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The influence of Y2O3 addition on densification, physical, mechanical, thermal, and oxidation properties of
ZrB2-20 vol.%SiC- (0-15 vol.%Y2O3) composites was investigated in the present study. Powders of ZrB2-
SiC-Y2O3 were cold compacted uniaxially, and green compacts were densified by pressure-less sintering.
Results indicate that Y2O3 addition improves the sinterability and mechanical properties, whereas it
diminishes the electrical and thermal conductivities of the investigated composites. Removal of surface
oxides by the additives and segregation of Y2O3 particles at the triple junction of the ZrB2 grains enhances
densification. Reduction in porosity (9.5-4.2%) through Y2O3 addition (0-15 vol.%) improves hardness (up
to 52%), relative elastic modulus (up to 9%), and fracture toughness (up to 26%) of the investigated
composites. The electrical conductivity has been observed to vary in the range of 2.67-1.92 106 S/m, and
thermal diffusivity values decrease with an increase in Y2O3 content and temperature. Oxidation studies
indicate that the ZrB2-SiC composite shows better oxidation resistance than other investigated composites.
Characterization of oxidized scales confirms the formation of a thicker oxide layer over the samples
containing Y2O3.
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1. Introduction

Ceramics exhibiting excellent metallurgical stability above
2000 �C, with higher melting temperature (>3000 �C), are
considered Ultra High-Temperature Ceramics (UHTCs). In an
oxidizing environment, these ceramics form a protective
superficial Oxide layer. This oxide layer must be dense,
continuous, stable, and particularly adhesive to the surface
during thermal cycles involved in many applications. Gener-
ally, borides, nitrides, and carbides of transition metals are

known as UHTCs. Among these, zirconium diboride (ZrB2) has
the lowest theoretical density (6.09 g/cm3) in the diboride
group (Ref 1-5).

UHTCs have found applications in hypersonic space
vehicles, rocket propulsion, sharp surfaces of re-entry vehicles,
components for furnaces, etc. Moreover, the application should
last many years (Ref 6-9). So, studying material long-term
oxidation behavior for a long exposure time is required.
Though Zirconium and hafnium diborides are popular as
UHTCs, they possess meager oxidation resistance. A passive
film of liquid B2O3 is formed over the parent material. Thus, it
fills pores, protecting the unoxidized material from further
oxidation. When the temperature rises above 1200 �C, the
liquid B2O3 film evaporates, and a perforated layer of ZrO2 is
formed; thus, the parent material starts to oxidize continuously
(Ref 10-13).

Many researchers have focused on improving ultra-high-
temperature ceramics to overcome this limitation. Three main
drawbacks are evident in ZrB2-based ceramics: comparatively
poor fracture toughness, lower sinterability because Zr forms
strong bonding with B covalently, and becomes less oxidation
resistant at high temperatures. Different researchers have taken
several measures to overcome these limitations of ZrB2-based
ceramics. MoSi2, SiC, or carbon fibers were induced to
improve mechanical properties. However, reinforcement over
a range reduces the sinterability of ZrB2. For the improvement
of the sintered density of ZrB2 few steps are taken-sinter
operation done at high temperatures (>2000 �C), pressure-
assisted sintering, and using sintering additives (Ref 14-20).

In recent times ZrB2 based ceramic matrix composites has
been the focus of many researchers for high-temperature use as
it is aggregated of higher melting point (Ref 5), good chemical
inactivity, excellent thermal shock resistance (Ref 21, 22),
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higher electrical and thermal conductivity (Ref 23-26), good
wear resistance (Ref 27-29) better mechanical properties (Ref
30-38) and good creep resistance (Ref 39). Many researchers
reported that SiC addition improves the oxidation resistance of
ZrB2 by forming a borosilicate layer that protects at higher
temperatures, but pure SiO2 melts at 1726 �C (Ref 40).

Besides improving oxidation behavior (Ref 41-43), SiC
enhances the strength and toughness of ZrB2 ceramics.
Chamberlain et al. (Ref 44) reported that introducing 20 or
30 vol.% SiC particles increases the strength of the ZrB2

composite from �560 to 1000 MPa. As per the work of
Monteverde, the addition of 10 vol.% of fine SiC particle
improves the fracture strength of hot-pressed ZrB2 350 to
835 MPa (Ref 45). Due to lower self-diffusion coefficients and
strong covalency between ZrB2 & SiC, this binary composite
can fabricate with high density by hot pressing or reaction hot-
pressing. Generally simpler shapes like disk-shaped samples
are made by hot-pressing, and after that, they are taken for
machining for required shapes. The latest research has proved
that almost the theoretical density of ZrB2–SiC can be attained
by pressureless sintering (PS), removing the primary limitations
of this ceramics (Ref 15-20, 26, 35, 46).

