlation
with static friction (r=0.027, p=0.944) and a moderately
positive correlation with dynamic friction (r=0.608,
p=0.082). While the correlation between increased sliding
friction and higher distortion is plausible, it has not yet
been statistically proven, but a trend is indicated. This
requires a larger number of surface structures. However, it
can be assumed that both the increased friction and the
higher distortion are due to mechanical interlocking between
structures and the rough surfaces of the printed test
specimens.

To ensure that the observed differences in b, are not
caused by variations in the surface roughness of the test
components, a roughness analysis is conducted. For this
purpose, surface images are captured in the contact plane of
each test component. A total of 24 individual images are
acquired per surface and compiled into a composite image
measuring 1.5 x 0.76 mm®. The measurements are carried
out under the same conditions as those used for the struc-
tural element analyses. The arithmetical mean height S,, the
maximum height S, the reduced valley depth S, the
reduced peak height S, and the core roughness depth Sy
according to ISO25178-2 (44) are measured. The results are
presented in Fig. 11.

Although no valid correlation can be established when
using structured substrates, a qualitative trend can be
observed. As the roughness parameters increase, the corre-
sponding component width bg,, also tends to increase
(ranging from r=0.25 to 0.55 and p=0.157 to 0.546),
except for the reduced peak height S, (r=-0.20 and
p=0.635). Therefore, these trends are not considered statis-
tically significant.

To assess whether the overall structural quality influences
the coefficients of friction, an additional surface profile ana-
lysis of the sintering substrates is performed using a Keyence
VR-6000 profilometer at 12x magnification. Figure 12 dis-
plays an averaged profile line of the P80 structure in the
sliding direction. This curve is generated by calculating pro-
file lines at 50 pm intervals across the entire structure and
averaging the height values. The corresponding dynamic
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Figure 11. Roughness parameters of the contact surfaces of the test components (mean + 99% confidence interval, number of measurements n =8 per structure).
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Figure 12. Comparison of the coefficient of dynamic friction at 1,100 °C with the corresponding measurement positions along the averaged surface profile (number

of measurements n = 280) of structure P80.

friction values and their measurement positions relative to
the leading edge of the test specimen are also shown.

The profile reveals three distinct recesses, reaching depths
of approx. 40 pm. These recesses result from the segmented
manufacturing of the structure, with the depressions corre-
sponding to the overlapping zones between individual seg-
ments. Including the spatially resolved dynamic friction
values, it can be observed that when the leading edge of the
test specimen encounters a pronounced recess, the coeffi-
cient of friction increases for approx. 2mm before subse-
quently decreasing. At the measurement position of 35mm,
this increase is around 11%. A similar behavior is observed
in the other structures as well. Except for structures D9 and
P7, the contact between the component edge and the edge
of the structure leads to an increase in sliding friction of
approximately 11%. The characteristics of these edges and
their local height differences are of the same magnitude as
those of structure P80. In contrast, structure D9 exhibits a
substantially elevated edge height and a locally augmented
sliding friction coefficient, reaching approximately 26%.
Structure P7, in turn, has no pronounced edges. While the
segmented manufacturing of the surface structures does
have a measurable influence, the effect is not significant
enough to account for the overall differences in friction

coefficients or the extent of component distortion due to its
short duration. In addition, it has been demonstrated that
more pronounced edges result in a more significant increase
in local friction.

To further investigate the causes of increased friction and
part distortion observed when using structured setter plates
compared to unstructured ones, an additional series of
experiments is conducted. In this series, ground specimens
are used to analyze the influence of surface condition on the
friction coefficients. Unlike the smooth components typically
referenced in the literature, the printed parts used here
exhibit a rougher surface texture, as shown in Fig. 13a and
b. This surface texture may promote form-fit interlocking
with the structured substrate, potentially leading to increased
friction.

For the follow-up experiments, the specimens are pre-
sintered and then ground using a wet grinding process.
Silicon carbide (SiC) grinding papers with grit sizes P320
and P800 are employed in sequence. The resulting surface is
shown in Fig. 13c, while the corresponding roughness
parameters are presented in Table 2, compared with those
of the previously tested specimens. Surface characterization
is carried out using a Keyence VK-X3000 laser scanning
microscope. For each specimen, nine images are evaluated,
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Figure 13. Excerpt of the height profiles of the specimen surfaces in three stages: (a) brown part, (b) pre-sintered state, and (c) ground state.

