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3D printing is developing rapidly and enables the production of parts manufactured using different materials.
These includes zirconium dioxide (ZrO3), which can be of particular interest for bone tissue engineering and
implantology. However, highly accurate part-dimensions are a must for these applications, which is why this
study addresses geometrical deviations which occur during the printing process and thermal post-processing.

Six sets of test geometries with 50 individual features were 3D printed with two different ZrO, slurries (3 mol
% yttria-stabilized ZrO2) and scanned with a profilometer. After debinding and sintering, the profilometer scan
was repeated and the deviations and shrinkage factors were determined.

A notable difference is observed when the same ceramic is processed using two different slurries. For instance,

one used ceramic slurry, LithaCon 210, exhibits shrinkage factors of shrxy = 21.2 + 3.4% (n=78) and shrz; =
23.6 £ 0.54% (n= 24) for protruding structures, while the other ceramic slurry, LithaCon 280, shows shrinkage
factors of shrxy = 21.7 + 3.3% (n= 78) and shr; = 24.5 + 0.55% (n = 24).

Geometric deviations differed for intruding (like holes and slots) and protruding (like pillars) geometries,
being more pronounced in case of intruding geometries, especially where printing overhangs occur.

Although the shrinkage during sintering needs further investigation, these experimental findings are a good
starting point to validate and refine simulation models for shrinkage and improve production processes of 3D

printed ceramics.

1. Introduction

From the Stone Age to the present day, human beings have always
been in search of new materials to manufacture their tools and devices.
Meanwhile, today’s society can access an enormous range of different
materials and manufacturing techniques. One of the recently introduced
manufacturing methods is ceramic 3D printing [1]. Despite its relative
infancy, there are already many interesting application areas, such as
bone tissue engineering and implantology [2-4] or aerospace [5,6],
where such high-performance materials with complex geometry are
required.

Ceramic materials have already been developed for the most popular
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3D printing processes. Ceramics can be produced by photo-curing ster-
eolithography, selective laser sintering, direct ink writing, or binder
jetting, among others [7-9]. The resulting prints differ by the porosity
achieved, but also by geometrical variability due to the printing process,
depending on the chosen type of fabrication and printer settings.
Nonetheless, it is currently possible to additively manufacture ceramics
with properties comparable to those fabricated by cold isostatic pressing
[10].

It is of course essential to obtain an accurately fitting part after
thermal post-processing, which all of these 3D printing processes
require, namely debinding and sintering. For this purpose, the green
parts, the freshly printed geometries that have not yet been sintered, are
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printed in larger dimensions than the final geometry, as the parts shrink
during sintering. To predict and fine tune the extent of shrinkage there
are already some techniques available, such as adjusting the exposure in
stereolithography, especially on the geometries borders [11,12]. It
should also be considered that different slurry mixtures may behave
differently during the fabrication process in lithography-based ceramic
manufacturing (LCM), which belongs to the family of vat photo-
polymerization (VPP) processes. Theories and simulation models, in
addition, are being established for determination of the shrinkage dur-
ing sintering [13-16], primarily to avoid tedious trial and error, which is
often a long and expensive way of part optimization. However,
shrinkage of the 3D printed ceramic zirconium dioxide (ZrOy) is still
little investigated in a systematic way.

In order to develop such simulations for the auspicious material ZrO,
experiments were conducted and measurement shrinkage data were
collected. This study addresses complex printing geometries with
different feature sizes and types of parts, which were printed with two
different ZrO, slurries.

2. Methods

Three different 3D printable designs were fabricated with LCM to
determine the change in printed feature sizes during the thermal post-
processing. To fabricate ZrO,, two different slurries, LithaCon 210 and
LithaCon 280 (Lithoz GmbH, Vienna, Austria), both with 3mol% Y503,
were used. Both slurries lead to ZrO, ceramics, but the binder compo-
sition varies. LithaCon 280 has a higher crosslink density, therefore it
creates stiffer green parts than LithaCon 210 with the same amount of
curing light exposure. Six samples per design and material have been
fabricated with the ceramic 3D printer CeraFab 7500 (Lithoz GmbH,
Vienna, Austria), which is based on the principle of digital light pro-
cessing (DLP), and cleaned with the cleaning solution LithaSol 80 in a
CeraCleaning Station Ultra (Lithoz GmbH, Vienna, Austria). This cleaning
station operates similarly to an airbrush, where solvent is applied to the
samples to remove excess slurry adhering to the samples.

