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ence of the binder system on the thermophysical properties of 3D-printed stabilized
zirconia ceramics was investigated. Samples were fabricated with the lithography-

ac.at ceramic suspensions (LithaCon 3Y230 and LithaCon 3Y210), with the same ZrO,
Funding information powder. A significant difference in stiffness in the green state (~3 MPa vs. ~32 MPa
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raniAare Tumber with a rather loose or a linked network formed in the binder due to photopolymeriza-

tion. Both materials reached high relative densities, that is, >99%, exhibiting a homo-
geneous fine-grained microstructure. No significant differences on the coefficient of
thermal expansion (11.18 ppm/K vs. 11.17 ppm/K) or Young's modulus (207 GPa vs.
205 GPa) were measured, thus demonstrating the potential of tailoring binder systems
to achieve the required accuracy in 3D-printed parts, without detrimental effects on

material's microstructure and thermophysical properties at the sintered state.
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1 | INTRODUCTION as well as high wear resistance, thermal and chemical stabil-

ity, biocompatibility and low thermal conductivity as well as
Tetragonal zirconium dioxide (ZrO,), stabilized with 3 mol% high ionic conductivity make ZrO, in the tetragonal phase
of yttrium (3Y-TZP), bears the name of “ceramic steel”.!? of high interest for various applications, such as blades, bio-

High strengths (900—1200 MPa) in combination of high frac- implants, especially in dentistry, electrolytes for solid oxide
12

ture toughness (5-10 MPa.m"”) have been reported, asso- fuel cells or thread guides, etc.
ciated with the tetragonal-monoclinic phase transformation Established ceramic processing and forming technologies
toughening mechanism.”™ These high mechanical properties such as (i) uniaxial/ isostatic pressing, (ii) slip casting, (iii)
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tape casting, or (iv) injection molding, have been success-
fully employed for the fabrication of ZrO, parts. However,
the majority of these processes are limited to the fabrica-
tion of parts of rather simple geometry. Processes such as
injection molding, where parts of high complexity can be
made, are of high costs and require laborious manufacturing
of complex molds. Other aspiring technologies such as 3D
printing have established new paths for a rather low cost and
customized, without post-machining, fabrication of complex
ceramic parts. In this regard, various 3D printing processes
have been utilized to fabricate zirconia ceramics.®® Among
those selective laser sintering (SLS®), binder jetting, Fused
deposition modeling (FDM®), or Stereolithography (SL) /
Digital Light Processing (DLP) may be highlighted.9

One of the key aspects of using 3D printing is to achieve
high geometric accuracy and high resolution of the “green bod-
ies,” with the corresponding effect on physical and structural
properties of the sintered parts. Among the above-mentioned
techniques, and thanks to the selection of appropriate binder
systems and firing processes, SLA and DLP, in general, Vat
photopolymerization, show promising achievements in high
resolution of the green printed parts, as well as microstructure
and properties after sintering, comparable to ZrO, ceramics
fabricated through conventional forming processes.ﬁ’m"13

A key feature of vat photopolymerization is the use of light-
sensitive polymer systems, filled with ceramic powders, for
layer-by-layer solidification. The selection of the monomer sys-
tem in the suspension is crucial to provide stiffness to the green
part. The question raises whether the different “green” proper-
ties may have a significant influence on the final ceramic parts.

In this work, the effect of the binder system on the “green”
stiffness, maximum wall thickness, density, microstructure,
and thermophysical properties of sintered zirconia ceramics
is investigated. Monomers of different functionality are se-
lected for the binder employed in the suspensions: (A) mono
and difunctional monomers, (B) multifunctional monomers.
System A is prone to develop a rather loose polymer network
during printing, which may result in lower green stiffness,
thus limiting the feasibility of fabricating parts of fine struc-
tures. System B exhibits a strong polymeric network during
photopolymerization in the printing process, which results in
a rather high green stiffness for the easier printing of very
fine structures of high resolution. However, binder-burn-out
in the latter turns out to be more complex, which may result
in a lower maximum attainable wall thickness.