Table 2. Comparison of surface roughness values of investigated specimens in
different conditions.

State Sa (pum) Sz (um) Spk (pm) S (um) Suk (pm)

Brown 6.42+0.54 60.71+567 6.11+067 20.25+148 9.44+1.59
Pre-sintered 6.30+0.40 6585+579 8.15+1.35 19.64+1.29 8.65+1.02
Ground 0.07+0.04 10204529 0.09+0.09 0.12+0.04 0.30+0.24

each comprising a 3 x3 composite of individual images
with a total size of approx. 570 x 760 um>. The average
roughness values are calculated from these measurements.
Imaging is performed at 50x magnification, and an S-filter
of 0.8 um is applied during post-processing.

In contrast to the brown part (Fig. 13a) and the pre-
sintered part (Fig. 13b), where powder particles remain
clearly visible, the ground surface (Fig. 13c) shows only
minor grinding grooves and isolated pores. These pores
result from the incomplete sintering process and are not
fully closed.

A comparison of the roughness values in Table 2 shows
that the two as-built surfaces exhibit no significant differen-
ces, while the ground surface displays a drastically reduced
surface roughness, as expected. For example, the maximum
height S, is reduced by 85%, and the arithmetical mean
height S, by 99%. Additionally, the reduced peak height S
is lower not only in absolute terms but also relative to the
reduced valley depth S,i, when compared to the as-built sur-
faces. The lower absolute and relative peak content is
expected to have a beneficial effect on the friction coeffi-
cients, potentially reducing both static and dynamic friction.

Figure 14 presents the results of the friction analysis for
specimens with as-built and ground surfaces at a testing
temperature of 20°C. Compared to as-built specimens,
ground surfaces show lower static and dynamic friction
coefficients, as well as a smaller difference between the two.
While a positive correlation between static and dynamic fric-
tion is observed in general, this trend does not apply con-
sistently when comparing the friction profiles of as-built
versus ground specimens.

Relative to the as-built specimens, static friction is
reduced by 27% to 65%, and dynamic friction by 20% to
64%. The difference between the two is reduced by 60% to
78%. When compared to the unstructured sintering sub-
strate, the use of ground specimens leads to a reduction in
static friction of up to 29% and in dynamic friction of up to
34%, both achieved with structure P7. However, in this case,
the difference between static and dynamic friction increased
by 24%. A reduction in the difference was only observed for

structures D9 (17%) and D70 (10%). In contrast, structures
P40 and P80 showed increased friction coefficients after sur-
face grinding, with static friction increasing by 8% and 15%,
and dynamic friction by 4% and 13%, respectively.

The results for an ambient temperature of 1,100°C are
shown in Fig. 15. In contrast to the findings at room tem-
perature, grinding of the specimens leads to a consistent
and, in some cases, pronounced reduction in static friction
only. On average, the dynamic friction coefficient remains
unchanged showing slight increases in some cases, slight
decreases in others, or remaining nearly constant. For
example, ground specimens of structures D9 and P7 exhibit
a 22% increase in dynamic friction, whereas a 16% reduction
is observed for structure D40.

Except for structure P80, the use of structured sintering
substrates results in a notable reduction in the difference
between static and dynamic friction. While the roughness
characteristics of the ground surfaces differ qualitatively
between room temperature and 1,100 °C, the trend remains
that pillar-like structures exhibit lower average dynamic fric-
tion than dimple-like structures.

The prevailing hypothesis suggests that the increase in
friction at elevated temperatures can be primarily attributed
to two main factors: an increase in the actual contact area
due to plastic deformation at the contact surface, and the
presence of a visible oxide layer on the components. This
observation is consistent with the results of previous tests
conducted at elevated temperatures. While the effects on the
roughness of the as-built specimens from earlier tests are
negligible (Table 2, top line), they lead to a significant
increase in roughness in the case of the ground surfaces
(Table 3). The values for the pre-sintered specimens (Table 2,
center line) are in a similar range, but with considerably
lower standard deviations. This is due to the uneven forma-
tion of the oxide layer. While the oxide layer is most pro-
nounced along the periphery of the specimen, it decreases
continuously toward the center (Fig. 16, right). This can be
explained by the limited availability of oxygen in the central
area of the specimen. The general formation of the oxide
layer results from an insufficiently inert atmosphere within
the furnace of the test setup. This is due to the fact that the
furnace currently in use is not a conventional sintering fur-
nace, but rather a heat treatment furnace that has been
modified with additional apertures for the purpose of inte-
grating measuring equipment. As shown in Fig. 16 (left),
this phenomenon does not occur under standard sintering
conditions.
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Figure 14. Comparison of the coefficients of friction between ground and as-built specimens using structured substrates at 20 °C (mean + 99% confidence interval,
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Table 3. Roughness values for the oxidized contact surface of the ground
specimen.