The obtained green parts have been scanned with an optical profil-
ometer (Keyence VR-5000, Keyence International, Mechelen, Belgium),
before they were thermally post-processed for debinding and sintering.
A second series of profilometer scans was then performed with the
finished ceramic samples. With the used settings, this device achieves a
resolution of 1 pm.

The flow chart in Fig. 1 shows the relation of the green parts and the
finished parts to the other design steps, and what useful comparisons can
be made from them.

2.1. Geometric features

The three different geometries, labeled A, B, and C, each had
different geometric features. A 3D rendering of the geometries is shown
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in Fig. 2 and the features are listed below.

Geometry A consists of protruding structures in the form of both
round and rectangular pillars. In contrast, Geometry B was designed to
incorporate negative features, as slots and holes, which exhibit a range
of sizes. This design choice allows for the investigation of how the
printing process handles such variations in negative geometries. Lastly,
Geometry C is characterized by overhanging bridges and angles, pre-
senting unique challenges during the printing process. This geometry
offers valuable insights into the printer’s capabilities to produce com-
plex structures with unsupported segments, providing information for
optimizing print settings and support structures.

Geometry A

— 5 round pillars with 4 mm height and diameters of & 250 pm, @
500 pm, ¢ 1 mm, ¢ 2 mm and ¢ 4 mm

— 5rectangular pillars with 4 mm height and side lengths of 250 pm,
500 pm, 1 mm, 2 mm and 4 mm

— outer dimensions of 10 mmx13 mm

e Geometry B

— 4 slots with a width of 250 pm, 500 pm, 800 pm and 1 mm

— 7 rectangular holes with an edge length of 300 pm, 400 pm, 500
pm, 600 pm, 800 pm, 1 mm and 1.5 mm

— 7 round holes with diameters from & 300 pm, & 400 pm, 2 500 pm,
2 600 pm, o 800 pm, # 1 mm and 1.5 mm

— a fillet edge with a variable radius from O to 2.5 mm

— an outer dimension of 11 mm

Geometry C

— 9 overhanging bridges with 1 mm gap underneath and lengths of
500 pm, 700 pm, 1 mm, 1.2 mm, 1.5 mm, 1.8 mm, 2 mm, 2.5 mm
and 3 mm

— an overhanging quarter circle with a radius of 2 mm

— 5 overhangs with angles of 15°, 30°, 45°, 60° and 75°

2.2. Printer settings

The samples have been printed in two batches, nine samples each,
and the models have been sliced with CeraFab-DP (Lithoz GmbH,
Vienna, Austria). The build time was approximately 10.5 hours per
batch. The used parameters are listed in Table 2. Also an overexposure
correction was used, reducing the illuminated area by one pixel per side.

The expected shrinkage shr is given by the supplier (Lithoz) of the
used ceramic slurries, which also determines the necessary compensa-
tion factors cf, are listed in Table 1. For LithaCon 210 they amount to
shrxyexp = 21.3% in XY direction and shrze, = 22.8% in Z direction,
and for LithaCon 280 to shrxy.p = 21.5% and shrze, = 23.5%. The
relationship between compensation factor cf and shrinkage shr is shown
in Equation (1) and leads to the shrinkage compensation factors cfxy =
1.271 and cfz = 1.295, which were used to upscale the digital model
before printing, to achieve the desired sizes after the thermal post-

shrinkage

cf upscaled printing

| l

ceign design

thermal sintered
green part 5
post-processing part
1
I o
downscaled sintering
green part deviation

Fig. 1. Process flowchart showing the path from the design to the finished ceramic part. The most important evaluations are the comparison of the printed green part
with the upscaled design (with the correction factor cf), as well as the comparison of the finished sintered part with a digitally downscaled model of the green part, to

evaluate changes during the thermal post-processing.
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Fig. 2. 3D renderings of the three different test geometries.

Table 1
Shrinkage compensation factors used for the two different slurries.

direction LithaCon 210 LithaCon 280
XY (cfxy) 1.271 1.274
Z (cfy) 1.295 1.307
Table 2
Printer settings and technical properties.
parameter value
layer thickness (as printed) 25 pm
exposure time 15s
exposure intensity 100 mW/cm?
exposure energy 150 mJ/cm?
lateral resolution (pixel pitch) 57 pm
processing.
cf -1
shr = f (€8]
of

2.3. Thermal post-processing

After printing and cleaning the parts were stored at 40 °C before
undergoing further debinding and sintering. The debinding and sinter-
ing took 94 h and was performed in the Nabertherm HTCT 08/16 sin-
tering oven (Nabertherm GmbH, Lilienthal, Germany) with a maximum
temperature of 1450 °C. The time course for the thermal post-processing
was set as recommended by Lithoz, and is shown in Fig. 3.

debinding and sintering

1500 F ! ! ]
.
1250 | B8 ]
&) 2|5
o % 7
£ 1000 | ]
()
=
< 750 - _
g
g 500 | ]
g
250 | ]
O L 1 Il L
0 20 40 60 80

time in h

Fig. 3. These diagram shows the temperature during debinding and sintering.
The maximum temperature reached during sintering is 1450 °C.

