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Alumina oxide ceramics were produced by plasma pressure compaction (P>C) sintering process. Two types
of pure a-alumina (Al,O;) and a mixture of alumina and titanium diboride (TiB,) powders were used as
starting materials. Microstructure and mechanical properties, namely hardness, elastic modulus, and
fracture toughness, were analyzed and correlated to the type of the sintered powders and the adopted
manufacturing route. The microstructural development and the chemical composition variation induced by
the sintering process were assessed by using scanning electron microscopy and x-ray diffraction. Nano-
indentation and Chevron notch beam techniques were adopted to estimate the mechanical properties of the
sintered ceramics. The conducted analyses show the capability of P>C technique to produce sound alumina
ceramics. Pure alumina bulks exhibit a good level of compaction and mechanical properties close to those
achievable with conventional sintering processes, such as hot isostatic pressing or spark plasma sintering.
No significant alterations in the chemical composition of the ceramics were observed. The addition of the
titanium diboride in the alumina powders caused a moderate increase in the grain size lowering the
hardness and Young’s modulus of the sintered alumina and, at the same time, increased its fracture

toughness to the occurrence of toughening mechanisms, like crack bridging and crack deflection.

Keywords Al,0O5-TiB, composite, alumina ceramic, plasma

pressure compaction, sintering

1. Introduction

Alumina ceramics are widely employed in a very large
number of engineering applications, ranging from ball mills,
dyes, corrosion-resistant containers, and biomedical implants
(Ref 1). The high melting temperature, hardness, chemical
inertness, and electrical insulating properties of alumina,
indeed, make this material very attractive for thermal and
electrical insulation, chemical processing, bioengineering, and
optics (Ref 2-5). Alumina ceramics are produced by using two
approaches: liquid phase sintering (LPS), where a viscous flow
is used to aid the consolidation of the alumina, and solid-state
sintering. Solid-state processes are generally preferred to
fabricate ceramics for high-end applications, which required
elevate mechanical properties and high thermal stability, since
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they can produce pure bulk, having a percentage of alumina
above 99.7 wt.%, with a high densification level. LPS pro-
cessing can produce densities of 96 wt.% or lower, through to
the use of liquid additives that form a low soluble oxide, like
Ca0, SiO,, or MgO (Ref 6).

Slip casting and dry pressing are the most used commercial
sintering techniques to fabricate alumina-based ceramics.
Among these two, the latter technique allows producing high-
quality alumina ceramics balancing the quality of the products
and the production cost (Ref 6). Pressure-assisted sintering (hot
pressing or hot isostatic pressing) accelerates the densification
kinetics by exerting augmented mechanical stress at the particle
boundaries and favors their packing. It allows the manufactur-
ers to reduce the holding time and the processing temperature
with respect to the pressure-less techniques, so that excessive
grain growth is prevented, and lower residual porosity is
achieved. Those two factors contribute to the high strength of
the hot-pressed ceramics (Ref 6).

Hot-pressing techniques usually involve demanding pro-
cessing conditions, characterized by high temperature (around
1600 °C) (Ref 1, 7-9), high pressure, and long holding times,
ranging from minutes to hours, to obtain densification.

In ceramic manufacturing by sintering process, the densi-
fication and the coarsening mechanisms, which are responsible
for grain growth, are competitive factors. While the former
requires high temperature and pressure, and a long time to
achieve optimal levels, these conditions promote the latter
phenomenon, which is detrimental to the mechanical and
electrical properties of the sintered ceramic.

Processing conditions, especially temperature and dwell
time, and composition have a strong influence on the final
microstructure of the sintered products, causing changes in the


http://orcid.org/0000-0001-8727-0457
http://crossmark.crossref.org/dialog/?doi=10.1007/s11665-022-07403-1&amp;domain=pdf

phase distribution and size, shape and dimensions of pores,
grade of crystallinity of sintered alumina, which in turn
influence the strength, the elastic moduli and creep resistance
(Ref 10). Therefore, strategies and techniques that can balance
these two phenomena are under study. Researchers have
investigated the spark plasma sintering (SPS) process to
produce compacted bulk from commercial alumina powders.
The process applies a pulsed direct current to the powders
during the compaction and exploits the heat source from Joule’s
effect to aid the densification of the sintered part minimizing the
operating temperature, the applied pressure, and the holding
time (Ref 11-14). This prevents the grain growth, maximizing
hence the mechanical properties (hardness, flexural toughness,
elastic modulus, etc.) of the sintered alumina. Studies on the
sintering of «- and Y- AlLO;s particles by using the SPS
technique reported the production of undoped and doped
alumina specimens having a relative density above 99%
adopting process conditions below those required by conven-
tional processes (Ref 15-17).

