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a  b s  t r a  c t

Bulk composites of silicon carbide reinforced zirconia were obtained through colloidal pro-

cessing and spark plasma sintering, and their microstructural and mechanical properties

were investigated. Mixtures of powders of 4 mol% yttria-doped zirconia and silicon carbide,

with percentages of 15 and 20 wt% of silicon carbide, were prepared by colloidal process-

ing and freeze-drying to guarantee the homogeneity of powders, and sintered by SPS at

temperatures ranging from 1300 to 1400 ◦C  to obtain dense composites. The spark plasma

sintering technique makes it possible to control sintering energy and speed, and impedes

the  oxidation of silicon carbide to ensure larger reproducibility. The microstructure of the

composites reveals that some defects arise during sintering due to the  differences of coeffi-

cient of thermal expansion between zirconia and silicon carbide. Mechanical properties were

studied, such as  Vickers hardness, Young’s modulus, and bending strength. Compared with

4YTZP monolithic material, composites have better fracture strength values (∼588 MPa  and

492  MPa, for 15  wt% and 20 wt% of silicon carbide, respectively) when sintered at  1400 ◦C. It is

also  demonstrated that silicon carbide particles act as  an absorption centre for propagating

cracks.
©  2020 SECV. Published by Elsevier España, S.L.U. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Microestructura  y propiedades  mecánicas  de  composites  4YTZP-SiC
obtenidos  por  procesamiento  coloidal  y  Spark  Plasma  Sintering

Palabras clave:

Circona

Carburo de silicio

r  e  s u  m e  n

En este estudio se investigaron las propiedades microestructurales y mecánicas de los com-

posites  de circona reforzados con carburo de silicio (SiC) obtenidos mediante procesamiento

coloidal y  sinterización por  descarga eléctrica (spark plasma sintering [SPS]). Se prepararon
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Spark plasma sintering

Propiedades mecánicas

Microestructura

mezclas de circona dopada con 4 %mol de  itria (4YTZP) y SiC con porcentajes del 15 y 20%

en peso mediante procesamiento coloidal y  liofilización para garantizar la homogeneidad

de  los polvos, posteriormente se  sinterizaron por SPS a  temperaturas de 1300  a  1400 ◦C para

obtener  composites densos. La técnica de  SPS permite controlar el tiempo y  la velocidad

de  sinterización e impide la oxidación del SiC para garantizar una mayor reproducibilidad.

La microestructura de los composites ha revelado algunos defectos durante la sinterización

debido a las diferencias de coeficiente de expansión térmica entre la 4YTZP y el SiC. Por

otro  lado, se estudiaron las propiedades mecánicas como la dureza Vickers, el  módulo de

Young  y  la resistencia a  la flexión. En comparación con el material monolítico de 4YTZP

sinterizado a  1400 ◦C, los composites presentan mejores valores de  resistencia a la fractura

(∼  588 MPa y  ∼ 492 MPa, con un 15  y  un 20% en peso de SiC, respectivamente). También se

ha  demostrado que las partículas de SiC actúan como centro de absorción de  propagación

de  grietas.

© 2020 SECV. Publicado por Elsevier España, S.L.U. Este es un artı́culo Open Access bajo

la licencia CC BY-NC-ND (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Yttria-doped polycrystalline tetragonal zirconia (YTZP) is an
interesting material for many  structural applications due to its
excellent properties at high temperatures compared to metals,
its high strength accompanied by high toughness, low thermal
expansion coefficient, great thermal stability and chemical
resistance. However, YTZP is  not a  tough material, and its
mechanical properties must be increased to  extend its applica-
tions [1]. One feature that has been investigated in recent years
is the combination of YTZP and SiC to obtain new functionality
materials [2].

SiC has been the most popular non-oxidic ceramic material
in the industry for more  than a  century. Due to its electrical
and mechanical properties at high temperatures, it is  widely
used as a structural component [3].  Dispersed SiC particles in a
YTZP matrix can produce ceramic composites with enhanced
mechanical properties due to  their excellent thermal shock
resistance and oxidation resistance despite their poor sinter-
ability and low fracture toughness [4].  It is also known that SiC
has an important crack-healing ability [5,6].  YTZP/SiC com-
posites have been widely studied by Bamba et al. [7–9],  who
determined that SiC particles in a  YTZP matrix enhance the
fracture strength from 300 MPa  to 750 MPa  using 20 vol.% of
SiC, favouring crack deflection when the composite is sintered
by hot pressing. Hong et  al. [10] studied YTZP/SiC composites,
demonstrating that the dispersion of SiC in a  YTZP matrix
slightly increases its mechanical properties.