In this investigation, ZrO, parts are fabricated using the
lithography-based ceramic manufacturing (LCM) technology
based on DLP, as developed by Lithoz GmbH.'*!5 In the LCM
technology, parts are printed layer-by-layer in a bottom-up
setup, out of a filled photosensitive suspension due to photopo-
lymerization. The two different photosensitive ceramic suspen-
sions (LithaCon 3Y230 and LithaCon 3Y210), corresponding
to binder system A and B, respectively, contain the same ZrO,
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powder with slightly different solid loading content. Green
stiffness, maximum wall thickness, density, Young's modulus,
and coefficient of thermal expansion are determined and com-
pared. Vickers hardness is also compared to provide prelimi-
nary results on the structural properties of both systems. The
feasibility of printing ZrO, parts of high complexity, with high
resolution as well as thermophysical properties comparable to
commercially fabricated samples, is discussed.

2 | EXPERIMENTAL PROCEDURE

2.1 | Materials of study and samples
Two different photosensitive ceramic suspensions were de-
veloped, containing the same submicron granular ZrO, pow-
der (Dsy ~ 0.4 um) but different binder systems and ceramic
solid loading. System “A”, referred to as LithaCon3Y230
(Lithoz GmbH, Vienna, Austria), contains mono/di-functional
(meth-) acrylate used for photopolymerization and a solid
loading of ~44 vol%. System “B”, named as LithaCon3Y210
(Lithoz GmbH, Vienna, Austria) employs mainly (meth-)
acrylates with multifunctionality and has a solid loading of
~48 vol%. All samples were printed with a CeraFab 7500
3D printer (Lithoz GmbH, Vienna, Austria), using the LCM
technology. Two different states may be distinguished in this
investigation: (a) green state, and (b) sintered state. The green
state is defined as the state after printing, where the ceramic
powder has been shaped, but is still surrounded by the photo-
cured polymeric matrix. The thermal post-processing of the
samples in the green state can be divided into two steps: (i) the
debinding step, where the green part is thermally treated until
600°C to remove the polymeric binder; and (ii) the firing step,
where the open porous structure after debinding is heated to
1450°C to reach a fully dense body. The terminology for sys-
tem A and B is adapted according to the state of processing:
(1) “suspension” for the viscous state, (ii) “‘green-body” for the
state after printing, and (iii) “ceramic” for the sintered state.
Sample geometries for the determination of the various
material properties in the green as well as in the sintered state
are listed in Table 1. Since the LCM technology manufac-
tures the samples using a layer-by-layer approach,16 the di-
rection of the layers with respect to the testing direction, for
green stiffness evaluation, was taken into account.

2.2 | Printing process

The different formulation of the binder systems and the vary-
ing solids loadings of suspension A and B result in different
viscosity and printing properties. The printing processes for
both suspensions (A and B) were performed at a constant tem-
perature of 30°C, and the relative humidity was below 40%.
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TABLE 1 Material properties and corresponding testing
geometries for the samples either in “green” or sintered state

Measured Geometry and measuring
property standards State
Green Stiffness Tensile test rod (13 = 35 mm, green
bl =2 mm), ISO 527-1BB'7!3
Wall Thickness Cylinders (diameter: 3-8 mm; sintered
height: 10 mm)
Density Cylinders (diameter: 6 mm; sintered
height: 10 mm)
Young's Prismatic bar (4 X 3 X 45 mm), sintered
Modulus ISO 843-2"
Coefficient of Prismatic bar (4 x 3 x 25 mm) EN sintered
Thermal 821-1%
Expansion

The dynamic viscosity (1) of suspension A was ~10.2 Pa-s at a
shear rate of 20s ™" ata temperature of 30°C, in comparison for
suspension B 7(30°C) ~10.9 Pa-s at 20 s~!. Both suspensions
were printed applying a layer thickness of 25 um. However,
the applied exposure energy (E,,,) for suspension A is in gen-
eral set to E,,, ~175 mJ/cm?, whereas for suspension B it is
E,, ~100 mJ/em?. Due to the different solids loadings of
suspension A and B the shrinkage of 3D-printed occurs in an
anisotropic fashion, resulting in different shrinking compensa-
tions in xy- and z-direction. For suspension A and B shrink-
ing compensation factors of 1.283 and 1.270 were applied in

xy-direction, and 1.323 and 1.300 in z-direction, respectively.

