Journal of

Ceramic Science
and Technology

J. Ceram. Sci. Technol. 1-10 (2019)

DOI: 10.4416/JCST2019-00023

available online at: http://www.ceramic-science.com
© 2019 Goller Verlag

Influence of the Printing Parameters on the Quality of
Alumina Ceramics Shaped by UV-LCM Technology

P. 0z6g™1 2, G. Blugan!, D. Kata2, T. Graule!

ILaboratory for High Performance Ceramics, Empa, Uberlandstrasse 129, 8600 Diibendorf, Switzerland
2Faculty of Materials Science and Ceramics, University of Science and Technology,
al. Adama Mickiewicza 30, 30059 Cracow, Poland

received February 22, 2019; received in revised form July 6, 2019; accepted July 26, 2019

Abstract

The commercial alumina dispersion LithaLox HP500 from Lithoz (Austria) was 3D-shaped on a customized LCM
device equipped with a light engine emitting at a wavelength of 365 nm and pixel size of 20 pm. The precision of the
green part fabrication was measured using gear geometry and different exposure energies. The effect of the layer
thickness on the shaping of the green bodies and the sintered ceramics was also evaluated. Additionally, the strength
of parts fabricated using different layer thickness was tested in ball-on-three-balls testing and their fracture surfaces

were analysed.
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I. Introduction

A layer-by-layer fabrication approach is used in many
Additive Manufacturing (AM) methods for ceramics.
Layers are stacked together and each one has an indi-
vidual pattern that corresponds to the object design!.
There are many different AM techniques using such an
approach 24, but here the authors want to mention only
those based on photopolymerization; stereolithography
(SLA) and digital light processing (DLP). In both tech-
niques, suspensions undergoing photopolymerization are
used to fabricate green bodies. Such solutions contain a ce-
ramic powder dispersed in a photopolymerizable binder,
which is a reactive monomer and/or oligomer; a dispers-
ing agent and a photoinitiator are also used. Additionally,
dispersions may contain a reactive or non-reactive dilu-
ent. The main difference between SLA and DLP lies in
the layer curing. In SLA, a laser cures the pattern point-
by-point, whereas in DLP the whole layer is cured all at
once by a selectively masked light source (LEDs). That
shortens the build time when several parts, even of various
geometries, are fabricated during a single run. DLP has
also the advantage of reduced oxygen inhibition effects
as the suspension during polymerization is not directly
exposed to air 3.

Currently, some commercially available systems for SLA
and DLP can be found on the market. Fast Ceramics Pro-
duction (FCP) is a solution developed by 3D Ceram Co
(France) and is based on SLA. It was used, for example, to
fabricate ceramic green bodies for zirconia dental crowns >
and alumina parts ©. In both cases, the ceramic pastes used
were also developed by 3D Ceram Co 4,5. The prepara-
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tion of bone scaffolds for reconstructive surgery 7 is an ad-
ditional example of using FCP technology.

Regarding DLDP, there are some commercially available
solutions for 3D manufacturing of ceramic materials:
Large Area Maskless Photopolymerization (LAMP) tech-
nology was introduced by Georgia Tech spin-off DDM
Systems (Georgia, USA) and was applied in the manufac-
turing of molds with integral cores for aerofoil investment
casting 8; ADMAFLEX is an AM technology developed
by ADMATEC (Netherlands), which was used, for ex-
ample, in studies on a custom one-piece dental implant
3D-shaped in yttria-stabilized zirconia dental material
(TZ-3YS-E) ? and Lithography-based Ceramic Manufac-
turing (LCM) is technology for ceramic materials which
was initially developed at TU Vienna and further indus-
trially developed by Lithoz GmbH (Austria) 10-12. LCM
seems to be the most commonly used of the aforemen-
tioned technologies 11-17,

Besides the available commercialized equipment for AM
of ceramics, which is rather expensive, some groups have
worked on developing their own low-cost equipment.
Anexample is the work of Varghese et al. 18. They de-
veloped a 3D printer using a DLP projector with a UV
source emitting at a wavelength of 253 nm. Alumina and
YSZ were fabricated in their study.