In the present study, alumina samples were produced by
using the plasma pressure compaction (P*C®) technique. P°C is
a plasma-assisted sintering technique allowing densification of
compacted powders in a shorter time, usually dwell time ranges
between 2 and 30 min depending on the initial size of powders
instead of hours, and at a lower temperature than conventional
sintering processes (Ref 18-24). Description of the equipment
and operating principles has been omitted here for sake of
brevity and can be found elsewhere (Ref 18-25).

A second strategy to control the final morphology and
microstructure of the sintered ceramics to achieve good
mechanical properties involves the use of additives. The
addition of a micrometer or nanometer second phase within
the alumina matrix has a dual effect. This approach promotes
grain refinement, limiting the grain size, and preventing the
grains to grow anisotropically. The use of secondary particles
determines the activation of toughening mechanisms, such as
crack deflection or crack bridging, which are beneficial for the
fracture resistance of the ceramic. Therefore, doped alumina
ceramics achieve outstanding mechanical, physical, and mor-
phological characteristics (Ref 26, 27). Among the several
additives experimented, titanium diboride (TiB,) has been used
in armor, cutting tools and wear-resistant coatings, and as a
reinforcing phase within ceramic-based composite materials
(Ref 28). Alumina-based Al,O5/TiB, composites have been
widely explored in the last decade and found potential use as
individual protective equipment, spacecraft shielding, braking
system in automobiles and airplanes (Ref 27, 29)). The addition
of the titanium diboride phase allows for modification of the
final microstructure of the alumina matrix phase obtaining
different morphologies and, in turn, tuning the mechanical and
thermal performance of the composite (Ref 29). The main issue
in fabricating alumina/titanium diboride composite derive from
the poor sinterability, especially when higher percentages of the
second phase are adopted (above 20 wt.%), which limits the
densification of the powders (Ref 27). Among the manufactur-
ing techniques investigated, such as combustion or chemical
synthesis and hybridization, (Ref 30-33), hot-pressing sintering
of TiB, and Al,O; powders appeared to be a promising
alternative to fabricate the alumina-based composite with a
wide range of the amount of the reinforcing second phase (Ref
26, 27). The results obtained are indicative of the behavior of
the composite but not conclusive, being the measured param-
eters strongly dependent on the morphology and the amount of

the raw powders, the mixing procedure, and the sintering
processes and conditions. In the present paper, the fabrication
of Al,O3/ TiB, composite by plasma pressure compaction
technique was investigated and the results are compared with
pure alumina ceramics produced using the same sintering
process. Composition, microstructure morphology, and
mechanical properties have been evaluated.

2. Materials and Methods

The alumina powders were provided by CoorsTek (Golden,
Colorado, USA). Three test cases have been considered,
adopting different selections of the alumina powders: (a)
100% pure Al,O3 Grade K790; (b) 100% pure micron Al,O;
(sample code M100), (c) 95% Grade K790 AI203 + 5%
titanium diboride (sample code K95T15). P>C process was
adopted to manufacture the bulk alumina ceramic. The
micrometer alumina powders were consolidated by applying a
compaction pressure of 20 MPa at a processing temperature of
1250 °C with a heating rate of 100 °C/min. The powders were
poured into a graphite die and then compacted using graphite
plungers. Sintering was conducted in vacuum conditions to
avoid any interaction of the powders with the environment. No
sintering aids or other additives, except for the titanium
diboride used on purpose, were employed. During the com-
paction, a direct current was applied simultaneously to the
external pressure of 20 MPa (Ref 24, 34). The consolidation
time was ten minutes and prevents grain growth.

