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Abstract

Direct inkjet printing (DIP) allows the production of small ceramic specimens with special geometries starting from high solids content suspensions.
In this work, thin (300 wm thickness) 3Y-TZP specimens were produced with the DIP technique as model materials for microelectronic applications.
The mechanical strength of the printed specimens was evaluated under biaxial loading, and the results were interpreted within the framework of the
Weibull theory. Hot-pressed 3Y-TZP specimens with the same geometry and dimensions were tested for comparison. The fracture surfaces were
subsequently examined using scanning electron microscopy (SEM). The inkjet printed materials revealed high mechanical reliability (m ~ 10 for
09 ~ 1400 MPa), which was ascribed to the uniform and defect free microstructure generated by the DIP technique.

© 2010 Elsevier Ltd. All rights reserved.
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1. Introduction

Direct inkjet printing (DIP) is a typical solid freeform fabrica-
tion (SFF) method, which includes the following general steps:
(a) the design and generation of a three-dimensional computer
model, (b) the conversion of the model into two-dimensional
data, and (c) the fabrication of the three-dimensional object. In
the DIP process the fabrication is realised by the selective depo-
sition of identical drops of a particulate suspension using an ink
deposition nozzle. The DIP method became popular for ceramic
materials in the 1990s and several studies have demonstrated
the feasibility of inkjet printing in this material field.'> How-
ever, these pioneering studies were not successful in fabricating
accurately shaped three-dimensional objects, mostly because of
drying difficulties of low solids content inks. In order to over-
come this, two different approaches were developed in the 2000s.
The first approach was to develop phase-change inks which
rapidly solidify upon rapid cooling,® yielding a relatively high
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printing rate. However, the surface of each printed layer must
be flattened before the next layer is deposited in order to ensure
the shape accuracy. Another disadvantage is the low green den-
sity and high wax content of the printed objects, which makes
a complicated wax removal step necessary prior to the sinter-
ing step. The second approach was to assist the drying of the
deposited ink externally, when aqueous or solvent based inks
were printed.'%14 In this case the position of the deposited lay-
ers is fixed due to the accelerated drying, which provides good
shape accuracy with sharp edges and corners. Such accuracy
depends on the ink composition and the drying intensity as well
as the surface/volume ratio of the printed objects.

Precise structures such as micro pillars or micro walls have
been produced by DIP without any drying assistance.!>~!7 How-
ever, in case of producing relatively large (mm to cm scale)
objects, the drying must be controlled. Moreover, the drying
conditions must be optimised for every ink composition and
object geometry in order to provide shape accuracy and avoid
distortion due to drying stresses, which may lead to delamina-
tion. In this regard drying-assisted printed objects show a higher
green density compared to objects printed using phase-change
inks. The achievement of high green density is a prerequisite to
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produce ceramic components with good mechanical properties,
as it has been recently demonstrated by some of the authors. 314

In this work the DIP process has been used as a means to pro-
duce small ceramic specimens to be used in microelectronics
(e.g. printed circuit boards — PCB'®19). 3mol% yttria sta-
bilised tetragonal zirconia (3Y-TZP) specimens were fabricated
in two different geometries (2 mm x 2 mm and 3 mm x 4 mm),
both with a thickness of ~300 wm. The use of small ceramic
specimens in the microelectronics industry is a growing trend
motivated by miniaturisation, which can be achieved by reducing
the size of electronic circuits and/or embedding the components.
Consequently, small ceramic specimens such as capacitors,
transformers, efc. not only have to match the size requirements
of the circuit producers, but must also be able to withstand the
severe biaxial stresses which may arise for instance during ther-
mal pressing processes (common for PCB). Therefore, testing
the mechanical properties of small ceramic specimens prior to
their use as electronic components has become a mandatory yet
complicated task for the vast majority of producers.

Brittle ceramic materials usually fail according to a defect
distribution, for which the weakest-link-hypothesis is valid: the
failure of a specimen is triggered by the largest flaw contained in
its volume. For most brittle materials, the size frequency density
of defects decreases with increasing crack size, and in this case
Weibull statistics can be employed to describe the probability of
failure, F, of a given specimen as20:21.
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where o is the applied stress, and V the specimen volume. The
Weibull modulus m describes the scatter of the strength distri-
bution. The characteristic strength o is the stress at which the
failure probability is *63%, if V=V, where Vj is the reference
volume.