The flexure strength of the ZrB2–SiC composite was
recorded as less than 400 MPa by adding SiC grains of an
average size of �6 lm. When SiC particles having an average
size of £ 1 lm were used, flexure strength increased to
900 MPa (Ref 47).

Above 2000 �C, the protective borosilicate layer gets
degraded, so the internal parent material continuously oxidizes
by active oxidation. Han et al. (Ref 48) reported that at 2200 �C
in an oxy-acetylene torch experiment, the residual perforated
ZrO2 layer might form a thick protective ZrO2 layer by
sintering. Diffusivity of oxygen through the thick ZrO2 layer is
higher than that of SiO2 layer.

Furthermore, several researchers studied oxidation kinetics
related to mass change analysis, supporting that the borosilicate
layer protects from further oxidation do not particularly
correspond to the formation of oxide scale due to the
vaporization of B2O3 and CO2. In the work of Zhang et al.
(Ref 49), mass change kinetics was reported, and the calculated
oxidation exponent for monolithic ZrB2 and ZrB2-4wt.%WC
were 1 and �2, respectively.

Adding 3 vol.% of Y2O3 reduces the impurity present on the
surface of starting powder by reaction with these oxides viz.
ZrO2, B2O3 and SiO2. This phenomenon helps increase the
density of ZrB2-SiC as removing impurity oxides impressively
reduces the excessive grain growth. Flexural strength and
fracture toughness also increased as the sinterability and
microstructure get enhanced. Comparatively higher amount
addition of Y2O3, i.e., 8 vol.%, exhibits insufficient enhance-
ment in the mechanical properties probably because the excess
additive creates the unwanted liquid phase at grain boundaries
(Ref 50).

Zhi-Qiang Cheng et al. (Ref 51) studied pressure-less
sintered ZrB2-SiC ceramics. Y2O3 and Al2O3 were added for
better densification. The study shows how the sintering
additives and crystallization annealing at 1350 �C affect the
structure and properties of the composite. Therefore, the current
study focuses on the influence of Y2O3 content on the
densification, microstructure, physical and mechanical proper-
ties, and oxidation performance of ZrB2-20 vol.%SiC compos-
ites.

2. Experimental Techniques

In this pressure-less sintering of Zirconium diboride based
composites used, raw powders of highly pure zirconium
diboride (ZrB2), silicon carbide (SiC), boron carbide (B4C),
graphite and yttrium oxide (Y2O3) powders as raw materials.
Powder compositions of ZSBC-0Y (ZrB2-20 vol.% SiC 5.5
vol.% B4C 3 vol.% Graphite powder), ZSBC-5Y (ZrB2-20
vol.% SiC 5.5 vol.% B4C 3 vol.% Graphite powder 5 vol.%
Y2O3), ZSBC-10Y (ZrB2-20 vol.% SiC 5.5 vol.% B4C 3 vol.%
Graphite powder 10 vol.% Y2O3) and ZSBC-15Y (ZrB2-20
vol.% SiC 5.5 vol.% B4C 3 vol.% Graphite powder 15 vol.%
Y2O3) were prepared by mixing. The sintering additives used
were graphite and B4C powders. The mixed composite powders
were uniaxially compacted by a pressure of 333 MPa. Densi-
fication of the green compacts was densified by pressure-less
sintering at 1750 �C for 30 minutes in an argon atmosphere.
The effect of Y2O3 content on Bulk density, densification
parameter, and shrinkage were calculated using Eqs 1 and 2,
respectively.

w ¼ qs � qG
qT � qG

ðEq 1Þ

qs ¼
qG

1� DL
L0

� � ðEq 2Þ

where w, qs, qG, qT and DL/L0 are densification parameter,
sintered density, green density, theoretical density, and shrink-
age, respectively.

Archimedes� principle was used to compute the density of
the composites. Phase analysis of the sintered composites was
studied by x-ray Diffraction analysis. Field emission scanning
electron microscopy (FESEM) assisted with an energy disper-
sive x-ray (EDX) attachment was utilized to investigate the
microstructures of the pressureless sintered pellets.