Schwentenwein et al. 19 published work in which an alu-
mina slurry developed at Lithoz, LithaLox HP500 was
3D-shaped using a commercial CeraFab 7500 device from
the same company. In their work, Lantada et a/. 17 present
capabilities and challenges of shaping using alumina slur-
ry with the CeraFab 7500 with a pixel size of 40 x 40 um at
awavelength of 460 nm.
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In the current work, the same alumina dispersion was
shaped using a custom-made unique CeraFab 7500 device,
equipped with a light engine emitting at 365 nm wave-
length and pixel size of 20 x 20 pm. The aim of this study
was to evaluate the possibilities and limitations of the cus-
tomized LCM device. Printing parameters such as expo-
sure energy and layer thickness were modified to evaluate
their effect on the x-y resolution, layer adhesion, and final-

ly the flexural strength was tested with the ball-on-three-
balls method.

II. Raw Materials

Commercially available alumina dispersion Lithalox
HP500 from Lithoz (Austria) was used in this study to
fabricate green bodies and study the 3D-structural shap-
ing process onan LCM device equipped with alight engine
emitting ultraviolet light. Normally, this slurry is used to
form green bodies by performing photopolymerization
process using blue light (about 460 nm wavelength).

This suspension contains 49vol% high-purity alu-
mina powder and has a density of 2.52kg-m320, and
(meth)acrylate monomers are used as a reactive binder 19.
Additionally, the dispersion contains proprietary non-
reactive solvent, the dispersant and photoinitiators.

III. Processing and Shaping

The geometry of a gear was used to test the resolution
of 3D shaping using a customized CeraFab 7500.A. st/
file of a gear downloaded from www.tracepartsonline.net
(Geradzahn-Stirnrader — Modul 0.5) and further modi-
fied using free freeware, Autodesk® Tinkercad™. Fig. 1
shows the gear geometry that was later fabricated.

I AUTODESK ®
TINKERCAD ™
[ClA]

O

imm

Fig.1: Gear geometry with the outside diameter of
6.25 mm (representation in Autodesk™®”  Tinkercad ™,
https://www.tinkercad.com/).

Table 1: Printing parameters: exposure time.

The standard commercially available CeraFab 7500 de-
vice operates with a light engine emitting at wavelength of
460 nm. It has a lateral resolution of 40 pm (40 x 40 um
pixel size). That results in a building envelope of 76 mm x
43 mm in the x-y-axis and 150 mm in the z-dimension.

In this study, a custom-made unique CeraFab 7500 was
used. It is equipped with a light engine which emits at
365 nm wavelength and it has better lateral resolution of
20 um (20 x 20 pum pixel size). That results in a building
envelope of 38 mm x 22 mm in the x-y dimension, and
170 mm in the z-axis. Layer thickness, being one of the
printing parameters, can be modified in the range from
10 pm to 100 um.

The range of exposure intensity which can be applied is
different for the two light engines, based on light-emitting
diodes (LEDs) and a digital micromirror device (DMD),
mentioned above. The light engine emitting 365 nm wave-
length can operate with exposure intensities in the range
between 5 mW-cm-2and 18.76 mW-cm-2, whereas a range
from 5 mW-cm2 to 83.12 mW-cm-2 is obtainable for
460 nm LEDs. More details of the CeraFab 7500 working
principle can be found in the relevant literature 19,21,

Various sets of printing parameters were used in the
three-dimensional shaping process, in order to define
those resulting in a geometry closest to the design. The
printing parameters that were modified are presented in
Table 1. In each case, 25 pm was the layer thickness being
printed and five was the number of the starting layers.
Those are the first five layers to which higher exposure
energies were applied to improve adhesion between the
building platform and the printed parts 18. All the other
parameters were maintained the same as recommended
in the LithalLox HP500 data sheet 20. Smaller gears were
fabricated by applying scaling factors of 0.7 and 0.5 using
CeraFab DP software, during preparation of the printing
file.

In order to investigate the influence of the layer thickness
on the green bodies and sintered ceramics, PP-5 and PP-6
were used and modified by changing the layer thickness
to the values of 50; 75 and 100 wm. Green bodies of the
gears were fabricated to perform this evaluation. Table 2
presents the printing parameters that were used.