In order to obtain better reproducibility and results of
YTZP/SiC ceramic composites, it is important to control the
physicochemical parameters with the aim of reducing defects
in the sintered materials. This can be achieved by improv-
ing the homogeneity of powders and reducing the presence
of agglomerates which, in turn, can be done by controlling
the intimate mixing of the components through colloidal pro-
cessing. There are a lot of factors that determine the success
of colloidal processing, such as  powder size distribution and
the shape, surface properties and interaction forces between
particles and solvents [11]. Measuring the zeta potential and
optimising the rheological behaviour makes it possible to
determine the optimum conditions for the efficient dispersion

of powders and the preparation of suspensions with higher
solid contents to  achieve better packing densities.

On the other hand, the development of cutting-edge sin-
tering technology is associated with the need to fabricate
new materials with multifunctional properties. SPS is  a  non-
conventional technique that can very quickly sinter ceramic
powders and produce fully dense compacts [12]. This tech-
nique can work at heating rates of the order of one hundred
degrees per minute combined with external pressure assis-
tance, reaching high temperatures in a  very short space of time
[13].  Hence, ceramic composites sintered by SPS show high
mechanical properties while maintaining small grain sizes, as
there is no time for coarsening [14].

This sintering technique is  being profusely applied in  the
preparation of a wide range of materials, but only a  few sci-
entific publications can be  found on the topic of SPS-sintered
ZrO2/SiC composites [15,16]. Nevertheless, to the  best of our
knowledge, no data is available on the influence of the rheo-
logical behaviour of the starting powders and SPS parameters
on the performance and microstructure of these materials.

The main objective of this work was to obtain homoge-
neous zirconia/silicon carbide (4YTZP/SiC) powder mixtures
by colloidal processing and subsequent spark plasma sintering
at relatively low temperatures (1300–1400 ◦C). For this purpose,
submicron-sized 4YTZP and SiC powders were well dispersed
in water, freeze-dried and subsequently sintered to obtain
dense composites. The resulting materials were evaluated in
terms of their microstructure and mechanical properties. The
results were compared with a 4YTZP monolithic material pre-
pared under the same conditions.

Materials  and  methods

Commercial powder of tetragonal zirconia polycrystals doped
with 4 mol% Y2O3 (TZ4YS, Tosoh, Japan) and �-SiC (UF-15,
Hermann C. Stark, Germany) were used as starting pow-
ders. Starting zirconia powder has a theoretical density of
6.05 g/cm3, an average particle size of 0.7 �m and a surface
area of powder is 7.0 m2/g  according to the provider’s data.
�-SiC powder has a  theoretical density of 3.21 g/cm3, an
average particle size of 0.6 �m and a surface area of 15 m2/g
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according to the provider’s data. Particle size  distributions
were measured using the laser diffraction technique (LD,
Mastersizer S, Malvern, UK), and the surface area was mea-
sured using the  N2-adsorption BET method with a  Monosorb
Surface Area Analyser MS-13 (Quantachrome Co., USA). The
morphology and microstructure of the as-received powders
were observed after sintering using field emission-scanning
electron microscopy (FE-SEM, Gemini Ultra 55 model, Zeiss).