2.4. Profilometer measurements

The same measurements were performed on the profilometer data of
the green parts and the post-processed parts, using the software VR Series
Analyzer (Keyence International, Mechelen, Belgium). The width, length
and diameter of pillars and holes have been measured at half height. The
radii were measured by adding a best fit circle to the profile section. The
height of pillars were measured by comparing the average height of the
pillars top surface to the average height of the specimens base surface.
To measure the angles on the specimen, straight lines have been fitted
along the profile edges, excluding rounded corners. Angles were
measured between these lines.

3. Results

All 36 samples have been printed successfully. A finished part for
each of the three different test geometries is shown in Fig. 4.

Cleaning the parts is quite a complex process, during which they are
first carefully detached from the printer’s building platform using a
razor blade and then sprayed with the cleaning solution, which is left on
for a few minutes to dissolve any uncured slurry and then blown away
with an airbrush from a safe distance until the green bodies are dry. If
there are any remaining layers of uncured material, they would flake off
during sintering. These residues on the sintered part can be scraped off,
for example with an ultrasonic scaler. Care was taken, that the sintered
parts were free of surface soiling and flaking residues.

3.1. Protrusions

Protruding geometries, such as the pillars of test geometry A and the
outer dimensions of the test parts A and B, underwent a lateral shrinkage
of shryy = 21.2 +3.4% (n=78) for LithaCon 210 and shrxy = 21.7 +
3.3% (n=78) for LithaCon 280. In Z direction, the shrinkage of the
pillars of test geometry A was shrz; = 23.6 + 0.54% (n = 24, LithaCon
210) and shr; = 24.5 4+ 0.55% (n = 24, LithaCon 280).

The total error from the finished part to the design is made up of the
printing error and the thermal treatment error. The deviations of pillars
and outer dimensions are shown in Fig. 5. It is shown, that most pillars
deviate from the design about +£50pm in XY direction. The pillar height
is below the design for all specimen. While the printing deviations were
comparably small, large deviations occurred in the shrinking process
during thermal post-processing. Especially the outer dimensions have
very low relative total errors ( < 1%), although the absolute total error is
around 100 pm. Only round pillars with diameter d = 2250 pm and d =
2500 pm feature a lesser shrinkage ratio, but higher standard deviation
of those, than most other pillars (shr = 16% to 19%).

Regarding the outer dimensions, it has been observed that the parts
shrink more than expected. This resulting in noticeably smaller di-
mensions than designed. In addition, the LithaCon 280 samples are also
printed to small, compared to the LithaCon 210 samples. All exact values
are shown in the supplement — Table 3.
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Fig. 4. The three different test geometries in sintered state.
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Fig. 5. Scatter plot showing the deviations occurred during printing (X axis) and thermal postprocessing (Y axis) in the individual positive structures. Upper left:
width and diameter of pillars, showing features transversal to the printing direction. Upper right: height of the pillars, showing features in printing direction. Lower
left: showing outer dimensions, transversal to the printing direction. The diagonal lines indicate the difference from the finished part to the digital design and
correspond to the shrinking factor of LithaCon 210.

3.2. Holes and slots

Inward features behave similarly to the outward ones just discussed.
For both materials, larger structures, here holes above s = 800 pm,
exhibit shrinkage in the range of approximately 19%-23%. In contrast,
smaller structures show lower shrinkage factors, going down to 10%.
Additionally, the dispersion of shrinkage values increases as the struc-

tures become smaller.

The deviation of the green parts holes and slots dimensions to the
targeted design is ranging around 100pm smaller to 25 ym larger, as

shown in Fig. 6. However, there is a significant difference between the
two different slurries. While all holes in the LithaCon 280 samples are
consistently clear, the 300 pm and 400 pm holes in the LithaCon 210
samples, with one exception, are clogged. Similarly, the length of the
narrowest slot in the LithaCon 210 samples is significantly reduced, and
its width is nonuniform. All exact values are shown in the supplement —

Table 4.
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Fig. 6. Scatter plot showing the deviations occurred during printing (X axis) and thermal post-processing (Y axis) in the individual negative structures. The diagonal

lines indicate the difference from the finished part to the digital design and correspond to the shrinking factor of LithaCon 210.

