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Abstract

ZrB2/Zr2Al4C5 composite ceramics with different volume contents of Zr2Al4C5 formed in situ were fabricated by the spark plasma

sintering technique at 1800 1C. The content of Zr2Al4C5 was found to have an evident effect on the preparation, phase constitution,

microstructure as well as the mechanical properties of ZrB2/Zr2Al4C5 ceramics. The results indicated that sinterability of the composites

was remarkably improved by the addition of Zr2Al4C5 compared to the single-phase ZrB2 ceramic. The microstructure of the resulting

composites was fine and homogeneous, the average grain size of the ZrB2 decreased, and the average aspect ratio of the Zr2Al4C5

increased with the increase in the amount of Zr2Al4C5. As the content of Zr2Al4C5 increased, both the Vickers hardness and Young’s

modulus of the composites first increased and then decreased. The fracture toughness of the ZrB2–40 vol% Zr2Al4C5 composite was

4.25 MPa m1/2, which increased by approximately 70% compared to the monolithic ZrB2 ceramic. The improvement was mainly

attributed to the toughening mechanisms such as the layered structure toughening, crack deflection and crack bridging, caused by the

in situ formed layered Zr2Al4C5 inclusions.

Crown Copyright & 2012 Published by Elsevier Ltd and Techna Group S.r.l. All rights reserved.

Keywords: A. Sintering; B. X-ray methods; C. Mechanical properties; C. Toughness and toughening
1. Introduction

Zirconium diboride (ZrB2), belonging to ultra-high-
temperature ceramics (UHTCs), is currently expected to
be a potential candidate material for aerospace applica-
tions, such as rocket engines and thermal protection
structures for leading-edge parts on hypersonic re-entry
space vehicles, attributing to their high melting point, high
thermal and electrical conductivities, good chemical stabi-
lity, low theoretical density, and good chemical inertness
[1–6].

However, there are two main bottleneck problems that
limit the development of ZrB2 ceramics. On one hand, the
densification of ZrB2, with additives, typically requires hot
pressing at 2100–2300 1C due to its strong covalent bond-
ing and the presence of surface oxide impurities [7]. On the
other hand, ZrB2 is very brittle and does not have sufficient
toughness, strength, and thermal shock resistance to be
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used successfully for aerospace applications [8]. Consider-
able efforts have been made to improve the sinterability
and the mechanical properties of ZrB2-based composite
ceramics. These efforts include the addition of second
phases, various nitrides, silicides, such as MoSi2, ZrSi2,
HfN, BN, AlN, ZrC, ZrO2 [1,9–13], or combinations of
various second phases. Among these second phases, SiC is
a typical second phase particle for ZrB2, which can not
only enhance the oxidation resistance of ZrB2 ceramics,
but also improve the sinterability and fracture toughness
of the ZrB2-based composites [4]. Unfortunately, the
ZrB2–SiC composites have appreciable shortcomings, for
instance, the low fracture toughness and the poor thermal
shock resistance limit its wider application.
Recent studies showed that the incorporation of ceramic

inclusions with different shapes and sizes, including SiC
whisker [14], SiC chopped fiber [15], ZrO2 fiber [16],
nanosized SiC [17], short carbon fiber [18], carbon nano-
tube [19], was attributed to the combination of debonding,
pull-out, and bridging of these reinforcements as well as
enhanced crack deflection and crack pinning. Meanwhile,
Ltd and Techna Group S.r.l. All rights reserved.

www.elsevier.com/locate/ceramint
dx.doi.org/10.1016/j.ceramint.2012.08.036
www.elsevier.com/locate/ceramint
dx.doi.org/10.1016/j.ceramint.2012.08.036
dx.doi.org/10.1016/j.ceramint.2012.08.036
dx.doi.org/10.1016/j.ceramint.2012.08.036
mailto:guoqilongfgm@whut.edu.cn


Q. Guo et al. / Ceramics International 39 (2013) 2215–22222216
some researches had been done through the fabrication of
laminated-type architectures with compressive stresses
[20,21] or of complex cell-type architectures [22] which
were the feasible strategies to reach the higher fracture
toughness. It has been widely used that the second phase
additions with a higher aspect ratio (e.g., flakes or rods/
whiskers) are used as toughening materials incorporated
with the ZrB2-based composites.