Parameters PP-1 PP-2 PP-3 PP-4 PP-5 PP-6
Layer thickness [um] 25 25 25 25 25 25
Exposure time start [s] 6.40 5.86 5.1 3.2 1.6 1
Exposure time general [s] 5.87 5.33 4.80 2.93 1.2 1
Exposure intensity start [mW-cm2] 18.76 18.76 18.76 18.76 18.76 18.76
Exposure intensity general [mW-cm™2] 18.76 18.76 18.76 18.76 18.76 18.76
Exposure energy start [m]-cm=2] 120.01 110.01 95.68 60.03 30.02 18.76

Exposure energy general [m]-cm™2] 110.01 100.01 90.01 55.04 22.51 18.76
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Table 2: Printing parameters: layer thickness.

Parameters PP-6 PP-7 PP-8 PP-9 PP-10
Layer thickness [um] 25 50 75 75 100
Exposure time start [s] 1 1 1 1.6 1.6
Exposure time general [s] 1 1 1 1.2 1.2
Exposure intensity start [mW-cm-2] 18.76 18.76 18.76 18.76 18.76
Exposure intensity general [mW-cm=2] 18.76 18.76 18.76 18.76 18.76
Exposure energy start [m]-cm-2] 18.76 18.76 18.76 30.02 30.02
Exposure energy general [m]-cm™2] 18.76 18.76 18.76 22.51 22.51

The flexural strength of the specimens fabricated using
the customized CeraFab 7500 was tested using the ball-
on-three-balls (B3B) method. Specimens for the B3B tests
were fabricated using PP-4 with differentlayer thicknesses
in the shaping process: 25 pm, (type A), 50 um (type B),
75 um (type C) and 100 um (type D). An. st/ file of a 5.3-
mm-diameter disc was used to manufacture the specimens.

Three-dimensionally shaped green bodies were debind-
ed in air atmosphere according to the temperature pro-
grams provided by Lithoz in the data sheet with pro-
gram parameters 22. Debinding was performed at the max-
imum temperature of 900 °C in a PC 12 furnace from Py-
rotec (Germany) and sintering at 1600 °C for 2 h in air
in a HTF 1700 furnace from Carbolite Gero (Germany).
A graphical representation of both thermal treatment pro-
cess temperature profiles is given in Fig. 2.

a)

1100°C. 0 h

1.00 K/min

0.50 K/min

1600°C, 2 h

0.83 K/mi
™ 083 K/min\ 1200°¢.0 1

600°C. 0 1

0.67 K/min 1.60 K/min

Fig. 2: a) Debinding and b) sintering profile of LithaLox HP 500
parts.

IV. Characterization Techniques

Green bodies fabricated on the LCM device and sintered
parts were analyzed with a light microscope SteREO Dis-

covery V20 from Carl Zeiss (Germany), in order to evalu-
ate the presence of defects.

Density of the sintered ceramic pieces was measured
using a Helium Pycnometer AccuPyc II 1340 from Mi-
cromeritics (USA). A value of 3.98 g-cm=3 23 was used as
areference to calculate relative density.

Biaxial strength of specimens fabricated using different
layer thickness was determined by means of B3B tests per-
formed using a Zwick Z005 from Zwick/Roell (Germany)
with aload cell of 200 N. Tests were carried out under rel-
ative humidity of 42.1 + 3.3 % and temperature of 24.0 +
0.4 °C. The load applied to the specimen was increased
at the rate of 1 mm-min-1, until failure occurred. Prior to
the B3B test, the thickness and the diameter of the speci-
men were measured using a micrometer. Dimensions were
measured three times for each specimen. Then the average
specimen dimensions were calculated and used for the cal-
culations. After the B3B test the average strength was cal-
culated for each set of specimens, 3D-shaped using differ-
ent layer thickness. Additionally, the average thickness for
each specimen type was calculated and is given in Table 3.