2.3 | Thermal post processing

After printing, the samples were stored in a drying chamber at
a temperature of 120°C. The further thermal post processing,
debinding (<600°C) and sintering (1450°C), was performed
in one thermal treatment cycle for the applied green-bodies
A and B. For a better visualization, the debinding and fir-
ing step are shown separately in Figure 1. According to the
debinding steps for green-body A and B, the treatments are
different due to the different complexities of the developed
polymeric networks (Figure 1A). Considering green-body A
with a rather loose network, a debinding cycle with fewer
temperature plateaus and “short” total duration (~52 h) was
applied. In comparison, for green-body B, with a complex
polymerized network, the debinding step shows longer
dwelling times at numerous temperature plateaus and low
heating rates, resulting in a total duration of ~76 h. Whereas
the heating rates and dwelling times are equal for both sys-
tems (A and B) in the sintering step, the cooling rates are
different (Figure 1B). The lower cooling rate for body A is
selected to guarantee a homogeneous cooling in samples of
larger wall thicknesses.

2.4 | Microstructural analysis

Selected samples of sintered material corresponding to ce-
ramic A and B were polished to 1 um mirror finish with a
Struers RotoForce4 equipment. The polished samples were
further thermally etched at 1450°C for 40min to reveal mi-
crostructural features. The finished surface was coated using
an Agrar Sputter Coater and observed using a scanning elec-
tron microscope, SEM (JEOL JCM-6000Plus, NeoscopeTM,
JEOL Ltd.). The average grain size and the distribution
were evaluated applying the point-counting method on
~1000 grains in random directions.”'

2.5 | Evaluation of materials properties

2.5.1 | Green stiffness

In the LCM technology the stiffness of a printed sample in
the green state is crucial for the manufacturing of highly
complex and fine geometries. Green stiffness was meas-
ured of both green-bodies, A and B, by means of tensile
tests according to DIN EN ISO 3167,'® employing tensile
rod ISO-527 1BB geometry.17 The rods were tested, using
a universal testing machine (MTS Synergie 200). First,
a preload of 0.2 N was applied with a speed of 1.0 mm/
min to the clamped green rods and dwelled for 5 s for
relaxation. In the next step, the load was increased with
a speed of 5.0 mm/min until failure. The green stiffness
was evaluated by determining the slope of the stress-strain
curve, in the strain range of 0.005-0.500%, representing
the elastic behavior of the green bodies.

2.5.2 | Maximum wall thickness

Besides the green stiffness, the complexity and strength
of the polymer network formed during light exposure also
controls the maximum wall thickness after sintering of
stereolithographically printed ceramic parts. During the
debinding step, the polymers degrade and dissolve, caus-
ing stresses inside the polymer-ceramic-composite. It is
crucial to distinguish, whether the polymer used for pho-
topolymerization in the suspensions is (i) mono-functional
or (ii) multi-functional. The maximum wall thickness
(MWT) is the maximum diameter of a cylinder that can be
manufactured with no cracks in the sintered body. To de-
termine the MWT, cylinders of different diameters, from
3 to 8 mm, and a height of 10 mm were printed, debinded,
and sintered. After every processing step, the cylinders
were optically analyzed using a light microscope. The sin-
tered parts were further inspected using a dye penetrant to
reveal the presence of possible cracks.



HOFER ET AL.