To study the electrical resistivities of the sintered composites
at ambient temperature with the help of a high precision
resistivity unit functioning on the four-wire probe mechanism
was used. Samples were machined from the sintered compos-
ites to measure the electrical resistivity according to Eq 3:

rs ¼
ptR
ln 2

ðEq 3Þ

where rs is electrical resistivity, R is resistance of the sample,
and t denote the thickness of the composite. Electrical
conductivity ðrÞ was estimated as:

r ¼ 1

rs
ðEq 4Þ

The thermal diffusivity of the developed composites was
studied utilizing the laser flash method following the ASTM
E�1461 standard (Ref 52). The measuring principle includes a
high-intensity laser energy pulse directed on disc-shaped
samples (diameter and thickness were 12.5 and 1.5 mm,
respectively) for a short duration. The incident energy that is
absorbed by the bottom surface of the samples causes an
enhancement in the temperature of the top face, which is
recorded with time. The duration at which the absorbed energy
reaches 50% of the maximum value is termed half-time (t1/2).
The thermal diffusivity (a) is computed from the relation (Ref
5):
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a ¼ 0:13879L2

t1=2
ðEq 5Þ

where (L) is the thickness of the specimen. Specific heat (c) of
the composites were evaluated from earlier reported data (Ref
53) for each constituent phase. Subsequently, the thermal
conductivity (k) was measured by the relation 6:

k ¼ caq ðEq 6Þ

where q is the density of the composite at 20 �C.
Elastic modulus (E) of the composites were calculated

utilizing the following relation:

E ¼ E0 1� 1:9P þ 0:9P2
� �

ðEq 7Þ

Here, E0 is the elastic modulus of the sample devoid of any
porosity, and P is the volume fraction of the porosity present in
the composites. E0 has been calculated exercising rule of
mixture (ROM) and using elastic modulus of ZrB2 = 500 GPa,
SiC = 475 GPa, and Y2O3 = 171.5 GPa. Vickers microhard-
ness tests were carried out at a load of 500gf for 15 seconds to
determine the hardness of the composites whereas, at the load
of 2 kgf for 15 s, was employed for studying the indentation
fracture toughness (IFT), KIC. The model proposed by Anstis
et al. (Ref 54) has been utilized to calculate the IFT of the
investigated composites.

KIC ¼ 0:016
E

H

� �1=2 P

C3=2
ðEq 8Þ

where E = Young�s modulus, H = hardness, P = load. Further-
more, a and l are the half diagonal length of indentation and the
crack length, respectively (wherein c = l + a). The crack lengths
and the lengths of indentation diagonals were measured under an
optical microscope. Samples were sliced and metallographically
polished prior to oxidation studies. Non-isothermal oxidation
tests were carried out in a thermo gravimetric analyzer
(TGA). The cyclic oxidation test was done for 15 cycles at
1300 �C. One cycle includes measuring the weight of the sample
before oxidation, isothermal holding for 1 hour, kept for cooling
to room temperature andmeasuringweight to recordmass gain or
loss. The constituent phases of the oxide scales were determined
by XRD analysis. The structures of the oxide scales of the
specimens were examined using a FESEM and EDX.

3. Results and Discussions

3.1 Densification

The effects of Y2O3 content on bulk and relative densities of
the experimented samples are shown in Fig. 1. Figure 2
illustrates the influence of Y2O3 content on densification
parameters and shrinkage of ZSBC composites. Results
indicate that the relative density of the ZSBC-xY (x = 0/5/10/
15 vol.% Y2O3) composites bears a direct proportionality with
the volume fraction of Y2O3. Densification parameters of
ZSBC-0Y composites have been found to vary from
0.76 ± 0.01 to 0.89 ± 0.04 when altering Y2O3 content from
0 to 15 vol.%. Figure 2 illustrates the variation of shrinkage
with the volume fraction of Y2O3. It exhibits that the shrinkage
increases with an increase in volume fraction of Y2O3 up to 10

vol.%, and then it decreases. Greater relative density has been
obtained by a higher amount of Y2O3 that improves the
densification behavior of the ZSBC-0Y composite.

Fig. 1 Plot shows effect of Y2O3 content on density and relative
density of ZSBC (0-15Y) composites compacted by 333 MPa
pressure

Fig. 2 Plot shows effect of Y2O3 content on densification
parameter and shrinkage of ZSBC (0-15Y) composites

Fig. 3 Plot illustrates XRD patterns of pressureless sintered ZSBC
(0-15Y) composites
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XRD patterns of sintered ZSBC composites containing
different Y2O3 content at 1750 �C are exhibited in Fig. 3. Peaks
of ZrB2 are the primary constituent phase along with SiC for
the ZSBC composites. Peaks of Y2O3 are observed for the
ZSBC composites containing Y2O3.