The Weibull theory?*?! has proven to be very effective in
describing the behaviour of this class of materials; however, it
has been proposed” that modifications to the theory or more
accurate investigations might be necessary in the case of small
probes for microelectronics. As a general rule, in order to anal-
yse the fracture statistics of a material it is a good practice to
test specimens of different geometries with a well-controlled
strength test. If an extrapolation for strength design purposes is
not contemplated, the Weibull distribution can still be used to
represent strength data also in very small specimens.”!

According to the biaxial nature of the stresses that can develop
during pressing of components into common electric circuits,
it is necessary to assess the strength of the ceramic material
by means of a biaxial fixture. In this work, the ball-on-three-
balls (B3B) test?>~26 has been employed for the determination
of the strength of the direct inkjet printed 3Y-TZP samples. This
method has been recently renowned as one of the most effec-
tive testing procedures for thin brittle rectangular plates.>32 In
fact, the well-defined load transfer to the specimen allows over-
coming the geometric inaccuracies that could be involved in
using ring-on-ring or ball-on-ring fixtures.?’-?® The test results
have been evaluated within the framework of the Weibull theory

for small specimens, and compared with results of B3B tests
on commercial hot-pressed 3Y-TZP specimens with the same
geometry. In addition, the fracture surfaces of selected speci-
mens after failure have been examined by means of SEM. A
discussion on the differences in the strength behaviour of sam-
ples produced with both DIP and hot-pressing is provided in
terms of the size and shape of critical defects.

2. Experimental procedure
2.1. Preparation of the ceramic ink

Sub-micron sized 3Y-TZP particles (TZ-3YS-E, Tosoh
Inc., Japan) were dispersed in an aqueous medium using a
commercial carboxylic acid-based dispersant (Dolapix CE64,
Zschimmer&Schwarz, Germany). A suspension with 40 vol.%
solids content and 0.5 wt.% (related to solids) dispersant was
homogenised by attrition milling at 1200 rpm for 30 min. The
particle size distribution of the milled suspension was deter-
mined by means of laser scattering (Mastersizer 2000, Malvern
Instruments, UK).

Aqueous ceramic suspensions can be used for inkjet print-
ing provided they include some specific additives, especially
humectants.?>3° In a previous study the influence of several
organic humectants on the printability was investigated and a
printable 3Y-TZP ink with 24 vol.% of solids and ~20 vol.% of
humectants was developed.'® A following study showed that
when three-dimensional objects are to be generated, besides
printability, a proper drying of the deposited layers is also an
important aspect.!” In order to assist drying of layers the solids
content of the previously developed ceramic ink was increased
to 27 vol.%, while keeping the content of additives unchanged.

The ink was characterised at 20 °C in terms of viscosity and
surface tension. The viscosity was determined at a shear rate of
1000s~! using a rotational rheometer (Viscolab LC10, Physica,
Germany) with a double gap concentric measuring system. The
surface tension of the ink was determined according to the bubble
pressure method (Proline t15, Sita Corp., Germany) for a bubble
lifetime of 0.5 s.

The drop formation behaviour of the inkjet inks can be
described by the physical properties of the ink. Previous studies
summarised these properties using the inverse of the Ohne-
sorge number (Oh), and defined the region of printability as
1<Oh™ ' <10.5831 The Oh~! number is defined by:

oh~! = My )
n

where o is the surface tension of the ink, p is the density, a is a

characteristic length (nozzle radius), and 7 is the viscosity. The

Oh~! number of the 3Y-TZP ink was calculated and compared

to previously published results.

The drop formation and drop characteristics were also exper-
imentally analysed. An array of single drops, which were printed
on a glass object plate, was analysed with SEM (Leo 440 SEM,
Leo, Germany). The printer settings and the detailed procedure
of this experiment can be found elsewhere.!”
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2.2. Direct inkjet printing (DIP)

The ceramic ink was printed with an office-type thermal
inkjet printer (HP Deskjet 930c®) using black ink cartridges
(HP51645A). The integrated printing head presents 300 identi-
cal nozzles of 30 wm in diameter. Black cartridges were emptied,
flushed thoroughly with water and placed in an ultrasonic cleaner
until no traces of ink were visible. After cleaning, the cartridges
were dried completely in order to avoid a possible dilution of
the ceramic ink by remaining water. Subsequently, they were
filled with 40 ml of ceramic ink and the residual air inside was
evacuated.