() Debinding Step

600 T T T T T
green-body A A i
— 500+ green-body B \ ! i
@) |
=, |
© 400 + =
= 1
2 :
S 300 =
Q |
=) :
o 200+ .
= |
100 i 4
_______________________________________ -
0 T T T T T T T T .
0 10 20 30 40 50 60 70 80
Time [h]
(8) Firing step
1500 T T T T
$)
2.
° 1000 1
=
2
<
a
o
3
5 5001
=
0 T T T T
0 5 10 15 20 25
Time [h]
FIGURE 1 Thermal post-processing of green-body A and B

divided in the (A) debinding step and (B) firing step

2.5.3 | Density

The bulk mass density (p;,) of three sintered zirconia sam-
ples was measured after the Archimedes principle ac-
cording to EN-623-2.* The theoretical density of zirconia
(pg, = 6.088 g/cm3), used for density calculations was pro-
vided by the ceramic powder supplier. The relative densities
(pre) Were calculated as p; = py, / pyp-

2.54 | Young's modulus

The elastic modulus of the zirconia sintered samples from ce-
ramics A and B was evaluated under three-point bending fol-
lowing the EN 843-2 standards.'® A universal testing machine
with a 100 N load cell was used (Messphysik, Microstrain,
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Fiirstenfeld, Austria). The average Young's modulus was de-
termined from three bending bars (4 X 3 X 45 mm) of each
material using a three-point bend set-up with a 40 mm outer
span. Load-displacement curves were measured during alter-
nating loading/unloading cycles. The cycles were controlled
by displacement with a crosshead speed of 0.5 mm/min. The
selected preload was 2 N and the maximum load 50 N, re-
spectively, for both ceramics. Tests were performed in ambi-
ent conditions (23°C and ~24% relative humidity).

2.5.5 | Coefficient of thermal expansion

A dilatometer (Netzsch — Thermal Analysis, 95100 Selb,
Germany) was employed to determine the coefficient of
thermal expansion (CTE), for both ceramics, A and B. The
change in length with temperature was measured in bend bars
with a cross section of 4x3 mm and a length of 25 mm, for a
temperature range from 30°C to 900°C. The heating as well
as the cooling rate were 5°C/min, respectively, and at each
100°C segment a dwelling time of 1 h was held. The meas-
ured data were further used for the calculation of the CTE,
using 25°C as reference temperature.*’

2.5.6 | Vickers hardness

For the evaluation of the Vickers Hardness (HV) a side sur-
face of a testing bar of each ceramic, A and B, was polished to
a 1 um mirror finish for a better imprint identification of the
indent. A load of 5 kg was applied using a pyramid-shaped
diamond indenter on a Zwick Indenter machine (ZwickRoell
GmbH & Co). For statistical significance, 20 indents were
performed at two polished surfaces of each material. The
corresponding Vickers Hardness (HV5) was evaluated ac-
cording to the EN 843-4 standards.”® Crack lengths were
measured to qualitatively compare the resistance of both A
and B ceramics to the propagation of surface cracks.

3 | RESULTS AND DISCUSSION

3.1 | Materials properties of green bodies
The main difference between systems A and B is at the
green state of the printed parts. Figure 2 shows two repre-
sentative stress—strain curves of a certain strain range for
the determination of the green stiffness for green-body A
and B.

Whereas green-body A exhibits a rather low green stiff-
ness of ~3 MPa, the green stiffness of green-body B was
~32 MPa. This difference can be explained by the distinct
polymer network developed during the printing process, that
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is, in green-body A a rather loose network, and in green-body
B a rather strong network.

3.2 | Materials properties of sintered bodies

3.2.1 | Microstructure and density
Figure 3 displays polished surfaces to illustrate the micro-
structure for (A) ceramic A and (B) ceramic B. Both ce-
ramics exhibited a fine grained, homogenous, and dense
microstructure after sintering. In Figure 4, the evaluated
grain size distributions for both ceramics (A and B) are
compared.