Specimens from each sample were cut and prepared for
metallographic analysis. Samples were cut, embedded on a
black Bakelite mounting resin with carbon filler, and mechan-
ically polished up to 0.5 um grade. Scanning electron
microscopy (SEM) was used to analyze the microstructure of
the sintered alumina. The average grain size of sintered alumina
samples was calculated by using the line intercept method on
the scanning electron microscope images of polished and
etched surfaces of the specimens. ImagelJ suite was used for the
analysis of the microstructure. X-ray diffraction technique was
used to identify the matrix and the other second phases within
the microstructure. Diffractometry was performed using the
conventional symmetrical Bragg Brentano configuration (6/26)
on a Rigaku MiniFlex 600 x-ray diffractometer (Rigaku
Corporation, Tokyo, Japan) with CuKa, radiation generated at
20 mA and 40 kV. PDF-4 + 2021 database was used to analyze
the patterns obtained from the diffraction tests and identify the
species present in the specimens.

Nano-indentation tests were conducted on the polished
specimens by using an instrumented nanoindenter (CSM). The
surface of the specimens before the indentation was polished up
to 0.5 um as explained above. The machine was calibrated
using a standard material (fused silica) to guarantee the
accuracy of the measurements. A triangular pyramidal diamond
Berkovich tip was used, with an apex angle 0 of 70.3°. Figure 1
shows the applied load function with the time for the three peak
loads considered, namely 100, 200, and 400 mN. The indenter
was loaded at a constant rate up to the specific peak load, and
after a dwell time of 10 s, it was unloaded at the same rate. The
tests were set to have the same time loading of approximately
67 s. Therefore, different loading rates were adopted, equal to
200, 400, and 800 mN/min, respectively. The same dwell time
of 5 s for all tests was chosen. Load and displacement were
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continuously recorded along with the duration of each test, and
the data collected were processed to evaluate the hardness and
Young’s modulus of the specimens (Ref 35). Five indentations
were made for each sample.

The chevron notch beam (CNB) test was conducted
according to the ASTM C 1421 standard to evaluate the
fracture toughness (Ref 36). In this paper, the CNB tests were
performed in three-point bending configuration (Fig. 2) under
displacement control at the rate of 0.2 mm/min using MTS
Insight 30 testing machine. All the experiments were conducted
at room temperature (22 °C). The sample dimensions are
reported in Fig. 2.

The fracture toughness K, is given by:

oy Pmax'SO'lo_6
Kivo = Yppin - [W (Eq 1)
where Y . is the stress intensity factor coefficient as defined in

the ASTM C 1421 standard, P,,,, is the maximum test load, S,
is the support span, B is the width of the specimen and W is the
thickness of the sample.

The dimensions of small specimens made difficult to use
traditional transducers, such as extensometers, for the mea-
surement of crack mouth opening displacements (CMOD), Au.
To overcome the limitation of knife-edge, contact points
sensors, the non-contact digital image correlation (DIC)
technique was used for evaluating the full-field displacement
field on the surface of the sample. DIC analyses were
performed through the Ncorr algorithm modified via an in-
house made MATLAB routine (Ref 37). Two small rectangular
regions of interest (ROIs), as shown in Fig. 3, were selected for
computing horizontal u and vertical v displacements. The
displacement vector of each notch edge was obtained by
evaluating the mean values of the data calculated in a small
range of selected points of ROIs (Ref 38).

3. Results and Discussion

3.1 Microstructural Analysis

Polished samples were observed in the scanning electron
microscope at different magnifications (see Fig. 4, 5, and 6).
The M100 and K790 samples presented a microstructure made
of irregular and flak-shaped grains, having an average size of
1.40 and 1.09 um, respectively. K95T15, on the other hand, is
characterized by a coarser microstructure, with irregular and
round-shaped grains having a mean size of 7.30 um. Since the
alumina powders used to manufacture the sample were from the
same batch of K790, and the processing conditions were similar
for all three types of sintered bulks, the difference in the
microstructure could be ascribed to the addition of the titanium
diboride with the starting mixture.

The lower processing conditions adopted to fabricate the
samples influenced the final microstructure obtained. Higher
processing temperature, around 1600 °C and dwell time,
usually adopted in the hot-pressing sintering are claimed as
the reason for the grain growth by Xu et al. (Ref 39), which
measured a grain size of 6 um after HP sintering starting from
2.9 ym alumina powders. In the present investigation, the
lower temperature and holding time prevented the coarsening
of the microstructure and the formation of equiaxed grains. It is
clearly visible in the M100 and K790, where small anisotropic
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grains with a high aspect ratio, approximately equal to 7. Some
round-shaped equiaxed grains are still visible within the
microstructure in both samples; those local variations can be
the cause of the fluctuations in the response of the materials to
the nano-indentation test. Microscopic pores and voids are also
visible within the microstructure of both samples. They can be
due to the presence of gases derived from the reaction of the
residual oxygen with the impurities and remained entrapped
within the powders during the consolidation and cooling (Ref
39).