3.3. Radii

Two different types of radii were tested, on specimen geometry C was
a quarter circle with an overhanging radius r = 2 mm, while specimen
geometry B had a fillet radius with changing radius, where the radius
has been measured at 4 different positions. The average shrinkage of the
radii was 19.8%. However the overhanging radius has shrunk less than
the others, but features a higher standard deviation shr =17.1+ 9.23%.
The deviations occurring from printing and thermal post-processing are
shown in Fig. 7, the exact values are shown in the supplement — Table 6.

3.4. Overhanging bridges

Printing and sintering worked for all nine bridges with a length from
500 pm of up to 3 mm. The lengths of the printed bridges vary slightly.
Most measurements on LithaCon 210 samples range from 0 to 50 pm
larger than the design, while LithaCon 280 samples tend to be smaller
than the design, in a range of 0 to —100 pm, as shown in Fig. 9. Although
the bridges for both slurries were printed slightly wider than designed,
likely due to overexposure correction, the differences arise from the
significantly greater shrinkage of LithaCon 280 samples.

Depending on the length, various effects were observed which cause
the underside of the bridge to deviate from the ideal flat shape. Very
narrow bridges are printed correctly and are almost flat on the upper
side. For the slightly larger bridges, deflections can be seen. This is most
likely due to overpolymerization in the corners and from stress on the
thin printed layer from gravitation or pull of from the light window. As a
reminder, the parts are printed hanging upside down. This results in the
bridge being higher in the middle than on the sides, as with a vault, as
shown in Fig. 8a. In the longest bridges tested (3 mm), a compression
can be seen, see Fig. 8b. Presumably, the sagging bridge is compressed in
the opposite direction when re-entering the slurry bath. As a result, these
bridges are less high in the middle than on the sides. These effects
concerning the bridge geometry already occur in the green part. A
notable difference between the two slurries is also observed. While the
deviations during the printing process remain relatively constant for
LithaCon 280, they steadily increase with shorter bridges for LithaCon
210, as shown in Fig. 10. All exact values are shown in the supplement —
Table 5.
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Fig. 7. Scatter plot showing the deviations occurred during printing (X axis) and thermal post-processing (Y axis) on the individual radii. The diagonal lines indicate
the difference from the finished part to the digital design and correspond to the shrinking factor of LithaCon 210.
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500 pm

1 mm

Fig. 8. Microscope image from the profilometer, white sample on dark background. The printing direction of the 3D printer is from bottom to top in the picture, as
the parts are made hanging upside down. The bottom side of the recess, which is printed first, is flat in both cases. (a) Overhang with a length of 1 = 1 mm. The upper
side, where the printer has to bridge over the recess, is arched outward. Most likely due to overpolymerization effects in the corners and Z compensation. (b)
Overhang with a length of 1 = 3 mm. The top side, which is printed as a overhanging bridge, is curved. The top of the sample is flat again.
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Fig. 9. Scatter plot showing the deviations occurred during printing and
thermal post-processing on the bridge structures with different lengths. The
diagonal lines indicate the difference from the finished part to the digital design
and correspond to the shrinking factor of LithaCon 210.
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Fig. 10. Scatter plot showing the deviations occurred during printing and
thermal post-processing on the bridge structures. All bridges have a designed
height of Imm. The diagonal lines indicate the difference from the finished part
to the digital design and correspond to the shrinking factor of LithaCon 210.

3.5. Overhanging angles

The deviation of the sintered parts angles to the designed angles are
smaller than those of the green parts angles. This is an indication that the
parts shrink differently in the XY direction than in the Z direction, as
expected when selecting the corresponding correction factors. In all
these cases, a higher shrinkage in Z direction also means that the angles
become more acute. The difference of the measured angles to the
designed values in the finished state are shown in Fig. 11. With the used
correction factors for LithaCon 210, the upscaled designs for the green-
parts have the following angles: 15.27°, 30.47°, 45.54°, 60.46°, 75.27°
and for LithaCon 280: 15.37°, 30.64°, 45.73°, 60.63°, 75.36°. The exact

angles — deviation from design

4° - x x  LithaCon 210 |
% LithaCon 280
3° .
*
X x
2° + X B
3 & " X
X
12 | X X
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1ok b3 i
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_9° L | | L L

green part
sintered
green part
sintered
green part
sintered
green part
sintered
green part
sintered

g
®
&

Fig. 11. Plot of the measured angles. All median values are shrinking during
the sintering process. For each angle, the green part is shown on the left side,
while the markers on the right side show the measurement values of the sin-
tered part for comparison. The number of measurements for all angles isn = 5.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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values are shown in the supplement — Table 7.
4. Discussion

The experimental findings presented in this study reveal valuable
insights into the dimensional variations observed in 3D printed green
parts and their subsequent sintered analogues. The key observations
revolve around the origin of geometrical deviations, which were split to
variations from printing and thermal post-processing.