According to the measured grain size distribution, ceramic
A has a slightly larger average grain size of ~0.45 + 0.01 um in
comparison to ceramic B, i.e., ~0.43 + 0.02 um. This slight dif-
ference in grain size of the two ceramics displays a tendency
and may be associated with the distinct solids loading of ceramic
powder in the viscous suspensions (i.e., ~44 vol% for suspension
A vs. ~48 vol% for suspension B). No porosity could be observed
in the micrographs analyzed. For both materials, a relative den-
sity >99% was measured (see Table 2). To our knowledge, this
density value has never been reported for zirconia fabricated with
additive manufacturing employing stereolithography.6’1 1:24.25

3.2.2 | Structural and thermophysical properties
For ceramic A, the maximum wall thickness in the sintered
state, reached ~6.2 mm, whereas for sintered ceramic B, the
measured maximum wall thickness was ~4.7 mm. The differ-
ence in MWT of the investigated ceramics can be correlated to
the difference in complexity of the developed network during
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FIGURE 2 Stress—strain curves of green-body A and B for
determination of the green stiffness

photopolymerization in the green-bodies A and B, affecting
the degradation behavior during binder-burn-out.
Representative curves of the E-Modulus measurements
in Figure 5 show the identical elastic behavior of the two
ceramics A and B. The values for a,,, (technical CTE) for
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(B) ceramic B

FIGURE 3 SEM images of the microstructure of (A) ceramic A
and (B) ceramic B
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TABLE 2 Thermophysical properties of

Prel E-Modulus CTE (25-900°C) HV material A and B
Material property [%] [GPa] [ppm/°C] [GPa]
Material A 99.37 +£0.12 207 + 1 11.18 + 0.05 13.5+0.1
Material B 99.35 +0.14 205 + 1 11.17 + 0.06 13.6 +0.2
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FIGURE 5 Load—displacement curve for system A and B

the temperature range of 25-900°C are almost identical (i.e.,
~11.2 ppm/K) for both ceramics A and B (Table 2).

Figure 6 shows representative Vickers indentations at
a load of 5 kg for (A) ceramic A and (B) ceramic B. The
total crack length (2a), from crack tip-to-tip in the vertical
and horizontal direction, was measured on ten indents of
each ceramic. The average crack length for ceramic A was
172 + 3 um and 175 + 2 pm for ceramic B, respectively.
These measured values do not statistically differ, indicating
that mechanical properties (such as strength and fracture
toughness) of both ceramics are expected to show strong
similarities.

In Table 2, the relative density (p,), the Young's modulus
(E), the Vickers Hardness (HV) as well as the coefficient of
thermal expansion in a temperature range of 25-900°C (CTE)
are summarized for ceramics A and B.

The properties measured for ceramics A and B are
almost identical. In addition, the Young's moduli of
~205 GPa, the CTE of ~11 ppm/°C as well as the Vickers
Hardness ~13.5 GPa are comparable to the properties
achieved with conventional fabrication methods for the
same zirconia material.>? These results indicate the po-
tential of tailoring binder systems to achieve the required
accuracy in 3D-printed parts, without affecting the mate-
rial's microstructure and thermophysical properties of the
sintered parts.

(B) ceramic B

FIGURE 6 Vickers indentations (5 kg) for (A) ceramic A and (B)
ceramic B

4 | CONCLUSION

The effect of photosensitive binder systems investigated on
two commercially available suspensions (LithaCon 3Y230
and LithaCon 3Y210) with the same ZrO, powder revealed a
strong difference in material stiffness at the green state (i.e.
~3 MPa vs. ~32 MPa). Relative densities higher than 99%
were measured in both ceramics after sintering, showing no
apparent porosity and an homogenous fine-grained micro-
structure. Thermophysical properties of the sintered ceramic
parts for both systems, manufactured using the LCM process,
did not reveal significant differences. This indicates the fea-
sibility of printing simple or bulky geometries with large wall
thickness (3—7 mm), such as valves, bearings, or cutting tools
with the system LithaCon 3Y230. In comparison, for rather
complex and fine geometries with smaller wall thicknesses
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(<3 mm), as in the medical industry for mandible or dental
implants, or as filters and nozzles in the field of technical ap-
plications, the system LithaCon 3Y210 fulfills the conditions
of high resolutions and high green stiffness.
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