Secondary electron (SE) images of ZSBC-0Y, ZSBC-5Y,
ZSBC-10Y, and ZSBC-15Y ceramic composite are presented in
Fig. 4. The microstructure of the sintered samples exhibits
uniformly distributed ZrB2 and SiC phases. Figure 4 indicates
that ZrB2 appears bright, SiC looks grey, and B4C shows dark.
White Y2O3 particles are present at the junction point of three
grains in the microstructures of ZSBC-5Y, ZSBC-10Y, and
ZSBC-15Y composites. The average ZrB2 grain sizes of ZSBC-
0Y, ZSBC-5Y, ZSBC-10Y, and ZSBC-15Y composites are
11.05 ± 2.34, 10.25 ± 2.11, 9.22 ± 1.2, and 7.25 ± 2.6 lm,
respectively.

Figures 5 and 6 depict microstructures and elemental
mapping of different phases of ZSBC-0Y and ZSBC-15Y
composites. EDX result (Fig. 6) indicates that Y2O3 particles
are present at the triple junction of the grains. Y2O3 particles
decrease average matrix grain size from 11.05 ± 2.34 to
7.25 ± 2.6 lm as Y2O3 content increases from 0-15 vol.%.
Average grain size of ZrB2 was calculated from SEM images.
These images have been acquired from various locations of the
composites. Results exhibit that the intermediate matrix (ZrB2)
grain size bears an inverse proportionality with the amount of
Y2O3. The introduction of Y2O3 to ZSBC composite refines the
grain sizes of ZrB2, and subsequently, a more significant
volume fraction of Y2O3 improves the densification properties
of the developed composites.

3.2 Electrical Properties

The electrical behavior of the developed samples is
displayed in Table 1. Incorporation of Y2O3 reduces the

electric conduction of the ceramic materials. The electrical
resistivity of Y2O3 (6.56 9 10�6 X-m) (Ref 55) is substantially
higher than ZrB2-20 vol. SiC (0.1 9 10�6 X-m) (Ref 23, 26).
This, in turn, lowers the electric conduction of the ZSBC-Y
(ZrB2-SiC-Y2O3) ceramic material. Generally, the electric
conduction of the composite materials reduces when an
increasing number of interfaces are added (Ref 23, 26, 38).
In the study of Mallik et al. (Ref 26), the electrical resistivity of
ZrB2 increases when SiC is added to the material. Adding 5
vol.% Y2O3 increases the electrical resistivity of the ZrB2-20
vol.% SiC ceramic material by about 39.4%. Developing a
more significant fraction of interfaces due to introducing Y2O3

(which possesses higher electrical resistivity) leads to decreased
electrical conductivity. It is well established in the literature that
factors like shape, dimensions, and different phase interfaces,
apart from the volume percentage of the incorporated other
phase, are the driving factors that govern the electrical
properties of ceramic composites (Table 1).

Average electrical resistance of the internal interfaces was
measured using Brick Layer Model (BLM) (Ref 56) for ZrB2-
SiC-Y2O3 composites considering the following relation:

q ¼ ½ð1=qintÞ þ ðRI=dÞ��1 ðEq 9Þ

where q stands for electrical conductivity, qint denotes the
intrinsic electrical conductivity of the matrix phase, RI implies
the average electrical resistance of the internal interfaces, and d
is the average grain size of the matrix phase. In Eq 9, qint of
single crystal ZrB2 matrix is taken �2.17 9 107 S/m (Ref 57).
Eq 9 utilizes the EMA (effective medium approximation) to
calculate c. According to this technique, the secluded addition
of more scattered phases is assumed to surround the matrix
phase. The effective conduction in the matrix, the
following equation is used to calculate the qeff of every sample
(Ref 58):

Fig. 4 Micrographs of (a) ZSBC-0Y, (b) ZSBC-5Y, (c) ZSBC-10Y and (d) ZSBC-15Y composites
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XN
i¼1

qeff � qi
2qeff þ qi

fi ¼ 0 ðEq 10Þ

where electric conductivity for the ith phase is denoted by qi
and fi symbolizes the volume percentage for the ith phase. The
intrinsic electrical resistivity values of ZrB2, SiC & Y2O3 are
considered as 4.9 lX-cm (Ref 59), 5 9 103 lX-cm (Ref 60),
and 650 lX-cm (Ref 55) respectively. To calculate the qI (= qm)
value for the matrix, qeff in Eq 10 were replaced with the values
for electrical conductivity obtained from experiments. The
polycrystalline matrix phase resists the current flow from the
grain boundaries, so the intrinsic conductivity varies from that
of a single crystal material. Taking a value from Zhang et al.
(Ref 57), in Eq 9, the value of qin has been replaced by qm.