The print orders were realised using the original driver of
the printer and MS Word® documents containing the figures of
the intended cross-sectional shapes. These figures were filled
with black colour (RGB: 0/0/0) and the monochrome print-
ing mode was selected in order to print the complete area. The
over-printing needed to produce three-dimensional objects was
provided by disabling the sensor controlling the presence of
paper. The substrate was always placed on the printing path. In
order to facilitate the drying of the printed layers the substrates
were heated up to 80 °C prior to printing. A 300 W spotlight
was used to keep the substrate temperature constant during
printing.

Two groups of testing specimens were produced. The dimen-
sions of the printed cross-sectional areas of the specimens
were 2.35mm x 2.35mm and 3.5mm x 4.7mm. A graphite
substrate (SGL Carbon, Germany) was used and all the
specimens consisted of 65 layers deposited on top of each
other.

All the samples were dried at room temperature and subse-
quently stored at 80 °C for 12 h. A 3 h heat treatment at 850 °C
was applied to separate the printed 3Y-TZP samples from the
substrate. Subsequently, the specimens were sintered for 2.5h
in a ZrO, powder bed at 1450 °C.

2.3. Mechanical testing

The mechanical strength of the inkjet printed 3Y-TZP spec-
imens of study was determined under biaxial flexure using the
ball-on-three-balls (B3B) test. For comparison two commer-
cial 3Y-TZP samples prepared with a different method (Z900,
Morgan Technical Ceramics, UK — hot-pressed at 140 MPa
and 1450-1550°C) were cut in the form of 2 mm x 2 mm and
3 mm x 4 mm platelets of ~300 pm thickness, and tested under
the same conditions. A schematic of the B3B testing apparatus
is displayed in Fig. 1(a). The specimen is centrally positioned
over the loading ball, and is supported by three balls on the upper
surface. A circular guide ensures that all four balls and the spec-
imen are carefully aligned. During testing a preload (typically
about 10% of the estimated fracture load) is initially applied.
After that, the positioning aid (chock) is pushed down and the
supporting balls can freely move, while the loading ball is kept
fixed. Friction forces keep the specimen and the balls firmly in
this position. Subsequently, the load is increased until fracture
occurs, and the fracture load can be used to calculate the max-
imum tensile biaxial stress in the specimen at the moment of

Fig. 1. (a) Schematic of the B3B fixture for biaxial testing of thin rectangular
specimens. (b) FE simulation of the biaxial stress field in the tensile side of the
specimen.

fracture, given by:

P
Omax = fﬁs 3)

where P is the maximum load at fracture, and ¢ the specimen
thickness. f is a dimensionless factor, which depends on the
geometry of the specimen, the Poisson’s ratio of the tested mate-
rial and on details of the load transfer from the jig into the
specimen. Please refer to the literature for a detailed description
of the apparatus and the thorough theoretical treatment.”0-28 A
numerical analysis of the system based on a finite element (FE)
simulation has been carried out (cf. Fig. 1(b)) in order to calibrate
the factor f for this configuration, resulting in values of f=1.60
and f=2.07 for the 2 mm x 2 mm and 3 mm x 4 mm geometries,
respectively, for a Poisson’s ratio of 0.3.3

All B3B tests were carried out in a universal testing machine
(Zwick Z010, Zwick/Roell, Ulm, Germany) with the aid of a jig
especially designed at ISFK (Leoben, Austria) for very small
specimens. Examination of fracture surfaces was carried out
with an Olympus BX50 light microscope, an Olympus SZH10
stereo microscope (Olympus, Tokyo, Japan), and with SEM.

3. Results and discussion
3.1. Characterisation of the 3Y-TZP ink

The particle size distribution of the attrition milled suspen-
sion was determined and the d;q, dsg, and dgg values (100 nm,
280 nm, and 890 nm, respectively) were measured. The values
of the particle size are in agreement with the ones reported
in similar studies.®!>13 Additionally, no clogging due to large
agglomerates was observed in any of the nozzles. The viscos-
ity of the ceramic ink was determined to be ~15 mPas, which
was relatively high compared to the values obtained in previ-
ous studies.!®!” The difference can be explained by the 3 vol.%
increase in the solids content of the ink. The surface tension of
the ink was measured to be ~42mNm~!, whereas its density
was 2.35gcm ™3,

In order to analyse the printing reliability and the drop char-
acteristics, a single drop array was investigated by SEM. Fig. 2
shows a SEM micrograph of three horizontal rows of drops.
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Fig. 2. SEM micrograph of a single drop array printed on a glass substrate.