K95T15 sample presents a coarse microstructure, charac-
terized by grains having a hexagonal shape, which allows a
higher degree of compaction between adjacent grains. Some
elongated grains having a high aspect ratio are also visible in
the microstructure (see Fig. 6). Those are common in sintered
alumina and should be avoided because they are prone to form
residual porosities at their boundaries. However, it has been
also observed that such microstructures are potentially benefi-
cial for the mechanical properties, leading to an increase in the
crack resistance. The addition of a second phase usually leads
to a refinement of the microstructure and higher densification
(Ref 28); however, in the present case, the K95T15 sample has
a relatively high level of porosities. This agrees with the
observations of Rabiezadeh et al. (Ref 27), who detected that
Al,05/ TiB, composite manufactured by hot pressing at
1200 °C was not fully densified, while higher temperatures,
around 1400-1500 °C enhance diffusion mechanisms and the
densification, decreasing the number of pores. The addition of
the TiB, within the alumina without other sintering additives
may be detrimental to the sintering of the composite, resulting
in a reduced relative density of the sintered bulk, even lower
than 95%. That behavior is highly sensitive to the percentage of
titanium diboride: the higher the amount of second-phase
particles, the lower the densification level achievable (Ref27).
In the present case, those effects are mitigated by the action of
the external pressure and the current, which favor the
compaction, and by the relatively low amount of TiB, used
in the mixture of powders.

The XRD spectra of the three different samples are shown in
Fig. 7. The K790 and M 100 samples show the typical spectrum
of the a- Al,O5. Therefore, the only phase present in these
samples was the corundum, in agreement with bulk obtained
with spark plasma sintering process at the sintering tempera-
tures between 1200 and 1400 °C. Slight variations in peak
intensities and the broadening of the peaks can be ascribed to
the sintering process (Ref 1, 25). In the K95T15 sample
spectrum, it is possible to note the disappearance of the peak at
a 2theta angle equal to 35°, which is present in the reference
corundum, and a higher intensity for the peak at a 2theta angle
of 38°. These variations can be ascribed to the additional TiB,
phase, used during the sintering process (Ref 27, 32).

No other species, distinct from alpha-alumina and titanium
diboride, were found in the K95T15 sample, even though some
compounds produced by the reaction of alumina with the other
elements could be expected. Al;3B40O3 and Ti,O3; might be
formed according to the reactions:

9A1,05 + TiB, — 9A1,0 + 2Ti,03 + 4B,03
9A120 + 2B203 + 902 — A118B4O33

The formation of Al;gB4O3; usually occurs due to the
presence of entrapped air inside the green compact and the
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Fig. 2 Chevron notch beam (CNB) specimen in three-point flexure loading condition

consequent reaction of the oxygen with the other constituents
(Ref 27). In the case of the P’C process, since the sintering was
conducted under vacuum conditions, the formation of such
compounds is prevented. The lower peaks of titanium diboride
and the absence of the titanium oxide in the XRD spectrum of
the K95T15 specimen, with respect to what is reported in the
literature (Ref 27, 40), can also be ascribed to the limited
amount of TiB, added in the alumina particles; thus, they can
be below the limits of detection or confused with the pattern
background.

3.2 Nano-Hardness Tests

Nano-indentations at loads of 100, 200, and 400 mN were
conducted on the three types of compacted alumina ceramics.
Typical displacement-load curves from the nano-indentation
test are reported in Fig. 8 for the K95T15 sample tested for all
three maximum loads, while Table 1 reports the value of

Young’s modulus and hardness of all three samples at different
maximum loads.

The maximum indentation depths for the three test condi-
tions are shown in Fig. 9. The values of the penetration depth
obviously increase with the maximum load set during the
indentation tests: average values of approximately 0.1, 0.7, and
1 um were measured for the indentions made using maximum
loads of 100, 200, and 400 mN, respectively.