RI values computed for ZSBC-0Y, and ZSBC-5Y compos-
ites have been found 2.4 9 10�12 m2-S�1, and 2.86 9 10�12

m2-S�1, in order. The outcome shows RI values change with
the addition of Y2O3, which possesses higher electrical
resistivity than ZrB2. Further, the result illustrates that the

ZSBC-0Y shows greater electrical resistivity of�3.7 times than
the sintered material prepared by hot-pressing (Ref 23), while it
is 1.3 times higher than pressureless sintered ZSBC-20
composites. However, the RI value (2.4 9 10�12 m2/S) of the
ZSBC-0Y composite is more than ZrB2-20vol.% SiC
(1.5 9 10�13 m2/S) (Ref 23). The higher porosity content in
the pressure-less sintered ZSBC-0Y composite strongly influ-
ences the interfacial electrical resistivity by reducing it
compared to the developed composites. Figure 7(a) represents
the specific heats of ZSBC-xY (x = 0/5/10/15) composites with
varying temperatures. The specific heat has been calculated by
using ROM.

The thermal diffusivity of the ZSBC-xY composites is
inversely proportionate with temperature because of a surge in
phonon scattering, as shown in Fig. 7(b). The ZrB2-SiC-based
composite containing Y2O3 (ZSBC-15Y) shows lower thermal
diffusivity at all temperatures than other investigated ZSBC-xY
composites. Figure 7(c) shows the thermal conductivity values
of ZSBC-xY composites with respect to temperature.

Fig. 5 Image depicting (a) FESEM image, elemental mapping analysis of (b) all, (c) Zr, (d) B, (e) Si, and (f) C of ZSBC-0Y ceramic
composite
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The thermal conductivity was calculated by Eq 6 using
measured values of the thermal diffusivity, bulk density & heat
capacity. The thermal conductivity value of ZSBC-15Y is lower
than ZSBC-0Y in the experimented temperature range. The
results show thermal conductivity at ambient temperature for
ZSBC-0Y, ZSBC-5Y, ZSBC-10Y and ZSBC-15Y are 38.2 W/
mK, 38.05 W/mK, 34.51 and 27.97, respectively, which are
much lesser than reported values in previous studies about

ZrB2-SiC ceramics (Ref 23, 26). The Y2O3 addition greatly
impacted thermal conduction by reducing thermal diffusivity.

At a particular temperature, the thermal diffusivity of ZSBC
ceramic is governed by electron and phonon-based transport
mechanisms (Ref 23, 57, 61). The influence of the electron
component (ke) with respect to the thermal conductivity (k)
measured at ambient temperature is estimated utilizing the
relation proposed by Zhang et al. (Ref 57).

Fig. 6 Image depicting (a) FESEM image, elemental mapping analysis of (b) all, (c) Zr, (d) B, (e) Si, and (f) Y of ZSBC-15Y ceramic
composite

Table 1 Electrical behavior of ZrB2-SiC-Y2O3 ceramic materials at ambient temperature

Composites Smple thickness, mm Voltage, mV Current, mA Resistance, lX Resistivity, 1028 X-m Electrical conductivity, 106 S/m

ZSBC-0Y 1.9 0.0044 100 44 37.88 2.64
ZSBC-5Y 2.5 0.0046 100 46 52.11 1.92
ZSBC-10Y 2.5 0.005 100 50 56.64 1.77
ZSBC-15Y 2.5 0.0055 100 55 62.30 1.61
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ke
k
¼ 298

L0
q � k ðEq 11Þ

where q and L0 are the electrical resistivity and the Lorenz
number (taken as 2.45 9 10�8 W(XK2)�1) (Ref 57). The ratio
of ke/k for the ZSBC-0Y and ZSBC-5Y was calculated, and
results indicate that the electronic contribution to thermal
conductivity reduces with the addition of Y2O3. The calculated
electronic contributions to thermal conductivity for ZSBC-0Y,
ZSBC-5Y, ZSBC-10Y and ZSBC-15Y are 18.9, 14.03, 12.91,
and 11.75 W/mK, respectively. This observation suggests that
electrons facilitate thermal transport in the matrix phase (ZrB2)
and by phonons into the SiC and Y2O3 bonded covalently.