Each row was printed by one specific nozzle and not all of the
nozzles were active. A nozzle spacing of ~42 pm and a distance
of ~340 pwm between the adjacent rows shows that every eighth
nozzle was printing.>* The similarity in size, shape, and spacing
of the drops demonstrates the reliability of the printing process,
which can eject and position identical ceramic building units.
Secondary droplets can be seen on the right side of the main
drops. The presence of such droplets can be explained either by
(i) the formation of satellite drops or by (ii) drop splashing upon
impact. Case (i) is dominated by the Oh~! number, which defines
the limit of the printability region (1< Oh~! < 10). Printing inks
with high Oh~! values leads to the formation of an elongated
ink column before the drop is detached, thus resulting in the for-
mation of satellite drops. In the case of a small Ok~ number,
the viscous forces are dominant and a higher pressure is needed
to eject the drop, preventing satellite drop formation.®16-31,34
However, it has to be considered that the aforementioned print-
ability region was defined for piezoelectric inkjet printers, where
the ejection pressure is considerably low compared to thermal
inkjet printers.>>3¢ In our case the Oh~! number of the ink was
~2.5, but since a thermal inkjet printer was used, the production
of satellite drops cannot be excluded even if a low Oh~! was
obtained.

Regarding case (ii), splashing would occur for Weber num-
bers (We)>50.373% This number is a dimensionless fluid
constant given by

p-uc-a

We = ———, “4)

where u is the drop velocity, which was estimated to be
~3.4ms~! assuming a constant ejection pressure for any
ink.!7-3¢ A We number of ~10 was calculated for the given prop-
erties. For such a value splashing should not occur and it can thus
be concluded that the smaller drops observed in Fig. 2 have to be
ascribed to the formation of satellite drops during drop ejection.
This result confirms that the above-defined Oh~! interval can
be only a rough estimate of the printability range for thermal
inkjet printers. In other words, drop integrity and satellite drop
formation cannot be explained solely by the O4~! number.

Fig. 3. Sintered inkjet printed samples with dimensions 2 mm x 2 mm x 0.3 mm
(above) and 3 mm x 4 mm x 0.3 mm (below).

Fig. 4. SEM micrograph of the top surface of a sintered 3 mm x 4 mm sample.
3.2. Evaluation of the sintered specimens

The inkjet printed specimens after sintering resulted
in final dimensions of 2mm x2mm x0.3mm and
3mm x 4mm x 0.3 mm. This corresponds to a linear sin-
tering shrinkage of ~15%. Fig. 3 shows 6 and 12 pieces of
the 2mm x 2mm and 3 mm x 4 mm specimens, respectively.
Here, the top surfaces of the specimens, which were set under
tension during the B3B-test, are visible. It can be inferred from
Fig. 3 that all specimens possess a plane parallel structure,
which facilitates mechanical testing. This is a consequence
of the removal of the specimens from the substrate prior to
sintering. A detail of the surface quality can be appreciated
in Fig. 4 for a 3 mm X 4 mm specimen. The specimen surface
is smooth and shows no large process-related defects, such as
unprinted regions, textured structures due to drop reliefs, or
scratches parallel to the printing direction. On the left corner of
Fig. 4, a detailed SEM micrograph shows the microstructure,
revealing an average grain size below 1 pm.

3.3. Strength tests results and fractography
Fig. 5 shows the results of B3B tests conducted both on

the inkjet printed 3Y-TZP specimens (i.e. 2mm x 2mm and
3 mm x 4 mm) and on the hot-pressed 3Y-TZP (for comparison).
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Fig. 5. (a) Failure strength vs. probability of failure diagram showing the strength distribution to fracture of inkjet printed and hot-pressed samples of both geometries.
(b) Weibull modulus vs. nominal characteristic strength diagram comparing the results of the statistical analyses.

The failure stress vs. the probability of failure of the tested spec-
imens is presented in Fig. 5(a) in a Weibull diagram. The scale
chosen in the graph allows representing Weibull-distributed data
as a straight line. Each distribution was collected on a sample
of 30 specimens, which ensures statistical significance for the
Weibull analysis.’*->*> Fig. 5(b) reports the Weibull moduli, m
(biased) vs. the nominal characteristic strength o (i.e. the stress
with a probability of failure of F = 63.21%), for all four specimen
sets. All data are listed in Table 1 including the 90% confidence
interval. Following the principle of independent actions (PIA),
the effective volume, V.4, for the two geometries has been cal-
culated with the FE analysis for the corresponding m, and is also
reported in Table 1.