The colloidal stability was studied by measuring the
zeta potential of the starting powders as  a  function of pH
with and without polyelectrolytes, in order to determine the
optimum amount of dispersant and the most effective pH
operation conditions. The measurements were performed
through a laser Doppler principle combined with non-invasive
back-scattering equipment (Zetasizer Nano-ZS, Malvern, UK).
Aqueous suspensions with a  solid content of 0.1 g L−1 were
prepared by using KCl 10−2 M as inert electrolyte and adjust-
ing the pH values using KOH and HCl  10−1 M solutions. These
adjustments were made with a pH-metre (Titrino DMS  716,
Metrohm, Switzerland). In order to prevent agglomerates that
might interfere with the results, a sonication probe (UP 400S,
Dr Hielscher GmbH, Germany) was  used at a frequency of
24 kHz for 1  min. The suspension was also immersed in an
ice bath during sonication to prevent overheating. As regards
deflocculants, a  poly(acrylic acid)-based polyelectrolyte (Dura-
max  TM D3005, Rohm &  Haas, USA, with 35 wt% active matter)
was  used for 4YTZP, and a synthetic polyelectrolyte (Produkt
KV5088, Zschimmer-Schwarz, Germany), which has demon-
strated its suitability for the dispersion of non-oxide ceramics,
was used to disperse the SiC powders [17].

In order to maximise the concentration in  solids of the
suspension while maintaining low viscosity values, suspen-
sions with solid contents from 10 to 40  vol.% were prepared.
These suspensions were always prepared through the same
procedure, maintaining water with the desired content of
deflocculant by continuous mechanical agitation with helices
and then slowly adding the  4YTZP powders. For the suspen-
sions combining 4YTZP and SiC, PKV was  added to a  previous
4YTZP aqueous suspension, and then SiC powders were incor-
porated while maintaining the mechanical agitation. Prepared
compositions included bare 4YTZP and with 15 and 20  wt%
SiC  (compositions labelled as  4YTZP, 15SiC, and 20SiC, respec-
tively).

The rheological characterisation of the  prepared suspen-
sions was  carried out using a  rotational rheometer (MARS,
Thermo Haake, Germany) with double-cone/plate sensor con-
figuration with a cone angle of 2◦ equipped with a solvent trap
to prevent evaporation (DC60/2, Thermo Haake, Germany).
The temperature was kept constant at 25 ◦C by means of a  tem-
perature water bath controller. The measuring programme
was  carried out under controlled shear rate mode using a
three-stage measuring cycle. The first stage was  the linear
increase of  the shear rate from 0 to 1000 s−1 in  5 min, followed
by a plateau at the maximum shear rate (1000 s−1)  for 1 min,
and the third stage was  a  decrease in the shear rate from 1000
to 0 s−1 in 5 min. Sonication was performed using several 1-
min cycles with a  maximum sonication of 3 min, since further
sonication cycles would lead to agglomeration.

After selecting the optimal conditions to  obtain a stable
and homogeneous suspension, the materials were placed in

volumetric flasks, which were coupled to a rotary evapora-
tor (120 rpm, RV10 basic, IKA, Germany) and frozen using a
liquid N2 bath. Afterwards, frozen suspensions were freeze-
dried (Cryodos 50, Telstar, Spain) to sublimate the water
present in  the frozen material at a pressure of 5  Pa and
a condenser temperature of −50 ◦C  for 24 h. The obtained
powders were sieved through a  63 �m mesh. The compos-
ite powders were also dispersed in aqueous suspensions that
were subsequently freeze-dried following the same method-
ology.

The resulting dry powders were placed in a graphite die
with an inner diameter of 20 mm and cold uniaxially pressed
at 30 MPa. Then they were placed in spark plasma sintering
apparatus HP D25/1 (FCT Systeme GmbH, Rauenstein, Ger-
many) under low vacuum (1 Pa)  and sintering temperatures
from 1300 to 1400 ◦C, and a constant and uniaxial compaction
pressure of 80 MPa was  applied from the beginning of the
sintering cycle. Tests were carried out with a  heating rate
of 100 ◦C min−1 and 5 min  of dwelling time at maximum
temperature.

The Archimedes method was used to measure the sin-
tered density in line with the ASTM-C-373 standard [18]. XRD
patterns of powder and crystalline bulk materials were col-
lected and mounted in appropriate sample holders (XRD, D8
Advance, Bruker, Germany). Patterns were collected with a
scanning step of 0.02◦ between 20 and 70◦ in 2�.