3.3 Mechanical Properties

Figure 8 depicts experimentally obtained and calculated
(ROM) Young�s modulus and porosity content for ZSBC-xY
composites with or without Y2O3. The rule of mixture (ROM)
for Young�s modulus (E0) of a zero-porosity composite may be
described as

E0 ¼
Xn
i¼1

EiVi ðEq 12Þ

where n, Ei, and Vi are a total number of constituent phases,
Young�s modulus, and volume fraction, respectively of ith
constituent phase. E0 for investigated composites has been
calculated considering theoretical Young�s modulus of ZrB2,
SiC, and Y2O3 are 500 GPa,5 475 GPa,68 and 171.5 GPa69,
respectively. The Young�s modulus of the ZSBC-xY compos-
ites decreases with a higher amount of Y2O3 due to its lower
Young�s modulus value.

The Young�s modulus values for the ZSBC-0Y (400 GPa) is
close to ZSBC-20 (405 GPa) in our previous study. The
experimentally attained Young�s modulus is 9-17% lower than
that of the corresponding ROM values. The presence of pores
in the developed composites can be attributed to the deviations
of Young�s modulus and this deviation is minimum for the
composites containing higher amount of Y2O3.

Effects of porosity and Y2O3 content on fracture toughness
and hardness of ZSBC-Y composite material are revealed in
Fig. 9. Result shows the mean value of hardness for the ZSBC-
0Y, ZSBC-5Y, ZSBC-10Y, and ZSBC-15Y are 6.3 ± 0.33,
8.9 ± 0.6, 8.62 ± 0.3, and 9.6 ± 0.46 GPa, respectively. The
hardness of the ZSBC-0Y composite is significantly lesser with
respect to the reported values of the ZrB2-20 vol.% SiC
composite recorded in the study of Mallik et al. (Ref 35). The
outcome recommends hardness strongly depends on densifica-
tion as well as Y2O3 content.

Like the hardness, indentation fracture toughness is also
influenced by Y2O3 content for investigated ZSBC composites.
Figure 9 depicts that fracture toughness is proportionate with
the amount of Y2O3 content. Indentation crack path interaction
with particles describes the toughening mechanisms involved in
the investigated composites. Figure 10 shows crack and particle
interaction that leads to various phenomena such as crack

Fig. 7 Plots show the alteration of: (a) specific heat, (b) the
thermal diffusivity and (c) thermal conductivity with temperature for
ZSBC-0Y, ZSBC-5Y, ZSBC-10Y and ZSBC-15Y composites

Fig. 8 Plot shows effect of Y2O3 content on elastic modulus of
ZSBC (0-15Y) composites
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deflection, branching, and bridging. Such governing phenom-
ena plausibly lead to the toughening of the sintered composites.

Fracture toughness is also proportionate with the volume
percentage of Y2O3 content in the ZSBC ceramic. Figure 10(a)
shows crack propagation in ZrB2-SiC ceramic composite
without Y2O3. Several researchers have found the fracture
toughness of ZrB2�-20 vol.% SiC is maximum among the
different variations with SiC content. In these figures, the crack
gets deflected and follows a flexuous path that reduces the
stress intensity. Figure 10(b) depicts the crack propagation in
the ZrB2-SiC with 5 vol.% of Y2O3. It is evident from these
figures that the cracks cannot propagate as they deflected and
interface debonding occurred. Becher et al. (Ref 64) suggested
that interface debonding increases the crack opening displace-
ment, improving the fracture toughness of ZSBC-Y ceramic
material. Figure 10(c) shows how crack gets propagated in
ZrB2-SiC-10 vol.% Y2O3. The figures show that crack
deflection and interface debonding reduce the stress intensity
of the crack. Joining the broken particles with the crack surface
lowers the stress intensity near the crack tip. Thus, it helps to
arrest the crack. Moreover, the addition of Y2O3 reduces the
sizes of the particles of the ZSBC-xY ceramic. Furthermore, it
increases the fracture toughness value of the material.

3.4 Oxidation Behavior

Non-isothermal oxidation behaviors of ZSBC-0, ZSBC-5Y,
ZSBC-10Y, and ZSBC-15Y composites are depicted in Fig. 11,
and 12 shows XRD patterns of oxide scale formed during 2nd
stage of oxidation. A separate non-isothermal oxidation has
been carried out up to 1000 �C to understand the oxidation
mechanism involved in this temperature regime. The expected
reactions that took place during the oxidation test are as
follows.

