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Abstract

Although additive manufacturing provides numerous potential advantages for
fabricating functional, complex geometry zirconia parts with efficiency, industrial
interest in practical applications is currently lacking. Hence, a comprehensive
investigation into the performance offered by additively manufactured zirconia
components will be beneficial for promoting industrial applications. The aim of
this study is thus to provide a detailed evaluation of zirconia specimens
fabricated by one of the most utilised ceramic additive manufacturing
technologies, viz. digital light processing (DLP), with a range of typical zirconia

components being printed. Key performance factors include the subsequent
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densification and the resulting surface quality, dimensional accuracy, shrinkage,
and mechanical properties. The results showed that the performance of the
DLP-prepared zirconia parts was comparable to those of conventionally
fabricated zirconia. It is believed that this paper will serve as a good reference

for engineers and the industrial community.

Keywords: Digital light processing, zirconia, additive manufacturing, fracture

toughness, dimensional accuracy.

1. Introduction

Additive manufacturing (AM) offers a near net shape route for the fabrication of
advanced ceramics with highly complex geometries. It does not require the
initial construction of a mould and hence is a fast-response technique to
develop new products for designers and engineers [1,2,3]. To date, a number
of different ceramic AM processes are being investigated, these can be listed
in the following sequence in terms of frequency of use: vat-polymerisation
based methods [4,5,6,7,8]; direct ink writing (also known as robocasting)
[9,10,11,12]; binder jetting (BJ) [13,14,15,16]; inkjet printing (IJP) [17,18];
selective laser sintering / melting (SLS/SLM) [19,20,21]; laser engineered net
shaping (LENS) [22,23] and emerging hybrid AM processes [24]. Each AM
technology offers potential capabilities along with limitations. Whilst vat-

polymerisation based techniques, such as digital light processing (DLP), are



gaining increasing interest for manufacturing ceramic parts due to high printing
resolution, good surface finish and being a generically fast building process,
they are, nevertheless, still in a relative stage of infancy compared with

conventional ceramic processing.

As one of the most important ceramic materials, zirconia exhibits a particularly
high flexural strength and toughness [25,26,27], as shown in Fig. 1, and also
offers other advantages such as biocompatibility [28], high chemical and
temperature resistance [29]. The resulting wide range of applications, many of
which require complex-shaped parts, make zirconia a popular candidate for
additive manufacturing and, in particular, DLP technology. As just one example,
Marsico et al. [30] focused on an investigation into the mechanical properties
of zirconia printed via DLP in five different build orientations in order to study
and classify the influence of build orientation on the resulting Vicker’s hardness,
indentation fracture toughness and three point bend flexural strength. The
conclusion reached was that although for some orientations the measured
strengths were found to be comparable to the reference material considered,
fracture was observed to initiate frequently at layer lines and related defects.
The authors concluded that if the layer lines could be prevented or engineered,

the strength of vat-printed ceramics could be substantially improved.
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Fig. 1. Ashby plots for advanced ceramics. All data obtained from the studies
[31,32,33,34,35,36].

This work provides a comprehensive study of DLP printed zirconia, with the
specific aim of promoting its industrial application. The densification of printed
zirconia was initially characterised by both simple density measurement and
subsequent X-ray micro-computed tomography (microCT). In addition, the
printing quality, dimensional accuracy, sintering shrinkage, surface roughness
and microstructure of the sintered parts were analysed in detail. Furthermore,
the mechanical properties, including Vickers hardness, fracture toughness and
flexural strength were also characterised using relevant standards. Finally, to
illustrate the potential of using DLP in the manufacturing of functional zirconia

components, a range of representative structures were printed and sintered.