Based on a linear elastic fracture mechanics (LEFM)
approach, the critical defect size (a.) causing the failure can be
estimated based on the failure stress, oy, and fracture toughness,

Kje, of the material as given by the following equation®!:

1 ch z
== , 5
e n<Y~af> ©)

where Y is a dimensionless geometric factor depending on the
shape of the defect and loading configuration. Assuming a char-
acteristic fracture toughness value for 3Y-TZP of 5 MPam'/? 3
and a geometric factor of Y =2/m (corresponding to small cracks
or embedded circular flaws at the surface), a critical flaw size
distribution has been estimated for each sample (see Table 1).
The upper and lower values of the given defect range correspond
to the lowest and highest failure stress from each tested sample.

Table 1

By comparing the strength values of inkjet specimens and
hot-pressed specimens (Fig. 5), a better mechanical perfor-
mance of the former can be observed, independent of the
geometry tested, resulting in o9 =1366 (vs. 1190) MPa for the
2mm x 2mm specimens and o= 1393 (vs. 990) MPa for the
3mm x 4 mm ones. In terms of Weibull modulus, m, all sets
range within the same values (i.e. between 7 and 16), besides
the inkjet printed 2 mm x 2 mm specimens which show a rela-
tively low m (i.e. between 4 and 7). This suggests a wider critical
flaw size distribution in this set (see Table 1), as estimated by
Eq. (5).

In order to clarify the origin of failure in all these sets, a
fractographic analysis has been performed on some of the broken
specimens.

Figs. 6 and 7 show SEM micrographs of the fracture surfaces
of tested specimens with both 2 mm x 2 mm and 3 mm x 4 mm
geometries. Although these specimens consisted of 65 deposited
layers, no trace of delamination in the structure could be dis-
cerned. This indicates that the drying conditions were suitable
for the single layers to merge together instead of forming lami-
nates due to drying stresses. The microstructure of the specimens
in Figs. 6 and 7 reveals no process-related defects and a very low
porosity, which indicates that uniform microstructure as well as
a full density was achieved after sintering.

The fracture surfaces in Figs. 6(a) and 7(a) belong to spec-
imens that fractured at low applied stress values and reveal a
clear symmetry with presence of fracture mirror. Specimens
with higher strength underwent significant fragmentation due
to the release of the stored elastic energy, which complicated
post-mortem (fractographic) examinations. Critical defects were

Characteristic strength and Weibull modulus of the two materials for each geometry, with the corresponding calculated effective volume and estimated critical defect

size. The 90% confidence intervals are also represented.

Sample Characteristic strength, oo [MPa]

‘Weibull modulus, m

Vegrcpiay [mm®] ac [pm] (min-max)

1366 [1278-1462]
1393 [1340-1450]
1190 [1148-1234]

990 [966-1014]

Inkjet printed 2 x 2
Inkjet printed 3 x 4
Hot-pressed 2 x 2
Hot-pressed 3 x 4

5.4 [3.9-6.7] 0.00175 (6-33)
10.4 [7.3-13.2] 0.00049 (8-19)

8.9 [6.7-10.8] 0.00051 (9-24)
13.4[10.1-16.3] 0.00026 (17-34)
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Fig. 6. (aand b) SEM micrographs of the fracture surface of a2 mm x 2 mm inkjet printed sample after B3B testing. Fracture occurred at the tensile surface (indicated
by a downward arrow in (a)) and with a failure stress of o= 1264 MPa. Hackle lines are also represented by arrows. The dashed line in (a) highlights the fracture
mirror. (b) shows at a higher magnification the area containing the critical defect (a. = 12.3 wm), which can be interpreted as an uneven location produced by DIP.

Fig. 7. (a and b) SEM micrographs of the fracture surface of a 3 mm x 4 mm inkjet printed sample after B3B testing. Fracture occurred at the tensile surface and with
a failure stress of o= 1348 MPa. Hackle lines are represented by arrows. The dashed line in (a) highlights the fracture mirror. (b) shows at a higher magnification
the critical defect (a. = 10.8 wm), which is also in this case constituted by an uneven location produced by DIP.

found mostly on the top surface (¢f. Figs. 6 and 7), and
could be interpreted as uneven locations due to the surface
roughness. As DIP is an additive process using very fine
(~35pl) drops as building units, the top surface of a speci-
men always comprises a certain level of roughness (although
very low for drops of this size). It is thus supposed that, in
absence of other microstructural defects or processing dam-
age, even the smallest roughness on the surface subjected to
tensile stress during B3B-testing can be critical. The size of
the defects observed in Figs. 6 and 7 is indeed in agree-
ment with the critical defect size range estimated with Eq. (5)

by means of fracture mechanics based on the B3B strength
results.