The mechanical properties were determined on surfaces
that had been polished down to  0.25 �m particle size with dia-
mond paste using a Struers polisher model Labopol-5 (USA).
The fracture strength was measured using biaxial testing
(ASTM F394-78), by using equations proposed by Kirstein and
Woollen [19] and Vitman and Pukh [20].
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where F  is  the maximum load before breaking the sample, t

is the  thickness of the specimen, Ra is the radius of the circle
formed by the balls that bear the specimen, b is  a  geomet-
ric approach [21],  �  is the  Poisson ratio of the specimen and R

is the  radius of the specimen. All the samples analysed have
a  diameter of 20 mm and a  thickness of 3 mm,  the prepara-
tion for mechanical tests consist in polishing one side after
ensuring that the two sides of the disc for biaxial flexural test
are planoparallel. All tests were conducted at room tempera-
ture using a universal testing machine (Shimadzu AG-X Plus,
Japan) with a  span length of 12 mm  and a cross-head dis-
placement of 0.002 mm/s. Five samples were testing for each
temperature.

Vickers hardness (HV) measurements were made with a
Vickers tester (Shimadzu HMV-20); HV tests were performed
by applying a load of 3 N for 10 s; 10  measurements were taken
for each sample.

Young’s modulus, E, was  evaluated using the nanoindenta-
tion technique. This consists of a  nanoindenter equip (Model
G-200, MTS Company, USA) with a Berkovich diamond tip
previously calibrated with silica standard. Tests were per-
formed under a maximum depth control of 1300 nm.  The
continuous stiffness measurement technique was used to
determine the contact stiffness (S) and calculate the profiles
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Fig. 1 – Evolution of zeta potential of 4YTZP diluted suspensions (a) as a function of PAA concentration at pH = 9 and (b)

without and with 0.2 wt%  content of PAA as a function of pH.

of E. A matrix with 9 indentations was  evaluated for each
sample.

Results  and  discussion

Fig. 1 presents the results of the stability studies for 4YTZP sus-
pensions using zeta potential measurements. Fig. 1a  shows
the variation of zeta potential with the deflocculant con-
centration for 4YTZP diluted suspensions using PAA as  a
deflocculant at their natural pH (around pH = 9). As expected
from other studies using a  similar powder with 3 mol% Y2O3,
the surface charge of 4YTZP particles changes abruptly from
positive to negative with small PAA additions [22].  PAA is
absorbed into the surface of the particles even with only
0.2 wt%  addition, a  concentration high enough to induce a
highly negative zeta potential (−57  mV)  to ensure a  high sta-
bility at the working pH, between 8 and 9. Therefore, 0.2 wt%
PAA content was selected as  an appropriate quantity to pre-
pare concentrated, stable suspensions. To confirm this choice,
further studies were carried out on the zeta potential depen-
dence versus the  pH  of 4YTZP diluted suspensions with and
without the addition of 0.2 wt% PAA. The results are presented
in Fig. 1b. As predicted, the  addition of anionic polyelectrolyte
strongly shifts down  the isoelectric point from around pH 7
for the 4YTZP suspension without deflocculant to ∼3.2 with
0.2 wt%  PAA. High absolute values of zeta potential indicate
high stability; these results suggest that it is possible to pre-
pare a stable suspension at pH  ∼ 9 using 0.2 wt% PAA. These
values match the previously reported data for  3YTZP [22,23], in
which a similar shift down from pH 6 to values slightly higher
than pH 3 was reported.

SiC stability had already been studied in previous works.
Candelario et al.17 showed that the isoelectric point of SiC
occurred at pH  3.8 and demonstrated that a  dispersant content
of 1.5 wt%  of PKV was the best choice to  achieve maximum sta-
bility with zeta potential absolute values higher than 30  mV
at pH ≥ 6. These studies also concluded that PKV did not
significantly change the  isoelectric point, but allowed the
preparation of concentrated suspensions with low viscosity
due to its steric effect.

In this work, once the dispersing conditions had been
selected, concentrated suspensions of 4YTZP were prepared
with and without the secondary SiC phase. The rheologi-
cal behaviour of the 4YTZP suspensions was the first aspect
to be studied. Concentrated suspensions were prepared in
deionised water to a  solid loading of 30 vol.% at their natu-

Fig. 2 – Flow curves of 30 vol.% solids content 4YTZP

suspensions with 0.2 wt%  of deflocculant varying

sonication time.