2. Experimental section
2.1 Sample preparation

Initially, zirconia green bodies were printed using highly zirconia loaded slurry
on a DLP 3D printer with an UV light of 405 nm wavelength. A schematic of the
DLP printing principles is shown in Fig. 2. The layer thickness was set as 25
pm for all the builds. A range of zirconia green bars, disks and components
were obtained for subsequent characterisation and evaluation. Then, the
fabricated green bodies were cleaned in an ultrasonic bath to remove the
excess slurry. Finally, according to the results of thermogravimetric analysis,
TGA (STA 449 F5 Jupiter, NETZSCH GmbH, Selb, Germany), shown in Fig. 3a,
the debinding and sintering processes were conducted in a tubular furnace
(GSL-1700X, Hefei Kejing Co. Ltd., Anhui, China) under an air flow following
the profile shown in Fig. 3b. The final parts were subsequently obtained for
evaluation.

— Printed Object

n Build Platform
E I l ‘ Ceramic Slurry

Slurry Tank

.7 Light Source

Fig. 2. Schematic of the printing principles of DLP.
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Fig. 3. (a): TGA result and (b) the debinding and sintering profile.
2.2 Characterisation
2.2.1 Densification analysis

The relative density of the sintered disks was determined according to the
Archimedes principle with ethanol as the immersion fluid, where 30 zirconia
disks with diameter of 5 mm and height of 3 mm were adopted. A micro-
computed tomography (micro-CT) scanner (model d2, Diondo, Hattingen,
Germany) was used to detect both internal and external defects in the DLP
manufactured zirconia parts at 110 kV, where the 3D structure was

subsequently recreated using VGStudio MAX 2.26 (Volume Graphics GmbH,

Heidelberg, Germany).

2.2.2 Sintering shrinkage, dimensional accuracy and surface roughness

Sintered ceramic parts manufactured by DLP can suffer from shrinkage issues.

A constructive method for resolving these is to compensate for this shrinkage



by applying an appropriate scaling factor in each direction to the CAD/CAM
model before printing. Fig. 4 shows the dimensional changes from the 3D model
to the final sintered parts with and without the shrinkage scaling factor being
used, where the dimensions in three directions in the green body and final part
stages were measured using a calliper (500-702-20, Mitutoyo, Kawasaki,
Japan). In both cases, the linear shrinkage was assessed using 20 test bars
with designed dimensions of 45 x 4 x 3 mm, with the shrinkage scaling factor
being applied to one set of 20 test bars. Additionally, the surface roughness of
the top, bottom and all the side surfaces were investigated quantitatively in the
as-sintered condition by the arithmetic mean value of the profile (Ra) using a

laser scanning confocal microscopy (LSCM, Keyence VK-X1000, Japan).

Printing with
shrinkage Debinding
Z scaling factor —)
| ,_.Y Sintering
X
Green body Sintered part
L, x W, x H, L, x W, x H,

3D model
LxWxH

Printing without

shrinkage Debindin
scaling factor 4
Sintering

Green body Sintered part
LxWxH Ly x W3 x Hj

NB: L= L x scaling factor W,= W x scaling factor H,= H x scaling factor

Fig. 4. Schematic diagram of the dimensional change in the process of zirconia
DLP route.



Table 1. Formulas for linear shrinkage and dimensional accuracy.

X direction (L) Y direction (W) Z direction (H)

Linear shrinkage L—1L; W —Ww; H — H,
* 100% *100% * 100%
Dimensional L,—L 100% w, —w 100% H, — H 100%
accuracy * 0 * 0 * 0

2.2.3 Microstructure study

The microstructure of the parts and fracture surfaces were observed using
scanning electron microscopy (FESEM, ZEISS Merlin, Oberkochen Germany).
To obtain the desired grain size, the SEM samples were polished and then
thermally etched at 1400°C to reveal the grain boundary network, followed by
coating with a layer of Pt using a sputter coater. The average grain size was
measured using the SEM image containing more than 400 individual grains by

the lineal intercept technique [37].