Fracture surfaces of 2mm x 2mm and 3 mm x 4 mm hot-
pressed 3Y-TZP specimens are reported in Figs. 8 and 9,
respectively. In comparison to the inkjet printed samples, in the
hot-pressed 3Y-TZP a high roughness and poor symmetry is
found, which hinders the observation of the fracture mirror. The
precise determination of the fracture origin is thus difficult, and
can be based only on the location of (coarse) hackle lines. 4041
The non-localised nature of the fracture origin in Figs. 8 and 9
suggests the presence of a porosity-related extended defect at

Fig. 8. SEM micrographs of the fracture surface of a 2mm x 2 mm hot-pressed sample after B3B testing. Fracture occurred at a failure stress of oy=1088 MPa.
Fracture origin is hardly visible due to the absence of a fracture mirror and the presence of coarse hackle lines (a), indicated by arrows. Large pores and agglomerates
that could be responsible for fracture are shown in (b) at a higher magnification. The calculated critical defect size for this specimen is a, = 16.6 pm.
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Fig. 9. SEM micrographs of the fracture surface of a 3 mm x 4 mm hot-pressed sample after B3B testing. Fracture occurred at a failure stress of oy=761 MPa.
Fracture origin is hardly visible due to the absence of a fracture mirror and the presence of coarse hackle lines (a), indicated by arrows. The area where fracture most
likely originated is shown in (b) with a higher magnification. The calculated critical defect size for this specimen is a, =33.9 pm.

the starting point. Some of the bigger pores have an elongated
shape (cf. Fig. 8(b)), which could be ascribed to the production
process. In this regard, inkjet printing produces a lower amount
of sub-micron pores with a round shape, whereas pores due to
hot-pressing have dimensions up to tens of microns and irregu-
lar shapes. They are thus in the range of the critical defects for
these specimens (see Table 1), and could be responsible for their
failure. In the inkjet printed samples the pores dimensions are
much smaller than the critical defects, which are thus constituted
solely by surface features, as already remarked (cf. Figs. 6 and 7).

The hot-pressed 3Y-TZP in Figs. 8 and 9 presents also a con-
sistent amount of a second phase, which could be constituted
by cubic 3Y-TZP grains. Although this phase could in principle
improve the mechanical properties of the ceramic bulk, the rela-
tively large size of the critical defects (pores and agglomerates)
here dramatically lowers the overall strength of the material.

It can thus be concluded that the difference in characteristic
strength between the inkjet printed and the hot-pressed 3Y-TZP
samples has to be ascribed to the difference in the size and nature
of the critical defects originated by the respective production
processes. In the inkjet printed specimens failure starts always
from small imperfections at the tensile surface, which are likely
due to traces/reliefs of building drops during printing. On the
other hand, large pores and agglomerates are responsible for
the early fracture of the hot-pressed 3Y-TZP. In other words,
the lower porosity obtained with the DIP process significantly
increased the strength of the 3Y-TZP material.

4. Summary and conclusions

Miniaturised 3Y-TZP specimens of different dimensions (i.e.
2mm x 2mm and 3 mm x 4 mm) were produced by direct inkjet
printing (DIP) using a thermal inkjet printer and mechanically
tested under biaxial loading. The aqueous ink was prepared and
characterised in terms of particle size distribution, viscosity,
surface tension, and Oh number. The fracture biaxial strength
of the printed specimens was evaluated using the ball-on-three-
balls test. A fractographic analysis was performed to identify the
source of failure. Results were compared to hot-pressed 3Y-TZP
specimens taken as reference material.

It was found that the inkjet printed samples possessed a
higher strength compared to the reference material, which can be
ascribed to the better microstructure obtained using the DIP pro-
cess. In particular, DIP allowed full density to be achieved, and
the absence of volume defects improved the mechanical strength
of these specimens. Fracture in inkjet printed samples originated
always at small imperfections at the tensile surface, whereas hot-
pressed samples failed due to large pores or agglomerates. As a
result, it can be concluded that the DIP process is suitable for the
production of defect-free, high-strength ceramic components for
microelectronic applications. Moreover, DIP can be classified
as a rapid manufacturing technology and it can be employed
to produce structural ceramic components of relatively small
dimensions.
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