ZrB2 sð Þ þ 5=2 O2 gð Þ ! B2O3 þ ZrO2 sð Þ ðEq 13Þ

B2O3 lð Þ ! B2O3 gð Þ ðEq 14Þ

4B2O3 þ Y2O3 sð Þ ! 2YBO3 þ B2O3 ðEq 15Þ

2ZrO2 sð Þ þ Y2O3 sð Þ ! Zr2Y2O7 ðEq 16Þ

SiC sð Þ þ 3=2O2 gð Þ ! SiO2 sð Þ þ CO gð Þ ðEq 17Þ

SiO2 sð Þ þ B2O3 lð Þ ! SiO2B2O3 ðEq 18Þ

ZrO2 sð Þ þ SiO2 sð Þ ! ZrSiO4 sð Þ ðEq 19Þ

It is clear from the plots shown in Fig. 11 that the oxidation
starts at approximately 740 �C by reaction (13) for ZSBC-0Y
composite and increases at a constant rate up to 1100 �C. In this
regime, monoclinic ZrO2 (m- ZrO2) and B2O3 (Fig. 12) are
oxidation products. Due to the amorphous nature of B2O3, it is
not identified in Fig. 12. As the temperature exceeded 1100 �C,
oxidation of SiC was initiated by reaction (17), and further
mass gain resulted. In contrast, oxidation begins at 740 �C by
reaction (13) for ZSBC-5Y, ZSBC-10Y, and ZSBC-15Y

Fig. 9 Plot depicts variation of hardness and fracture toughness of
ZSBC (0-15Y) composites with Y2O3 volume fraction

Fig. 10 SEM images indicate crack propagation in (a) ZSBC-0Y,
(b) ZSBC-5Y and (c) ZSBC-15Y ceramic
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composites, and mass gain increases at a higher rate than
ZSBC-0Y. Mass gain of the examined composites increases in
ZSBC-0Y < ZSBC-5Y < ZSBC-15Y < ZSBC-10Y. Dur-
ing this temperature regime, B2O3 formed from reaction 12
reacted with Y2O3 and produced YBO3 (reaction 15). The
amount of YBO3 increases in the order of ZSBC-5Y < ZSBC-
10Y < ZSBC-15Y. The oxidation protection capability of
B2O3 has been lost due to the formation of YBO3, and as a
result, more mass gain is observed for composites containing
Y2O3. The utmost mass gain of ZSBC-10Y composite among
all the investigated composites is attributed to the consumption
of all Y2O3 to form YBO3. However, the ZSBC-15Y composite
contains more amount of Y2O3 that reacts with ZrO2 according
to reaction 16 and forms protective Zr2Y2O7 (Fig. 12), and as a
result, the composite regains its oxidation resistance. Lin et al.
(Ref 65) also found that ZSY10 has higher mass gain than
ZSY15 in thermogravimetric studies.

When the temperature exceeds 1200 �C, SiC oxidizes
following reaction 17, and further mass gain is observed. Mass
change after non-isothermal oxidation exposure for ZSBC-0Y,
ZSBC-5Y, ZSBC-10Y and ZSBC-15Y composites are 2.4, 5.3,
3.97, and 4.1%, respectively.

Oxide scale characterization (Fig. 13 and 14) reveals that the
oxide surface of ZSBC-5Y is comparatively rougher than that is

formed on the ZSBC-0Y, ZSBC-10Y and ZSBC-15Y compos-
ites. Pore formation at surfaces occurs due to the vaporization
of B2O3 above � 1100 �C. Specimens (ZrB2-SiC composite)
after non-isothermal oxidation exposure show complete sur-
rounded by borosilicate glassy layer with ZrO2 precipitates
which are agglomerated and form round shape (Fig. 13a and
14a). Round agglomeration shape turns into fibrous structures
with the increase in Y2O3 content (Fig. 13b and c). This fibrous
morphology formed due to the evolution of YBO3 during
oxidation. The subsurface layer becomes exposed due to this
fibrous structure, through which oxygen can penetrate and
oxidize the inner layer of the material. This fibrous formation
rises with the volume content increment of Y2O3. It can be seen

Fig. 11 Plots illustrating the change of mass versus temperature for
ZrB2-SiC-Y2O3 composites using different Y2O3 contents

Fig. 12 X-Ray diffraction of oxide surfaces after non-isothermal
oxidation up to 1000 �C of investigated composites

Fig. 13 FESEM microstructures shows that the oxide formed after
non-isothermal oxidation test of (a) ZSBC-0Y, (b) ZSBC-5Y, and (c)
ZSBC-15Y ceramic composites at low magnification
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in Fig. 14(b) (c) and (d). The large gap between the fibers
allows the oxygen atom to enter the sub-layers, which causes
rapid material oxidation. As a result, the thickness of the oxide
layer increased with the higher volume fraction of Y2O3 within
the ZrB2-SiC material. It leads to poor oxidation resistance of
the material.