2.2.4 XRD analysis

The phase transformation (t-m) analysis before and after fracture was
performed by X-ray diffractometry XRD (Smartlab, Rigaku, Tokyo, Japan) using
20 ranging between 20° and 80°, where the diffractometer was used with Cu
Ka radiation at 40 mA and 45 kV. In addition, the monoclinic phase content was

evaluated by calculating the phase composition according to the combined



formula of Garvie et al. [38] and Toraya et al. [39].

~ 1.311 * [I,,(=111) + I,,(111)]
T 1311 * [1,,(—111) + I,,(111D)] + I,(101)

Vin

where Vn is the monoclinic phase volume fraction, Im(-111) and Im (111) are the
monoclinic peak intensities corresponding to planes (-111) and (111),
respectively, and 1(101) is the tetragonal peak intensity corresponding to the

plane (101).

2.2.5 Mechanical properties

The mechanical properties, such as the Vickers hardness, three-point bending
strength and fracture toughness were comprehensively investigated using the
methods described in Table 2 at room temperature. Additionally, a Weibull
analysis of the flexural strength data was conducted to describe the failure
probability of zirconia. The fracture toughness value (Kic) is evaluated by
indentation and the single edge V-notched beam (SEVNB) method, respectively.
Indentation methods are commonly used to evaluate the yields the crack
initiation resistance, because the required specimens can be easily prepared
and a large number of data can be obtained from one specimen [40]. However,
it is unreliable due to subcritical crack growth and hence there is difficulty in
determining the exact length of the cracks [41]. In addition, the selection of the
equations depends on the crack type, so it is important to choose an

appropriate equation based on the morphology of the actual indentation



cracking. In this study, the crack type was Palmqvist and the ratio of [ (crack
length) to a (half of diagonal length) was between 0.25-2.5; therefore, the
equation introduced by Niihara et al. [42] was adopted for the calculation of Kic.
In contrast, an alternative method, the single edge V-notched beam (SEVNB)
method, is considered as one of the most reliable methods, but the preparation
of the V-notch is very challenging [43,44]. In this work, an ultra-sharp V-notch
(p=0.5 um, red dashed line in Fig. 5) was introduced by a femtosecond laser to
obtain the accurate fracture toughness [45]. Fig. 5 shows that U-grooves with
specific depths were cut by a low speed cutter with 200 um thickness diamond
wheels (IsoMet™, Buehler, LakeBIuff, IL, USA) under water irrigation and then
a sharp V-notch was induced at the bottom of U-grooves by the femtosecond
laser (Pharos-10 W, Light Conversion, Lithuania) having a laser power of 2.9
W. The femtosecond lasers delivered 290 fs linearly polarised pluses at 515 nm
with a repetition rate of 100 kHz. Finally, the SEVNB specimens were kept at

1200°C for 20 min to remove the machining stress.



Table 2. Mechanical property investigation methods.
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Fig. 5. Schematic diagram of SEVNB specimens.

3. Results and discussion

3.1 Densification studies

The degree of densification, which was evaluated in terms of both the relative
density and by micro-CT, has considerable consequences for the mechanical
properties of the 3D printed parts. The relative densities of the final parts were
measured for 30 samples and an average value of 99.7 £ 0.2% of the theoretical
density was obtained. A micro CT image of a sintered zirconia part is shown in
Fig. 6, where the small number, location and size of defects is clearly seen —
the latter are all believed to be pores arising from air entrapped within the slurry
feedstock as the removal of the air bubbles in the viscous slurry is a significant
challenge during the printing process. Overall, the microCT technique yielded
a porosity value of only 0.00002%. It is believed that the pores could be reduced
by decreasing the viscosity of slurry and/or by attaching a bubble removal

device in the DLP printer.
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Fig. 6. Micro-CT 3D reconstructed image of zirconia part.