The three sintered ceramics showed values very close to
each other, especially samples K95T15 and M100, while
sample K790 registered the lowest values for all test loads.
Sample M100, in addition, is characterized by a more
pronounced scattering of the measurements. Besides that, no
significant variations can be observed in the indentation depth
between the three samples. Indeed, the average values fall
within the ranges of the measurements of the samples, which
overlap each other. This behavior is reflected by the values of
the hardness measured in the three materials.
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The hardness value was calculated from the load-depth
curve according to the equation proposed by Oliver and Pharr
(Ref 35). The mean value of hardness from all the tests was
found equal to 21.2 GPa for sample K95T15, 23.4 GPa for
sample K790, and 19.2 GPa for the sample M100, with a
limited scattering of the data characterized by a standard
deviation of approximately 1.0 GPa for all test cases. The
values observed are close to those reported by other authors
relative to pure alumina sintered by hot pressing at 1400-
1600 °C, which claimed values of the hardness in the range of
20-24 GPa (Ref 25, 41, 42).

The hardness is strongly influenced by the grain size,
increasing as the latter decreases. Values of 20-23 GPa were
claimed by authors for sintered alumina with grains having a
mean size of 0.6 um (Ref 25, 43), while it can drop to 15 GPa
in the case of micrometer microstructure. The dependence of
hardness on the dimension of the grains indicates a marked
sensitivity toward the processing conditions, temperature and
holding time first, and subsequently pressure and heating rate.
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The grain growth process is, indeed, thermally activated:
processing temperature above 1250 °C leads to an exponential
increase in the grain size of spark plasma sintered bulks even
for reduced holding time, with a consequent drop of hardness.
Reduction from 20 to 16 GPa was registered for sintered
alumina processed at 1200 °C and 1500 °C. Conversely, for
temperatures below 1250 °C, grain growth is prevented or very
limited (Ref 25). Processing time has a similar influence: higher
holding time allows for the establishment of grain-boundary
diffusion mechanisms that promote the growth of the grains
during the compaction (Ref 25). The average values of
hardness are also influenced by the presence of TiB,. Titanium
diboride particles were expected to increase the hardness, due
to the higher value of the pristine materials, which is reported
above 30 GPa. Therefore, the higher the amount of TiB, within
the mixture of powders the higher the overall hardness of the
sintered bulk. In the present case, being its percentage limited
to only 5%, a slight increase is reasonably expected.
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The Oliver and Pharr approach was adopted also for the
calculation of the Young’s modulus of the alumina ceramics
from the load-depth curves (Ref 35). The elastic modulus of the
three samples was found in the range between 500 and 580,
532-620, and 430-550 GPa for K95T15, K790, and M100,
respectively. Increasing values were estimated with the increase
in test load. The width of the range is in order of 100 GPa,
which is common for sintered alumina. The average values
were slightly above those observed in hot-pressed alumina
bulks, which were approximately 460 GPa (Ref 41, 44), except
for the M100 which showed the lowest value around 410 GPa,
but also a wide scattering with a peak measurement of
approximately 690 GPa (see Table 1). It is related to the wide
variation in the maximum indentation depth registered on the
sample at the maximum load of 200 mN (see Fig. 9).

The average elastic modulus E measured in the alumina
bulks sintered by the P>C process was equal to approximately
530, 560, and 490 GPa for samples K95T15, K790 and M100,

HV | V Mag [Sig| VacMode | HFW
20.0 kV|26.8 mm|10000x SE High vacuum 27.04 ym Rosso

HV WD Mag | Sig| VacMode HFW 20.0pm
20.0 kV|26.8 mm|4000x BSE|High vacuum|67.60 pm Verde

(b)

respectively. The values, as mentioned above, are approxi-
mately 10-20% higher than the values observed in commercial
polycrystalline alumina (Ref 44). As described before, the
elastic modulus depends on the indentation behavior of the
material and is sensitive to local microstructural features.
Therefore, the scattering in data from nano-indentation can be
ascribed to the variations in microstructure, like the presence of
second-phase inhomogeneities in the K95T15 or of grain with
different shapes in the M100 and K790 sample, and the residual
porosity (see Fig. 4 and 5) (Ref 45).

The values of hardness and Young modulus were found to
vary for each type of alumina sample with the maximum load
adopted in the nano-indentation test. The fluctuations can be
due to the kinetic effects resulting from the adoption of the
different load rates (from 200 up to 800 mN/min). The tests,
indeed, are conducted up to the prescribed maximum loads
within the same time: the distinct rates lead to different
penetration depths at the same value of the load, which results

Journal of Materials Engineering and Performance



in different values of hardness and elasticity modulus (Ref 41).
It also explains the discrepancy with the published results,
influenced by the different loading conditions and the maxi-
mum loads adopted.