Fig. 3 – Flow curves of concentrated 4YTZP suspensions

with 0.1–0.5 wt% deflocculant content and with optimum

sonication time (2 min).

ral pH (i.e. 9) using different deflocculant contents, from 0.1 to
0.5 wt%, and different sonication times. Fig. 2 shows the flow
curves of 30 vol.% 4YTZP suspensions with 0.2 wt% PAA vary-
ing the sonication time. It may be observed that the  best son-
ication time is 2 min, and longer ultrasound treatments lead
to a small re-agglomeration, since the suspension viscosity
increases. Fig. 3 presents the flow curves of suspensions dis-
persed with different contents of PAA and sonicated for 2  min,
showing that the lowest viscosity is obtained for a PAA content
of 0.2 wt%, thus confirming the results predicted from the  zeta
potential measurements. Suspensions with 0.1 wt%  PAA have
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Fig. 4 – Viscosity of 4YTZP suspensions dispersed with

0.2 wt%  PAA and 2 min  sonication as a function of solids

loading.

a high viscosity and very broad thixotropic cycle, demonstrat-
ing their lack of stability. The increase of dispersant content to
0.2 wt% decreases the viscosity, and the  curve does not present
thixotropy, which indicates good homogeneity. Further addi-
tions of PAA lead to slightly higher viscosities. Accordingly,
high concentrated suspensions with solid contents ranging
from 10 to 40  vol.% were prepared using 0.2  wt% of PAA.

Fig. 4 represents the high shear viscosity (1000 s−1) of sus-
pensions of 4YTZP containing different solid loadings. This
plot shows that suspensions maintain very low viscosity and
good flowability up to a solid content of 35 vol.% and, from
40 vol.%, viscosity is relatively high and flowability is  poor. The

relationship between viscosity and solid loading is exponen-
tial, as  was expected in accordance with the literature [11].

Once the rheological behaviour of 4YTZP suspensions with
a  high solid content had been studied and the  optimum
dispersing conditions had been determined, 30 vol.% suspen-
sions of the mixtures 4YTZP/SiC were prepared using 0.2  wt%
PAA to disperse 4YTZP and 1.5 wt% PKV to  disperse SiC. Fig. 5
shows the flow curves of both 4YTZP/SiC suspensions contain-
ing 15 wt% of SiC (Fig. 5a)  and 20 wt% SiC (Fig. 5b). As illustrated
by these figures, suspensions without sonication are not effec-
tively dispersed and present very broad thixotropic cycles,
whereas those sonicated for 1 min  present the best rheologi-
cal  behaviour of each series with nearly Newtonian behaviour
and no thixotropy. In addition, the composite suspensions
have a  similar viscosity which, in turn, is similar to the
4YTZP suspension, as  shown in  Fig. 2.  The 4YTZP/SiC sus-
pensions were well stabilised, as  both have negative charges
at pH 9, thus ensuring an effective electrostatic contribu-
tion to the stabilisation to prevent the natural tendency from
forming aggregates induced by London-Van der  Waals forces
[24,25].  Despite the negligible thixotropy, viscosity values at
1000 s−1 are 10.5 MPa  s to 4YTZP, 7.5 MPa  s to  30 vol.% suspen-
sions of 4YTZP/15SiC and 7.9 MPa s to 30 vol.% suspensions of
4YTZP/20SiC.

The optimised suspensions were freeze-dried, and the
resulting powders were sintered by SPS at 1300, 1350 and
1400 ◦C. Fig. 6 compares the  X-ray diffraction patterns of 15SiC
and 20SiC freeze- dried powders and after sintering by SPS at
1400 ◦C.

X-ray analysis reveals that freeze-dried powders con-
sisted of zirconia with tetragonal as  the major phase, as
well as a small contribution of monoclinic phase and SiC.

Fig. 5 – Flow curves of concentrated suspensions of 4YTZP/SiC dispersed using 0.2 wt%  PAA for 4YTZP and 1.5 wt%  PKV for

SiC, prepared to 30 vol.% solids content with and without different sonication times: (a) 15 wt%  SiC and (b) 20 wt%  SiC.