The maximum load value at the moment of a fracture
was used to calculate the strength of a specimen and the
strength was calculated according to Eq. 1:

opsp =1 - th 1)
where Gpsp is the flexural strength [MPa], F is the applied
force at the moment of failure [N] and ¢ is the thickness
[mm] of the specimen. The dimensionless factor f depends
on the ratio of the thickness to the disc radius. More de-
tails about the B3B test can be found elsewhere 24:25. The
Weibull modulus was calculated according to the standard
EN 843 -5 26,

The microstructure after sintering was examined with
a scanning electron microscope (SEM), a Vega Plus
5136 MM from Tescan (Czech Republic), on as-sintered
surfaces and on fracture surfaces. Before the microstruc-
tural investigations, the materials were not further pol-
ished or etched. The mean grain size of the sintered alu-
mina was determined with the linear intercept method
according to the standard EN 623 —3:2001 27. Photos of
four different areas were analyzed applying at least nine
straightlines randomly oriented and measuring atleast 200
intercepts using the LINCE software from TU Darmstadt
(Germany). A correction factor of 1.56 was used for the
calculations 28.



4 Journal of Ceramic Science and Technology —P. Oz¢g et al. 2019

Table 3: Summary of B3B tests.

Specimen type A B C D

3D printing layer thickness [um] 25 50 75 100
Number of tested specimens 28 32 45 29
Specimen thickness [mm] 0.42 0.42 0.39 0.39
Average strength [MPa] 483+119 530+74 487 +83 475+ 80
Median strength [MPa] 529 532 456 480
Weibull modulus m [-] 6.0 6.6 4.9 5.6
Characteristic strength [MPa] 558 568 528 528

90% confidence band [MPa] 528 -590 542-595 501-557 499 -560

Image analysis was done using Imagic ims Client soft-
ware from Imagic Bildverarbeitung AG (Switzerland).
In the case of gears, the outside diameter and the gear hole
diameter were measured five times and the average calcu-

lated.

V. Results and Discussion

(1) Effect of exposure energy

Printing parameters PP-1 and PP-2 correspond to the ex-
posure energy range recommended in the dispersion data
sheet of LithaLox HP500. Exposure energy ranges given
in the slurry data sheet correspond to using the Lithoz de-
vice equipped with the light engine emitting wavelength
of 460 nm. A photo of the green body obtained using PP-
1is shown in Fig. 3. The tips of the gear teeth are rounded
instead of having sharp points. The gaps between the gear
teeth are not present. Additionally, the gear hole is closed
by polymerized film. That indicates that PP-1 causes over-
polymerization of the dispersion.

Fig. 3: Green body obtained using PP-1 (no scaling factor).

Reducing the exposure energy improves the resolution
of the green bodies. Teeth tips become sharper; gear holes
gradually open more in the case of gears of all sizes. Final-
ly, only printing parameters PP-5 and PP-6 allowed fabri-
cation of gears close to the geometry shown in Fig. 1 and
with the best x-y resolution. Fig. 4 depicts photos of the

gears three-dimensionally shaped using PP-6 and scaling
factors of 1,0.7 and 0.5.

a)

Fig.4: Green bodies obtained using PP-6 a) no scaling, b) scaling
0.7, ¢) scaling 0.5.

The outer diameter of the gears is the closest to the value
of 6.25 mm (.st/ file) for the PP-5 and PP-6. However,
when the dimensions of the gears fabricated using these
two printing parameter sets are compared, no significant
difference is observed. Yet, there is still some deviation
from the. st/file dimensions. An overgrowth of 2.08 % and
0.68 % was recorded for the 3D gears printed using PP-5
and no scaling factor and scaling factor of 0.7 respectively.
Gears with a scaling factor of 0.5 showed an undergrowth
of 0.32 %. Applying PP-6 resulted in overgrowth values
of 1.57 % and 0.22 % and an undergrowth value of 1.28 %
for the gears with no scaling factor, 0.7 and 0.5 scaling
factors being used respectively. Only in the case of the
gears printed using scaling factor of 0.5 and parameters
sets PP-5 and PP-6 was undergrowth observed. In the case
of the gears shaped using the same scaling factor and the
printing parameter sets PP-3 and PP-4, an overgrowth
of 8.31 % and 4.15 % was observed respectively for the
outside gear diameter.