By analyzing the load-indentation curves is possible to
estimate the degree of elastic recovery, Ae. It is calculated from
the unloading segment of each curve after the measurement of
the maximum penetration, hy.x, and the residual depth, h,,
according to:

Ae = (hmaX — hp)/hmax (Eq 2)

K790 —K95T15

—reference a-AR03  —M100
0

Intensity

20 30 4 50 60 70 80 90
2theta (°)

Fig. 7 X-ray diffraction pattern of alumina samples produced by
plasma pressure compaction
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Fig. 8 Variation of displacement (nm) with the load (mN) for the
P2C sample K95T15

In the present experimentation, values of approximately
0.34 were found for all types of sintered, with small differences
between them, which were within the experimental error. High
values of the elastic recovery (a value of 0.124 was claimed for
the hot-pressed pure alumina (Ref 42)) indicate the capability of
the materials to store strain energy and accommodate the local
stresses generated by the indenter, without the occurrence of
extensive cracking. The usage of a small amount of titanium
boride as a sintering aid, although it showed a marked effect on
grain size, tenacity, and mechanical properties, had no signif-
icant influence on the residual plastic deformation.

All samples showed the typical hysteresis cycle of the load-
indentation displacement curve characteristic of the materials
having the elastic—plastic behavior. Some of the indentions
showed discontinuities during the loading segment, called
“pop-ins”. These discontinuities appear as a sudden increase in
the displacement at fixed load, like localized creep events
(Fig. 10). The pop-ins are related to fracture events that
occurred under the action of the indenter around the area
interested by the indentations. Usually, these fractures corre-
spond to a mixture of inter- and intra-granular cracks (see
Fig. 6a). By observing the graph of one of the indentations, the
discontinuities occurred between 923 and 940 nm at a load of
282 mN. Roughly the deformation work associated with the
displacement was 4.6 nJ. Following the approach adopted by
Twigg et al. (Ref 42), it is possible to estimate that the energy
accumulated could be able to produce a fracture surface of
approximately 780 um? (fracture energy in o-alumina for the
rhombohedral (0112) and prismatic planes (1010) (1010) were
found in the range between 6 and 7.5 J/m* (Ref 46)), which
corresponds to a theoretical circular crack of approximately
31 um. Cracks observed in the samples are roughly ten or
15 um, consistent with those that can be generated by pop-in
events.

Pop-in events are less pronounced in the sample K95T15 at
all three load conditions and the loading segments present very
few discontinuities, which can be associated with a reduced
tendency to form microcracks. The presence of the secondary
phase within the alumina matrix can promote some toughening
crack mechanisms, like crack deflection of branching, due to
the interactions of the crack with the titanium diboride particle
(Ref 31).

3.3 Fracture Toughness

Figure 11 reports the load—displacement curves registered
during the CNB tests. Three measurements were conducted for
each sample.

Figure 12 reports the representative load-versus-CMOD
curves acquired during the fracture tests.

All the specimens exhibited a planar and smooth crack
propagation up to the final rupture pointed out by the overall
smooth trend in the load-CMOD curves. First, the increase in

Table 1 Nano-hardness and Young’s modulus for the P>C alumina samples

K95T15

K790 M100

Maximum load Hardness, GPa Young modulus, GPa Hardness, GPa Young modulus, GPa Hardness, GPa Young modulus, GPa

100 mN 20.01 £ 6.55 503.67 £ 77.45 23.85 £ 9.04 532.28 £ 129.17 20.23 £ 4.56 432.09 £+ 20.22
200 mN 21.26 £+ 2.91 576.31 £ 349.94 2229 £+ 4.22 540.57 £+ 120.69 18.83 £5.75 547.68 £ 106.73
400 mN 2244 £ 5.70 519.74 £ 31.30 24.10 £ 3.60 618.72 £+ 86.91 18.52 £ 2.06 504.39 £ 91.93
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can be highlighted. Furthermore, DIC analyses showed that the E
displacements of the notch mouth edges were almost symmetric = 60 1
with respect to the crack plane. Microscopic analysis of the ‘xa‘ 40 |
post-mortem specimens’ fracture surfaces is shown in Fig. 13. =
The images of the fracture surface of CNB samples confirm the 20
crack onset at the vertex of inserted chevron notch.
The maximum load was carried out by the tests on the 0 ;
samples made of K95T15, which reached about 24% and 27% 0 150 300 450

greater forces than K790 and M100 specimens, respectively
(see Fig. 11). The repeatability of the test results is indicated by
the coefficient of variation, obtained as described in the ISO
5725-2 standard. Specimens made of M100 highlighted less
data dispersion.