3.2 Sintering shrinkage, dimensional accuracy and surface roughness

As shown in Fig. 7a, crack- and distortion-free sintered zirconia bars were
obtained. It is noted that uneven shrinkage during sintering is a common
challenge that can directly affect the dimensional accuracy and sintering quality.
It not only occurs with ceramics manufactured by AM processes, but also those
made using traditional ceramic shaping processes [46]. In particular, an
excessive sintering shrinkage can lead to shape deformation and the formation
of micro-cracks [47]. In this study, Fig. 7b indicates that the sintering shrinkage
was approximately equal in all three dimensions at ~23+0.15%, suggesting
almost isotropic shrinkage. This isn’t always, the case, however. For example,
in 2019, we studied the sintering shrinkage of 3D printed zirconia parts and the
measured values were 21.9% and 28.9% in the X-Y plane and Z direction,

respectively. This difference was attributed to a low solid loading [5] and



different degrees of polymerisation occurring in the X-Y plane and Z direction

[48]; a low solids content slurry can also increase the risk of sample distortion

during sintering [49].
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Fig. 7. (a) As-sintered zirconia bending bars and (b) the linear shrinkage and
dimensional accuracy of the sintered parts.

Generally, a high-standard of dimensional accuracy is required to meet the
assembly requirements for high-end applications. As expected, AM-processed
parts yield different levels of dimensional tolerance as a result of post
processing steps, such as drying, debinding and sintering [50,51]. In this study,
the sintered dimensional accuracy was evaluated using 20 specimens with
defined dimensions of 45.0 x 4.0 x 3.0 mm. As shown in Fig 8, the average
dimensional tolerances obtained were less than + 20 pym, which is similar to

what can be achieved using conventional subtractive manufacturing [49].
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For many applications, e.g. in the aerospace and automobile industries, the
surface roughness of parts is also important. Fig. 9 shows the values obtained
in the present work and it will be observed that different levels of smoothness
were obtained on the different surfaces. The top surface was the smoothest,
with a mean Ra of just 1.62 pm; this is a measure of the smoothness of the
deposition of the final layer. The bottom surface, however, was the roughest,
with a mean Ra of 2.86 um. The value is dependent on the surface quality of
the build platform; in general, the latter is designed to have a rough texture to
avoid the part detaching during the printing process. As can be seen, however,

this leads to an undesirably high Ra. The sides of the part have intermediate



values of roughness; although they can be observed to have a step-like

morphology, the resulting Ra value was only 2.19 pm.

Top surface Side surface Bottom surface
Ra (um) 1.62 + 0.2 219 +0.18 2.86 + 0.12

Laser
images

3D
images

Fig. 9. Surface roughness and 3D topography of sintered parts.

3.3 Microstructural characterization

Fig. 10 (a) and (b) show the layered nature of the side surfaces, however no
delamination or defects can be seen to occur between the layers. The smooth
interlayer transition also supports the moderate surface roughness reported in
section 3.2. Figure 10 (b) clearly shows that the thickness of each sintered layer
was ~19 ym, which matches well with the 25 pm printing thickness given the
sintering shrinkage in the Z direction. Fig. 10 (c) and (d) exhibit the
microstructure of a thermally etched surface and its grain size distribution,
respectively. The polished surface shows how dense the ceramic was and the

grain boundaries can be easily observed; the average grain size was 259 + 86



nm. As is known [52,53,54], the grain size has been demonstrated to be crucial
for controlling the mechanical properties and low temperature degradation (LTD)
of zirconia. Generally, as the grain size increases the strength of zirconia
decreases due to a higher susceptibility to phase transformation, but,
conversely, the fracture toughness increases [55]. In term of the LTD, a smaller

grain size results in a decrease in the amount of t-m phase transformation,

which can improve the resistance to LTD [56,57].

8 8
N

Frequency /n

0 100 200 300 400 500
Grain size / nm

Fig. 10. SEM image of the: (a) layered structure at low magnification, (b) high
magnification, (c) thermal etched surface, and (d) grain size distribution.