As expected, using higher exposure energies resulted in
more significant dimensional deviations from the original
design, both in the case of the outer diameter and the gear
hole. However, dimensional differences are higher for the
diameter of the hole, independent of the printing param-
eters being applied. In the work by Mitteramskogler et
al. 29, such dimensional deviations were observed, too, and
light scattering was mentioned as their cause. According to
Mitteramskogler et al. and on the basis of our own experi-
ence, the larger the component area surrounding the hole,
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the more significant light scattering and overgrowth of the
solidified dispersion are caused.

The light microscope observations of the sintered parts
revealed the presence of defects. An example, the tooth of
the gear printed using PP-4 is shown in Fig. 5a. The side
surface of the gear is not completely smooth, and afew
grooves can be observed (arrows), caused by specimen
handling in the green state. Some lines defining the differ-
entlayers (dash-dotline) canalso be observed. Yet, they do
not appear over the whole height of the part. Fig. 5b shows
the part printed using PP-5. A line pattern is present on
the part side and it seems to occur along the printed layers
and only on the outer surface. One of the lines is darker
than the others (dot line), suggesting that it penetrates in-
side the specimen. Additionally, some voids are observed.
Similar features are observed in the case of the gear print-
ed using PP-6 (Fig. 5¢, dot and dash-dot lines). However,
this specimen exhibits a higher number of the darker lines.
The observed lines appear along the layers, suggesting that

they may be cracks caused by delamination issues during
3D shaping 2°.

(2) Layer thickness vs. layer adbesion

Printing parameters PP-6 were selected to be applied in
investigating the effect of the layer thickness on the green
body, by modifying the layer thickness. Using PP-6 illu-
mination conditions, parts using a layer thickness of 25 and
50 um could be manufactured. Using 75 pm as the layer

Fig. 5: Teeth of the sintered gears printed using a) PP-4; b) PP-5; c) PP-6.

thickness caused layer adhesion problems; it was not suf-
ficientto keep thelayers together. During fabrication some
of layers separated from the ones already deposited on the
building platform. They remained on the vat’s surface and
caused discontinuity of the recoated layer of slurry. Due to
this fact, PP-5 was modified by increasing the layer thick-
ness to 75 um, giving PP-9. The associated increase in ex-
posure energy was sufficient and allowed completion of
the shaping process. PP-5 was modified further to PP-10
by increasing layer thickness to 100 pm. In this case, no ad-
hesion issues occurred during shaping of the parts. Fig. 6
shows the teeth of the gears in the green state fabricated
using 50; 75 and 100 um layer thickness.

Layer thickness above 25 um resulted in a formation of
a line pattern along the layers. Using 50 um as the layer
thickness resulted in specimens not exhibiting any layer
cohesion issues. However, the edges of the gear teeth are
uneven (Fig. 6a, dash-dot line). Parts shaped using a lay-
er thickness of 75 pm resulted in a crinkle-cut-like side-
surface finish (Fig. 6b, dash-dot line). Using a layer thick-
ness of 100 um caused pronounced delamination problems
(Fig. 6¢, dash-dot line) and a side-surface finish similar to
thatobtained when a 75 pm was used as the layer thickness.

Fig.7 shows the side view of the sintered gears. They
were 3D-fabricated using a scaling factor of 0.7 and lay-
er thickness of 25 um (Fig.7a), 50 pm (Fig. 7b), 75 um
(Fig. 7¢c) and 100 um (Fig. 7d). A light source was used to
identify the presence of defects in the sintered gears.
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Fig. 7: Sintered gear teeth, layer thickness of a) 25 pm; b) 50 pm; b) 75 pm; ¢) 100 pm.

A lot of dark lines occurring along the layers can be
seen. Lines indicate the presence of cracks in the specimens
(Fig. 7, arrows). That means some layer adhesion issues
appeared already during the shaping stage 2%. Parts manu-
factured using 25 pm do not have as many cracks as the
specimens fabricated using higher layer thickness. Three-

dimensionally manufactured specimens using 100 um as
the layer thickness have cracks that appear every two to
three layers. Some of the cracks are present along a part of
alayer, especially in the gear teeth, thisis visible in the parts
3D-shaped using 25 um, 50 pm and 75 pm. In the case of
a layer thickness of 100 um, cracks are present along the



2019 Quality of Alumina Ceramics Shaped by UV-LCM Technology 7

whole layer. The cure depth being insufficient to provide
good layer adhesion at the applied exposure energies (see
Table 2) is an explanation of the observed phenomenon.