The measured fracture toughness of the analyzed samples is
reported in Table 2.

The values are close to those obtained from the sintering of
amorphous Al,O3 powders by using the SPS process, which is
claimed to be around 4.5 MPa m'?, and slightly higher than
those obtained by hot pressing of pure alumina which is
approximately 4.0 MPa m'? (Ref 31, 47). The relatively high
values of fracture toughness were obtained using lower
operating temperature and holding time than those usually
adopted in the other sintering processes, usually around 1400
and 1600 °C, if not above (Ref 31, 47). The less demanding
parameters prevented excessive grain growth. The fracture
toughness of M100 and K790 can be ascribed to morphological
and microstructural factors: the elongated grains with a high
aspect ratio may exert a reinforcing action within the Al,O;

Depth [nm]

Fig. 10 Load-indentation depth showing “pop-in” discontinuity
(Sample M100, maximum load 400mN).Fig. 10. Load-indentation
depth showing “pop-in” discontinuity (Sample M100, maximum
load 400mN)

matrix and cause an improvement in the fracture toughness
(Ref 48). The abnormally grown grain and the rod-shape
morphology observed in the K790 and M100 (see Fig. 4
and 5), foster the establishing of crack deflection and bridging
effect as main toughening mechanisms, which slow down the
propagation of the cracks. In monolithic alumina, the main
fracture mechanism is associated with the inter-granular
fracture with crack propagating through the grain boundaries.
In sintered alumina, characterized by equiaxed grains having a
hexagonal shape and by high densification (> 99%), the crack
propagation path is the shortest one and the most uniform due
to the closeness of adjacent grains and their high compaction
degree. Conversely, in alumina bulks with pronounced elon-
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Fig. 11 Load-displacement curve for specimens: (a) K95T15; (b) K790; (c) M100

Journal of Materials Engineering and Performance



gated grains, the crack propagation path generated by the
abnormal growth deviates from a uniform trajectory and
becomes longer, slowing down the evolution of the fracture
(Ref 39). Kolvar et al. (Ref 48) also demonstrated that a coarse
microstructure has a similar effect on the strength and the
stability of the ceramic leading to an increase in the tortuosity
of the crack path. However, excessive grain growth, obtainable
by adopting high temperature or holding time, can be
detrimental to the other mechanical properties. Proper tuning
of the sintering process is paramount to achieving a good
balance between the performance of the manufactured product.

The use of additives, called “seeds”, within the alumina
powders, like titanium dioxide (Ref 49, 50), aluminate (Ref 51),
zirconia or titanium carbide (Ref 47) allows to modify the final
microstructure and promote the crack deflection toughening
mechanism. As far as the K95T15 specimen, the fracture
toughness reached 5.43 MPa-m'? which is higher than the
other specimens. The improved strength can be ascribed to two
factors: the increase in grain size (as mentioned above) and the

40
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Fig. 12 Representative Load vs. CMOD curves for K95T15, K790
and M100 specimens

incorporation of the second-phase particles, with the conse-
quent interactions between the crack and the hard titanium
diboride.

The strength of alumina-based ceramics depends, indeed, on
the grain size (GS) (Ref 52). For polycrystalline ceramics, like
alumina or rutile, the fracture toughness overalls increase with
GS, but its trend presents a nonlinear dependence at a small
size, a plateau for middle-range grains, and, after the maximum,
it decreases with the increase in the grain dimensions. Alumina
ceramics having grains size below 10 um experience the fastest
toughening with the grain size, due to the occurrence of crack
bridging phenomena (Ref 53, 54). In the present case, the
addition of titanium diboride in the K95T15 caused the increase
in grain size from approximately 1 um observed in the K790
and M100 samples to 7 um, resulting in the observed higher
fracture strength: larger grains, indeed, determine a higher
clamping force on the crack surfaces derived by compressive
stress from thermal expansion and, therefore, the material is
able to resist a higher crack opening displacement before the
failure.