Fractographic analysis is one of the most reliable methods to identify the
fracture mechanism. Fig. 11 shows fractographic images of an as-sintered
specimen after fracture toughness testing. It was found that the origin of the
failure started from the tip of the V-notch shown in the left image, as expected.
SEM observation of the fractured surface revealed a mixture of intergranular
and transgranular fracture. Generally, the high strength of the grain boundary
leads to a transgranular fracture, which, ultimately, becomes intergranular. A
zirconia sample exhibits an improved fracture toughness when failure occurs
via the transgranular mode.

U-groove

Fractured su Eabe

100 pm

Fig. 11. Fracture surface of an SEVNB specimen showing the different regions
(left images) and a high magnification micrograph of the resulting fractured
surface (right image).

3.4 XRD analysis

Fig. 12 shows the crystalline phases present in the sintered zirconia before and
after fracture. Whilst no significant monoclinic phase peaks were detected in
the sintered samples before fracture, indicating that the 3Y-TZP was indeed

stabilised in the tetragonal phase after sintering, monoclinic phase peaks were



observed at 20 of 28.2°, 31.4° and 45.8° after fracture, demonstrating the
occurrence of the t-m phase transformation during fracture. Quantitative
analysis suggests that the volume percentage of the monoclinic phase after

fracture was 18.9%, which is indicative of a promising fracture toughness

[58][59].
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Fig. 12. XRD patterns of zirconia before and after fracture: (a) 26=20°-80°; (b)
20=27°-33°.

3.5 Mechanical properties

Table 3 presents the mechanical properties of the 3D printed zirconia. It is seen
that the Vickers hardness and flexural strength values reached 12.59 £ 0.25
GPa and 1042 + 75 MPa, respectively. Fig. 13 shows the Weibull plot for the 3-
point flexural strength; a characteristic strength of 1076 MPa and Weibull
modulus of 16.4 were obtained, which indicate the specimens were of high
quality and reliability [60,61,62]. These favourable properties can be attributed

to the high density and fine grain size of the parts manufactured in this study.



The fracture toughness (Kic) was determined via two methods, viz. indentation
and the SEVNB method. The results show that the Kic obtained from the former
method, 6.68 + 0.17 MPa m'?, was higher than that obtained by the SEVNB
method, 5.47 + 0.28 MPam'?, This is a common outcome and can be explained
by the evaluation methods. Fischer et al. [62] have shown that the notch root
radius of SEVNB specimens is extremely important for the evaluation of fracture
toughness; the greater the radius, the higher the measured value of Kic. In
general, fracture toughness values obtained by the SEVNB method are in good
agreement with the true value for zirconia when the notch-root radius is in the
approximate range of 1.5 to 3 times the value of the mean grain size [62]. The
latter was ~0.26 um in this study whilst the notch-root radius was ~0.5 ym, see
Fig. 5, suggesting that the fracture toughness value obtained by the SEVNB
method was reliable and reproducible. In contrast, the indentation technique is
known to be more of a measure of the crack initiation resistance than the

fracture toughness [63][64].

Table 3. Mechanical properties of DLP manufactured zirconia

Hardness 3-point bending  Fracture toughness / MPa m'/2
trength
/ GPa S ,
/ MP3 Indentation SEVNB

12.59 + 0.25 1042 + 75 6.68 £ 0.17 5.47 +£0.28




100

° 80

P

=

T 60

L

©

Py

= 40

e}

@

Ne)

o

o 20
| . 1 . 1 . 1
900 1000 1100 1200

Flexural strength / MPa

Fig. 13. Weibull plot of the flexural strength

The measured values of fracture toughness and flexural strength are compared
to literature values for ceramics produced using ‘conventional’ routes in Fig. 14.
It can be seen that the current DLP-printed zirconia exhibited comparable
values, however, the DLP technique still presents challenges inherent to a
technique based on the deposition of layers, including anisotropy in the
mechanical properties, particularly flexural strength. Numerous efforts have
been made to study the influence of the build direction on the mechanical
properties. For example, Marsico et al. [65] indicated that the build orientation
has a significant effect on the indentation fracture resistance and bend strength.
Osman et al. [66] printed specimens in three different build angles (0°, 45° and
90°) for bending tests. The results revealed a significantly higher characteristic

strength of 1006.6 MPa for the 0° fabricated specimens compared to the other



two groups, which had a mean of ~880 MPa. It is, therefore, a major task to
minimize the anisotropic mechanical properties gap of components from the