In order to avoid any layer adhesion problems in the
green bodies and crack formation in the sintered pieces,
it is recommended that a dispersion cure depth evaluation
is performed prior to the 3D shaping process. Then ade-
quate exposure energy can be adjusted for the particular
layer thickness. However, a compromise has to be found
between exposure energy resulting in good layer adhe-
sion, side-wall surface finish and the dimensional feature
resolution. In this case, none of the printing parameters
used (PP-6, -7; -8;. 9; -10) meet that compromise. There-
fore, exposure energy in the range between 30 mJ-cm-2and
50 mJ-cm2 should be used.

(3) Mechanical testing and fractography

All the specimens tested with the B3B method were as-
sintered. The specimens had a tendency to break in to
2-3 pieces. The energy stored at the moment of failure
defines the number of pieces a specimen breaks into. The
higher that energy is, the more pieces will be created on
specimen failure 28. Some of the specimens did not break
into pieces, but crack lines could be observed in the speci-
men; one of A-type, one of B-type, thirteen of C-type and
thirteen of D-type. A few specimens showed behavior in-
dicating slipping away from the measurement set-up dur-
ing application of a low load. It was observed for two of
type-A; one of type-B; four of type-C and two of type-
D specimens. That occurred probably due to the fact that
specimens were not completely flat. Some of the investi-
gated specimens broke already at pre-loading stage; one of
type A, two of type D. Therefore, the number of the tested
specimens is different than the number of specimens pre-
pared for the B3B tests. Results of the B3B tests are sum-
marized in Table 3. Specimens of A type have relative den-
sity of 96 %, type B of 97 %, type C of 97 % and type D of
98 %.

The highest average strength value of 530 MPa was ob-
served for B-type specimens. However, A- and B-type
specimens exhibit similar mean strength values, which
are higher compared to those of C- and D-type speci-
mens. Within a batch of each specimen type, the lowest
strength values were measured for the specimens which
“slipped away” during the teste.g. specimen 26-A type had
astrength of 203 MPa, specimen 3-B type had a strength of
265 MPa, specimen 13-C type had a strength of 223 MPa
and specimen 1-D type exhibited a strength of 335 MPa.
Those specimens did not break during the test.

A-type specimens have a characteristic strength of
558 MPa with a 90 % confidence band between 528 MPa
and 590 MPa. B-type specimens exhibited characteris-
tic strength of 568 MPa, with the 90 % confidence band
between 542 MPa and 595 MPa. Identical characteristic
strength values are recorded for C- and D-type specimens
and are respectively 528 MPa and 528 MPa. These two
specimen types have a similar 90 % confidence band of
500 MPa — 557 MPa and 499 MPa — 560 MPa. In general,
the average strength of all specimen types does not vary
too much and is within experimental deviation for high-
strength, high-purity alumina. This can be attributed to

the exposure energy applied during the green body fabri-
cation process. Exposure energy remained nearly constant
and the layer thickness was the main variable. Using ex-
posure energy that is too low would cause layer adhesion
issues, as shown earlier in this study. Perhaps the sintering
process itself is also giving this high consistent average
strength.

The highest Weibull modulus of 6.6 was calculated for B-
type specimens and C-type specimens exhibited the low-
est modulus of 4.9. Fig. 8 shows Weibull diagrams for A-;
B-; C- and D-type of the tested specimens.