Figure 15(a), (b), and (c) depict plots of the kinetics of
cyclic oxidation of ZSBC-xY composites at 1100, 1200, and
1300 �C for 12, 9, and 15 h, respectively. Figure 15(c)
indicates that the ZSBC-0Y undergoes continuous mass gain
up to the time span of 8 h. After that, stability can be seen due
to insignificant mass change up to 12 h. The net mass-gain of
the ZSBC-0Y composite is 20.46 mg/cm2. The ZSBC-15Y
shows the most mass change per area during the oxidation,
followed by the ZSBC-5Y, indicating that the oxidation
resistance property deteriorates by including Y2O3. Figure 16
depicts the XRD spectrum acquired from the oxide surfaces
formed on the investigated specimens after cyclic oxidation at
1300 �C. Oxide scales mainly consist of monoclinic m-ZrO2,
ZrSiO4, YBO3 and SiO2. The several oxides were produced
through complete reactions (Reaction 13-15, 17, 19) of the
investigated composites. XRD results also indicate the presence
of YBO3 in the oxidized ZSBC samples containing Y2O3. This
compound formed at high-temperature oxidation of the samples

made the fibrous and porous oxide layer. This type of surface is
prone to oxidation, so incorporating Y2O3 deteriorated the
oxidation resistivity of the ZrB2-SiC-Y2O3 composites.

Figure 17 depicts the micrographs of oxide scales evolved
during oxidation at 1300 �C. Characterization of oxidized
samples through FESEM and EDX also confirms the formation
of a thicker oxide layer over the samples containing Y2O3.
Oxidation resistance property deteriorates with the inclusion of
Y2O3. FESEM micrographs (Fig. 17) of oxide surfaces indicate
the significant oxidation occur and thick oxide layer over the
surface of the ZSBC-15Y specimen. Micrographs of ZSBC
samples without Y2O3 show an oxide glassy layer with a high
volume of silica. Oxidation at 1300 �C formed a few cracks on
this glassy layer but much lesser than the cracks and pores
formed over ZSBC-5Y, ZSBC-10Y and ZSBC-15Y. The
addition of Y2O3 made the microstructure fibrous, and oxide
atoms easily penetrate the outer layer and subsurface to oxidize
the samples.

FESEM micrographs (Fig. 17) of ZSBC-5Y at three
different temperatures show cracks on the surface, while it is
more clearly visible in FESEM images of the oxidized samples
at 1300 �C. Micrographs of ZSBC-10Y and ZSBC-15Y
oxidized samples showed a thick but porous oxide layer,
indicating the sample’s poor oxidation resistance at 1300 �C.

Fig. 14 FESEM microstructures shows that the oxide formed after non-isothermal oxidation test of (a-b) ZSBC-0Y, (c) ZSBC-5Y, and (d&e)
ZSBC-15Y ceramic composites at high magnification
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To understand the oxidation kinetics, the power law
equation was applied which is

ðDW Þn ¼ kt

where, n is measured for the materials oxidized at 1200 �C. The
values of n and k (rate constant) are tabulated in Table 2.

The n value for the ZSBC-0Y material is the highest, which
confirms the oxidation rate is slower than the other two

samples. ZSBC-15Y showed the highest rate of oxidation
among the samples, confirming the deterioration of the
oxidation resistance property by adding Y2O3.

4. Conclusions

Pressure-less sintering has been successfully utilized to
develop densified ZrB2-SiC-Y2O3 composites with varying
concentrations of Y2O3. The following are the significant
findings of the current study:

(a) The presence of Y2O3 acts as an inhibitor for grain
growth of the matrix phase, which has been observed
from microstructural characterization.

(b) Physical properties like density and electrical resistivity
of the ZrB2-SiC-Y2O3 composites are observed to en-
hance as Y2O3 particles are introduced.

(c) Y2O3 addition diminished the thermal conductivities of
the ZrB2-SiC-Y2O3 composites.

(d) Mechanical properties like hardness and fracture tough-
ness are observed to enhance with an increase in Y2O3

particle content
(e) The kinetics of cyclic oxidation at 1300 �C of ZSBC-

15Y exhibits the maximum mass change per area during
the oxidation followed by ZSBC-5Y, indicating that oxi-

Fig. 15 Plots showing mass change in respect of time, during
cyclic oxidation experiment at (a) 1100 �C, (b) 1200 �C and (c)
1300 �C

Fig. 16 X-Ray diffraction of oxide surfaces after cyclic oxidation
at 1300 �C of investigated composites

Table 2 n value and rate constant (k) of materials
oxidized at 1200 �C

Material n k

ZSBC-0Y 2.24 1.41
ZSBC-5Y 1.6 3.55
ZSBC-15Y 1.235 9.11
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dation resistance property deteriorates with the inclusion
of Y2O3.
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