Sz 5a Spk 5k Svk
Mean value (um) 58.1 6.7 124 19.1 5.9
Standard deviation (um) 20.2 38 7.2 121 4.6

Figure 16. Comparison of specimen contact surfaces pre-sintered in a protect-
ive atmosphere (left) and after grinding under argon atmosphere (right), both
at 1,100 °C.

The absence of a friction-reducing effect in the as-built
specimens is assumed to be attributed to the fact that the
generated surface structuring of the setter plates is likely not
fine enough, allowing individual particles on the specimen
surface to form a form-fit connection with the surface struc-
ture. This mechanical interlocking is illustrated schematically
in Fig. 17 (left). A significantly finer surface structuring

would ensure that the surface particles of the specimens
remain on top of the structural elements, which might then
enable a reduction in friction. This also explains why the
component distortions are significantly higher for compo-
nents sintered on structured substrates than on the reference
substrate.

Conclusion

This study set out to clarify whether deliberately micro-
textured Al,Oj3 setter plates can mitigate the friction induced
distortion that MBJ parts experience while shrinking during
sintering. Eight textures, four pillar type and four dimple
type, were manufactured by laser-interference structuring
and tested at ambient temperatures of 20°C and 1,100 °C.
Pillar arrays with contact area ratios down to 22% lowered
static friction by as much as 34% at room temperature and
by up to 18% at 1,100 °C using ground specimens. Dimple
textures, whose contact area ratios exceeded 54%, reduced
adhesion only marginally and, in some cases, even increased
dynamic friction. Across all structures, there is a general
trend that larger structures lead to higher coefficients of
friction. A systematic comparison between as-printed and
ground specimens revealed that the native, particle-
dominated roughness of MBJ parts can dominate the contact
mechanics. When the surface is left in its as-printed state,
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Figure 17. Schematic representation of the interaction between a partially sintered component surface with initial sintering necks between the powder particles
and a surface structure with coarse structural elements (left) and fine structural elements (right).

asperities interlock with the texture and largely suppress any
friction-reducing effect. A simple two-step wet grind restores
the benefit. In addition, all elevated-temperature tests dis-
played a general upward shift of both static and dynamic
friction, which can be attributed to plastic deformation of
the metal surface combined with the growth of a thin oxide
layer.

Three main constraints of the present study must be
acknowledged. First, the chamber furnace used for the in-
situ tests could not be fully purged of oxygen. The resulting
oxide layer increased surface roughness and rendered the
1,100°C friction readings upper-bound values. Second, the
laser-interference process limited the feature depth
(<100 um) and the minimum lateral dimension (~5pum),
precluding the evaluation of ultra-fine or markedly deeper
textures that might lead to a reduction in friction when using
as-printed surfaces. Third, only one material pairing (17-
4 PH steel against Al,0;) and the MBJ process were investi-
gated; therefore, the generality of the findings for other
alloys, setter materials, or processes remains to be proven.

Future work will therefore focus on rerunning the high-
temperature tests in a fully oxygen-controlled furnace and
documenting any oxide scale that develops by profilometry.
It will then move on to producing much finer (<5um) tex-
tures with markedly larger aspect ratios of depth and width,
using laser-induced periodic surface structures (LIPSS) (50)
to broaden the attainable contact area range. At the same
time, work is in progress to improve the uniformity of the
structures at the microscopic and macroscopic levels. This
will clarify how texture depth and local bending stiffness
affect friction. Finally, the study will be expanded to include
additional alloy-setter pairings and manufacturing processes
for producing green parts. This will be supported by finite-
element contact simulations. Taken together, these steps
should yield setter plates with substantially lower friction,
less component distortion, and greater usefulness across the
full spectrum of sinter-based manufacturing processes.
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