Schwentenwein et al. 1921 performed mechanical test-
ing of alumina ceramics prepared by means of 3D man-
ufacturing with LCM technology using LithaL.ox HP500
dispersion on 30 specimens 19. They fabricated bar speci-
mens for 4-point bending tests. They achieved a strength
of 427 MPa and a Weibull modulus of 11.2. Owing to the
different tests performed and therefore different specimen
dimensions in their study and in ours, the results cannot
be directly compared. However, the higher Weibull mod-
ulus calculated in their study suggests lower deviation in
specimen-to-specimen strength values. In the B3B test, the
highest stresses appear on the surface of the tensile side and
surface defects have a great influence on the strength and
the scatter of data. Therefore, the surface defects may have
aninfluence on the low Weibull modulus values. Some low
strength values have a significant impact on the scatter of
data, while having a small influence on the characteristic
strength.

Some of the specimens examined with the B3B test were
further investigated by means of SEM to find possible
fracture origins. According to the literature, the max-
imum tensile stress is located in the center of a speci-
men 25, 30,31,32 Additionally, a fracture origin may be
found in the area close to or at the tensile surface 25. There-
fore, the tensile sides of the broken specimens were inves-
tigated intensively to find the possible fracture origin on
one piece of the broken specimen and its match on the op-
posing piece of the specimen. Grain size measured on the
as-sintered surface of alumina discs was 5.83 £0.90 um.

Fig. 9 shows images of two matching fracture surfaces of
the specimen A-21 with the possible failure origin marked
by the grey dash-dot line. It seems that an agglomerate
was present in the specimen and was pulled out during
specimen failure, leaving a cavity in one of the broken
specimen pieces. Inside the cavity, several pores are present
as well as some hackle lines propagating from the pores
to the specimen bulk. The value of 334 MPa is the failure
strength of specimen A-21.

Fig. 10 depicts the fracture surface of specimen C-29. The
specimen broke into three pieces and the fracture origin is
located on the tensile side, in the center of the specimen.
That specimen exhibited a flexural strength of 372 MPa.
It is the lowest strength among all C-type specimens. In
Fig. 10, a grey dot-dash line is used to mark the possible
fracture origin and crack branching is marked by grey dash
arrow lines.

The Griffith/Irwin equation was used to calculate the
size of the critical defect of the examined specimens a:

Kic=0-Y va 2
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2019 Quality of Alumina Ceramics Shaped by UV-LCM Technology 9
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Fig. 9: Fracture origin of the sample A-21: a) a niche after an agglomerate, tensile side on the sample bottom, b) agglomerate, tensile side on

the sample top.
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Fig. 10: Fracture surface of the sample C-29 showing possible fracture origin (grey dash-dot line).

where K¢ is the fracture toughness [MPa-m©%>] for the
alumina ceramic, G is the measured flexural strength
[MPa], Y is the geometrical factor for a crack and its value
depends on the crack location and shape. The typical Kj¢
value for alumina of 3.5 MPa-m©%>33 and Y value of 1.29
(for the surface fracture origins) 34 were applied in the cal-
culations. In the case of the specimen A-21, a defect size
of 66 um was calculated. This value is in good agreement
with the expected origin size based on the microscopic
observations.

This shows that these defects, which are fairly large and
consistent, could be eliminated by further optimization of
the process. This would lead to higher average strengths of
alumina. This shows that the method of forming still has
alot of potential for improvement.

VI. Conclusions

In this study the influence of the printing parameters for
LCM 3D shaping technology on the quality of the green
bodies and final sintered alumina ceramics was investigat-
ed. It has been shown thatitis essential to carefully choose
the printing parameters used to shape 3-dimensional com-
ponents free of defects. Reduction in the exposure ener-
gy allowed an improvement in x-y resolution as it reduces
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overgrowth of the polymerized dispersion caused by light
scattering. However, exposure energy that is too low will
cause delamination of the layers, leading to crack forma-
tion in the sintered ceramics. The same phenomenonis ob-
served if alayer thickness thatis too high is used in the fab-
rication process. This necessitates exact and accurate visual
investigation of the printed components, both in the green
state and after sintering. Such an investigation will be help-
ful in recognizing defects introduced already at the shap-
ing stage, eliminating them and minimizing the risk of the
failure of sintered ceramics. Using differentlayer thickness
doesnothaveany significantimpact on the sintered ceram-
ics” average flexural strength if the exposure energy used
to solidify the layers is adjusted correctly. We have shown
that high-strength alumina ceramics can be produced with
this process.
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