DLP process through optimizing the build direction.
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Fig. 14. Comparison of mechanical properties of zirconia made in this work
and by conventional techniques [52,67,68,69,45,70,71].

3.6 Potential applications of processing zirconia by DLP

To demonstrate the tremendous potential of the DLP additive manufacturing
technology to fabricate zirconia parts with functional complex geometries and
sufficient surface finish, a range of zirconia parts were printed; they are shown
in Fig. 15. These examples demonstrate that DLP-printed zirconia could be

relevant for a range of industrial and biomedical applications, although further



work is still needed due to the anisotropic performance, slow build rates (at best,
up to ~300 layers per hours at the lab scale; slower for commercial production)
and small build volumes (less than 200 x 200 x 200 mm for most commercial
DLP printers). However, the industrial community can be more confident about
adopting AM to fabricate ceramic components that cannot be easily shaped by

traditional methods.

Dental bridge Dental implants

Zirconia filter [ | Porous zirconia

Fig. 15. DLP printed zirconia parts, scale bar: 10 mm in each image.



4. Conclusions

Digital light processing was employed to produce highly dense zirconia parts
and their performance was comprehensively studied and compared to those of
samples produced by traditional techniques. The results show that DLP is able
to produce components with properties that are comparable to those of
conventionally produced zirconia, although there is always a risk that the

properties can be anisotropic with respect to the build direction.

More specifically, the results can be summarized as:

1. The relative density of the as-sintered zirconia was 99.7+0.2%, with the
micro-CT images revealing only a small number of defects, which were
believed to be porosity arising from air bubbles trapped in the slurry.

2. The sintering shrinkage was almost isotropic, being ~23+0.15%. This
yielded dimensional errors of <0.33%, a value that would decrease with
larger specimens.

3. The surface roughness varied across the difference sides of the samples;
whilst the top surface was the smoothest, Ra = 1.62 um, as expected, the
sides had a slight step-like morphology and an Ra of 2.19 ym. Meanwhile,
the bottom surface was the coarsest, with an Ra of 2.86 um due to the need
for the build plate to grip the samples as they were formed. Depending on
the application, some machining of the bottom and sides may therefore be

necessary.



4. No delamination was observed in the microstructure and the measured
grain size was 259 + 86 nm. Fractographic analysis revealed a mixed mode
of intergranular and transgranular fracture.

5. A tetragonal to monoclinic phase transformation of 18.9% on the fracture
surface is regarded as beneficial since it is indicative of a desirable level of
fracture toughness.

6. The Vickers hardness and flexural strength were 12.59 + 0.25 GPa and
1042 + 75 MPa, respectively, which are comparable values to conventionally
green formed and sintered zirconia. The difference in the fracture toughness
values obtained by the SEVNB method, 5.47 + 0.28 MPa m"2, and
indentation technique, 6.68 + 0.17 MPa m'2, is indicative of the different
nature of the tests. A Weibull analysis showed that the printed specimens
had high quality and high reliability.

7. Finally, samples with a range of shapes and sizes were fabricated to
demonstrate the potential of the DLP technique.

Overall, it is felt that the technique is now ready to take the next steps towards

industrialisation. The major issues still outstanding are the need for a final

machining stage for many applications — particularly of the side and bottom
surfaces (though this can also be true for conventionally-formed parts) and the
slow build rates. The latter perhaps currently restrict the technique to the

production of low volume products.
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