Fig. 6 – X-ray diffraction patterns of 4YTZP/SiC freeze-dried powders and bulk-materials after-sintering at 1400 ◦C by SPS: (a)

15 wt%  SiC and (b) 20 wt%  SiC.
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Table 1 – Relative densities (experimental values, g/cm3,
and % TD) of sintered materials by SPS at 1300, 1350,
and 1400 ◦C.

Sintering temperature (◦C)

1300 1350 1400

4YTZP 6.04 g/cm3 99.8% 6.04 g/cm3 99.9% 6.04 g/cm3 99.9%
15SiC 5.39 g/cm3 95.8% 5.37 g/cm3 95.5% 5.38 g/cm3 95.7%
20SiC 5.25 g/cm3 95.7% 5.24 g/cm3 95.5% 5.24 g/cm3 95.6%

After sintering, X-ray shows a  peak of carbon due to the
graphite die used during the SPS process. During the sintering
cycle, all the monoclinic phase of ZrO2 transformed into the
tetragonal phase and no reaction phase was detected. The
use of graphite die during sintering promotes a  reductive
atmosphere to prevent the reaction of ZrO2 and SiC [9].

The relative density of sintered materials as a function
of final temperature is  shown in Table 1.  Almost theoreti-
cal density (≥99.8% relative density) was  obtained for 4YTZP
monolithic materials sintered at any temperature in the range
considered. The relative density of 4YTZP/SiC composites
exceeds >95% but does not approach the theoretical density.
However, the final density of the composites is similar for all
sintering temperatures.

The incorporation of SiC particles as a  secondary phase
reduces densification at low temperatures, and it  is  widely
known that the full densification of SiC ceramics is especially
complicated without sintering additives, mainly due to the
covalent nature of the silicon carbide bond, which in  the sin-
tering process shows very low diffusivity of atoms and high
energy on the grain boundaries [26].  In this work, 4YTZP/SiC
composites were sintered without adding any specific sinter-
ing aid. It is  known that SiC powders need high temperature
to reach full densification, but in this work the matrix is zirco-
nia, and a sintering temperature higher than the one selected
here could lead to exaggerated grain growth and transforma-

tion of zirconia to cubic phase. This would lead to expansion
until cracking, causing a decrease of its mechanical properties
and limiting its structural applications.

FE-SEM micrographs of the fracture surfaces of 4YTZP and
4YTZP/SiC composites obtained by SPS at 1300 ◦C are shown
in  Fig. 7. It is important to note that the monolithic 4YTZP
material reaches full densification without residual porosity,
as observed in Fig. 7a. On the contrary, the incomplete densi-
fication of the composites can be clearly observed regardless
of the SiC percentage. Although the final density was simi-
lar for the two  composites, there were differences in  the final
microstructure, as shown in Fig. 7b and c. The 4YTZP mate-
rial achieves its maximum density values due to  the  fact that
all grains are close to their maximum compaction with small
zirconia grains homogeneously dispersed without agglomer-
ates (Fig. 7a). 4YTZP/SiC composites show some coarsening of
both 4YTZP and SiC grains as the SiC percentage increases.
SiC particles are not integrated in the matrix, as  revealed by
the micrographs in Fig. 7b  and c. The sample with 20 wt%  of
SiC presented the inhomogeneous dispersion of SiC particles
in a  ZrO2 matrix, leading to submicrometric large pores and
SiC grains of >1 �m.

The Vickers hardness, Young’s modulus and fracture
strength of the materials fabricated by SPS are shown in Fig. 8
as  a function of the final sintering temperature.

The Vickers hardness values increase with the final sinter-
ing temperature. All composites obtained by SPS at different
temperatures show values lower than that of the  zirconia
material (15.4 GPa at 1400 ◦C). Another direct observation is
that when the percentage of SiC increases, the hardness val-
ues decrease. Two main factors affect the  hardness values
of these composites: the low density values of the materi-
als; and the increase in  grain growth, which is  proportional
to  the concentration of SiC particles. This is associated with
the presence of porosity on the one hand, and the increasing
average grain size leading to a  decrease in hardness on the

Fig. 7 – FE-SEM micrographs of fracture surfaces: (a) 4YTZP material and composites, (b) 15 wt% SiC  and (c) 20 wt%  SiC,

sintered by SPS at 1300 ◦C.
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Fig. 8 – (a) Vickers hardness, (b) Young’s modulus and (c) biaxial bending strength for 4YTZP and 4YTZP/SiC composites as a

function of  sintering temperature.