It is noticeable that the expected and measured shrinkage factors fit
better for structures in XY directions than in Z direction, which aligns
with the printing direction. However, concerning the outer dimensions,
it was demonstrated that the samples shrink significantly more than
expected. The samples precisely segregate into the two groups based on
the slurry used in their production, as illustrated in Fig. 5.

The total deviation of pillars and holes, both measured in the XY
direction, is nearly equal. This is primarily due to the employed over-
exposure correction. Overexposure means, that the excessive energy
applied during printing leads to unintended curing of the slurry beyond
the desired geometry, giving rise to the observed deviations. These data
demonstrate that well-tuned overexposure correction, in this case 57
pm, can yield good results. Without this correction, positive structures
would consistently become too large, and negative structures would
become consistently too small or even clogged. The offset caused by
overexposure is nearly constant and could thus be corrected using the
applied overexposure correction.

One observation that can be made from the clogged holes is that the
surfaces of the green parts may not have been perfectly clean of slurry
prior to sintering, or that small holes may have closed due to
overexposure.

Regarding the heights of the overhanging bridges, the Lithacon 210
samples show considerable deflections that increase with the length of
the bridge. This is probably due to the thin bridges sagging during the
printing process. The lower deflection observed in Lithacon 280 could be
attributed to the higher crosslink density of the binder, resulting in
stiffer green parts compared to Lithacon 210.

As for shrinkage during debinding and sintering, the measured
values show a certain scatter, but the shrinkage factors for protruding
and inward structures are in a similar range. A different shrinkage
depending on the direction, XY or Z, was already expected and can be
clearly observed. A good example of this is the printed angles where one
axis was printed in layer and the other axis was printed across the layer.
Since different correction factors were used for this, the median values
adapt better to the nominal values after sintering. Naturally, a better
correlation between the green parts and the sintered parts mean a more
uniform shrinkage of this geometry feature.

To enable mass production with this technology, the authors
recommend designing all parts with printability in mind, but specifying
the sizes that the finished part should have. The adjustment of the ge-
ometries to be printed, taking into account the geometric changes that
occur during manufacturing, should be done during slicing. This
approach also allows to create print files for different 3D printers.

One reason for the scattering of the measured shrinkage can of course
be an inaccuracy in the measurement with the profilometer, especially
due to the glossy high reflective surface. One reason for inconsistently
thick features could be uneven exposure of the DLP light source. At some
positions the exposure is higher and the parts at these locations get
therefore larger [17]. Also a reason for printing deviations could be the
positioning on the building platform. Since the matrix display of the 3D
printer has a specific pixel pitch, only discrete sizes can be produced. But
of course it cannot be ruled out that parts of the same geometry shrink
differently during debinding and sintering.

There are potential factors contributing to variations in the measured
shrinkage during thermal post-processing. The positioning of parts in
the kiln and the use of different furnaces are identified as critical ele-
ments that can influence shrinkage. Moreover, the specific ceramic
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material used and its associated sintering temperature prevent gener-
alizability of shrinkage results for different ceramics or other thermal
treatment parameters.

5. Conclusion

In this study, the geometric accuracy of 3D-printed ZrO, was inves-
tigated and experimental data was collected to enable to form a basis for
further improvement of print files for more accurate print jobs. Three
different test specimens were each 3D printed six times from two
different slurries each, scanned with a profilometer, sintered and
rescanned. Deviations of the printed green parts from the digital design
could be identified, and shrinkage during the printing process was
investigated. The geometries tested included columns, holes, slots,
overhangs, radii and overhangs, covering all printable geometries in
their simplest form. Overexposure correction was utilized to prevent a
size mismatch between protruding geometries, like pillars and outside
dimensions, and negative geometries, like holes and slots.

This study sheds light on the complex interplay between over-
exposure effects, shrinkage, and dimensional variations in 3D printed
ceramic parts. By exploring the proposed solutions, future research can
pave the way for enhanced print results and more precise control over
dimensional accuracy. Moreover, a deeper investigation of the factors
influencing shrinkage, including positioning in sintering ovens and
material variations, would be instrumental in refining the understanding
of these intricate processes.
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