On the other side, the introduction of second-phase particles
to the brittle matrix leads to an increase in strength by
enhancing the crack bowing toughening mechanism. Those
particles act, indeed, as a barrier to the crack advance slowing
its planar propagation (Ref 55). Remarkable improvement in
the fracture toughness was observed already in the alumina
composite matrix with a low percentage of TiB, reinforcement:
values between 5.5 and 6.5 MPa m'"? were observed for 5% of
titanjum diboride with respect to the 4.0 MPa m"? of the pure
alumina (Ref 31). Indeed, TiB, contributes to the increase in the
fracture toughness due to crack deflection and crack bridging
mechanisms around the titanium diboride particles (Ref 27, 56).
On the other hand, a further increase in the amount of
reinforcement particles did not show a positive influence
lowering the fracture toughness to a plateau of 5.0-5.5 MPa m"/
2. The beneficial effect can be also ascribed to the size of the
particles used in the sintering of alumina powders. Indeed, it
has been observed that fracture toughness of sintered alumina is
dependent on the dimensions of the titanium diboride TiB,
particles, where the use of micrometer powders in the order of
3-6 um provides the highest increase in the fracture toughness
(Ref 57), while nanometer particles have a lower or null impact
regardless the amount of reinforcing particle used (Ref 30). In

Fig. 13 Top view of a coplanar crack of P2C specimens: (a) K95T15, (b) K790, (c) M100
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Table 2 Experimental fracture toughness K;, /[
MPa e \/m]

Material K95T15 K790 M100
Specimen #1 5.70 4.54 4.38
Specimen #2 5.38 4.00 4.40
Specimen #3 5.22 4.26 4.34
Mean value 5.43 4.27 4.37
Standard deviation 0.20 0.22 0.02
Coefficient of variation CV, % 3.65 5.14 0.54

the present case, the titanium diboride particles had an average
size of approximately 8 um (see Fig. 6).

The difference in the values observed for the alumina/TiB,
ceramic produced by the P>C process can be partly ascribed to
the different measurement method adopted, which has a
significant influence on the measured values and partly to the
process itself and the parameter adopted.

4. Conclusions

Alumina-based ceramics were produced by using plasma
pressure compaction sintering process. Two pure alumina
ceramics and Al,O; matrix reinforced with TiB, particles
composite were fabricated. Microstructure, composition, and
mechanical properties of the three samples were estimated.
Based on the conducted investigation, the following remarks
can be drawn:

1. Alumina powders and titanium diboride plus alumina
mixture were successfully consolidated by using the P°C
process.

2. Microstructural observations of the samples revealed a
heterogeneous microstructure, consisting of micrometer
grains having elongated rod-like shape, alternated with
rounded grains, and microscopic pores and voids for
K790 and M100 samples. The K95T15 showed a coarser
microstructure, characterized by hexagonal-shaped grains
that allowed more densification and dispersed titanium
diboride particles at the grain boundaries. The x-ray
diffraction revealed that the main constituent of the sin-
tered ceramics is the alpha Al,O; phase. Some peaks in
the K95T15 sample can be ascribed to the presence of
TiB, particles.

3. The nano-hardness values ranged from 18 up to 23 GPa,
and the elastic modulus spanned between approximately
500 and 630 GPa. They are consistent with alumina
ceramics obtained with Spark Plasma Sintering. All sam-
ples showed a wide scattering of the data from the nano-
indentation. This can be ascribed to the highly heteroge-
neous microstructure observed in all the samples as well
as to the test conditions.

4. The fracture toughness of K790 and M100 was equal to
approximately 4.3 MPa m'?, consistently with the sin-
tered alumina obtained by dry pressing techniques. The
KO95T15, conversely, showed an increase in the fracture
toughness, which reached 5.4 MPa m'?. The observed
increment in fracture resistance can be ascribed to the

Journal of Materials Engineering and Performance

occurrence of toughening mechanisms, such as crack
bridging and crack deflection, triggered by the presence
of titanium diboride particles. The grain growth may also
have influenced the increment of fracture toughness. The
evaluation of CMOD parameter by DIC analysis pro-
vided useful information on the stability and repeatability
of fracture tests

5. In summarizing, P’C proved to be a suitable alternative
to produced alumina ceramics having high properties
with less demanding processing conditions, compared to
the conventional dry pressing techniques or the SPS pro-
cess. P°C is also able to successfully produce alumina
matrix composites reinforced with titanium diboride.
Potential future development may involve the assessing
of P>C capability with higher percentages of TiB, parti-
cles or other secondary hard phases.
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