Fig. 9 – FE-SEM image of crack propagation of the 15SiC

composite sintered at  1350 ◦C by SPS.

other according to expectation derived from the Hall–Petch
law.

It  can be observed that HV in  4YTZP is  similar at any sinter-
ing temperature (14.6–15.4 GPa). The highest hardness values
for 15SiC and 20SiC composites were 12.7 GPa and 11.8 GPa,
respectively, which were obtained at a  sintering temperature
of 1400 ◦C. At this temperature, SiC particles do not completely
sinter, and sintering would have to be enhanced through
higher temperatures or the use of additives. The authors had
not found any hardness values for the  ZrO2–SiC compos-
ites sintered by spark plasma reported in the literature so
far.

This behaviour could be explained by observing the
microstructure of the sintered composites. As noted in the
microstructure of the polished surface of the 15SiC composite
sintered at  1350 ◦C (Fig.  9),  certain defects arise during sinter-
ing due to the differences in the thermal expansion coefficient
(around 4 × 10−6 K−1 for SiC vs around 10 × 10−6 K−1 for zirco-
nia). This generates pores and removes grains, and these zones

act as a  stress absorption centre for the propagating cracks.
Depending on its energy, the propagating crack can break SiC
particles, as shown in Zone A  in Fig. 9,  or can be absorbed by
the porous centres in  Zone b [14,27].

Fig. 8c shows the relationship between the Young’s modu-
lus (E) and final temperature of different sintered materials.
The minimum and maximum E  values in  each composite
are shown by scatter bars. E values increase with sintering
temperature in all cases, with this being higher in  the  case
of 4YTZP material. The expected E value in 4YTZP/SiC com-
posites would be higher than in  4YTZP; the main reason
for this behaviour is the poor sinterability of SiC particles
and the negative effect of porosity in the Young’s modulus
[28].

Fracture strength is  shown in Fig. 8d. At the lowest tem-
perature (1300 ◦C), the fracture strength of 4YTZP monolithic
is very high, approaching 1000 MPa.  At higher sintering tem-
peratures, the fracture strength decreases to 600 and 450 MPa
for 1350 and 1400 ◦C, respectively. At the lowest temperature
(1300 ◦C), the strength of the composites is significantly lower
than the 4YTZP material, but the composites show the high-
est strength at 1400 ◦C (∼588 MPa and 492 MPa  for 15SiC and
20SiC, respectively). The rationale for these trends is  that the
strength of brittle ceramics scales is inversely proportional
with the  square root of the  dominant initial flaw size, where
the size of that intrinsic flaw is expected to scale with the
average grain the size.

In conclusion, mechanical properties are closely related
to microstructure, which depends on grain size and porosity
[29].  As shown in Fig. 7,  the grain size of 4YTZP is ∼114 nm
at 1300 ◦C; for the 15SiC composite, the grain size of 4YTZP
increases to  ∼143 nm,  while it grows up to 322 mm for 20SiC
composite. This increasing grain size with SiC percentage
proves that SiC particles contribute to  the grain growth of
4YTZP in composites, although they do not reach a full density
(porosity ∼5%), but improve the fracture strength.
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Conclusion

Optimised suspensions of 4YTZP/SiC powders with 15  and
20 wt%  SiC were obtained through colloidal processing and
freeze-drying after the rheological behaviour of the aqueous
suspensions of the starting powders. 4YTZP/SiC composites
were successfully sintered by spark plasma at low tem-
peratures (1300–1400 ◦C) without sintering aids. In order to
determine the effect of SiC particles in  a  4YTZP matrix,
microstructure and mechanical properties of sintered com-
posites were studied. Although SiC particles inhibit full
densification, with final densities of 95–96% TD, they pro-
voke an increase in the grain size  of 4YTZP particles
and their microstructure becomes less homogeneous. These
microstructural features cause that the hardness and Young’s
modulus of the 4YTZP/SiC composites decrease with increas-
ing SiC percentages due to  their lower density. This means
that 4YTZP/SiC composites are suitable for use in applications
where high fracture strength is required.
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