Recently, Zheng et al. [23] investigated that the densifi-
cation and mechanical properties of TiB2 using Ti3AlC2 as
a sintering aid. The improvement was mainly attributed to
the elimination of the oxides layer on the surface of the
initial TiB2 powders by active Al, which came from the
decomposition of Ti3AlC2. In another study, Chin et al.
[24] reported that the addition of a ductile Ti3SiC2 phase
can enhance the toughness of Al2O3 ceramic. Therefore,
due to its characters of superior strength, specific stiffness,
high fracture toughness, excellent oxidation resistance and
anisotropic microstructure consisting of elongated and
rod-like and/or plate-like grains [25,26], the layered struc-
ture Zr2Al4C5 was a very promising alternative for improv-
ing the sinterability and enhancing the toughness of ZrB2

ceramics [27].
In this study, the structure of ZrB2 particles coated by

Zr, Al metal was first prepared using high-energy ball
milling. Therefore, the aims of this work are as follows: (1)
to explore the possibility of sintering ZrB2 using Zr2Al4C5

as a new sintering aid, (2) to describe the influence of the
Zr2Al4C5 content on the densification, microstructures and
mechanical properties of the prepared composites, and (3)
to investigate systematically the effect of the average aspect
ratio of Zr2Al4C5 grains on the mechanical properties of
the composites and discuss the toughening mechanism.

2. Experimental procedure

The raw materials used in the present study were as
follows: commercially available ZrB2 powder (10 mm,
499.5%, Alfa Aesar Co. Ltd., Beijing), Zr powders
(purity499.9%, 10 mm, Beijing mountain technical devel-
opment center for non-ferrous metals, China), Al powders
(purity499.99%, 8 mm, Shanghai chemical reagents of
Chinese medicine group, China), graphite powders
(purity499.9%, 1 mm, Shanghai capable graphite Co.
Ltd., China).

The designed compositions of ZrB2/Zr2Al4C5 ceramics
in the present work were shown in Table 1. The powder
mixtures of ZrB2 plus Zr plus Al were high-energy ball
mixed for 4 h in a steel bottle using WC balls. The ZrB2

particles were subsequently coated with Zr, Al metal and/
or Zr–Al alloys, due to the fact that Zr and Al are ductile
metals and ZrB2 is brittle powder. The oxygen contents
were measured using oxygen analyzer instrument (Model
TC600, Leco, America). Powder samples were dispersed in
ethanol to minimize agglomeration during analysis and the
particle size of the milled powder was measured using a
laser diffraction particle size analyzer (Mastersizer 2000).
After ball mixing, the mixture plus graphite were mixed
in an agate mortar. The content of Zr2Al4C5 in ZrB2/
Zr2Al4C5 composites was adjusted by controlling the
amounts of Zr, Al and C. The mixture of initial powders
was poured into a graphite die with graphite foil and
sintered using a SPS system (model-1050, Sumitomo Coal
Mining Co. Ltd., Tokyo).
The temperature was measured by an optical pyrometer

focused on the surface of the graphite die. The samples
were heated to 600 1C at a rate of 300 1C/min, then with an
average heating rate of 100 1C/min maintained up to
1800 1C. And then the temperature holds constant for
3 min. The sample was cooled naturally after the sintering
period finished. A uniaxial pressure of 20 MPa and a
vacuum atmosphere were applied from the start to the end
of the sintering cycle.
The bulk density and open porosity of the sintered

products were determined by Archimedes’ immersion
method with water as the immersing medium. The phase
composition was analyzed by the X-ray diffraction (XRD)
using a Rigaku Ultima III diffractometer. Cu radiation is
used and operated at 40 KV and 40 mA. The microstructure
of the polished and fractured surfaces was analyzed by the
scanning electron microscopy (SEM, Model S-3400, Hitachi,
Japan) equipped with energy-dispersive X-ray spectroscopy
(EDS). The grain size of samples was determined through
image analysis on SEM micrographs of polished surfaces
using a commercial software program (Image-Pro Plus 6.0,
Media Cybernetics, Silver Springs, MD, USA). The average
grain size was estimated by measuring at least 100 ZrB2 or
Zr2Al4C5 grains.
Young’s modulus (E) of the composites was determined

using an ultrasonic equipment (Panametrics 5072PR) with
a fundamental frequency of 20 MHz. The Vickers hardness
(HV) and fracture toughness (KIC) were measured using a
Vickers indenter (Wolpert 430SVD, USA). Each polished
sample was indented at five locations with a 98N load for
15 s. The fracture toughness was calculated using the
following equation [28]:

KIC ¼ 0:0264a
EP

c3

� �1=2

ð1Þ

where E is the Young’s modulus, P the load, 2a the
indentation diagonal length, and 2c the crack length. If the
ratio of the crack length to indentation length (c/a) is
smaller than 2.3, or if there is crack branching, the data are
rejected.
3. Results and discussion

Fig. 1 shows the XRD patterns of ZrB2/Zr2Al4C5

composites with different volume contents of Zr2Al4C5.
It was clear that all the composites with different contents
of Zr2Al4C5 were mainly composed of ZrB2 and Zr2Al4C5,
except for ZA0 sample, which indicated that the Zr2Al4C5

phase was fabricated successfully by the in situ reactive



Table 1

Composition, characteristics of the starting powders and measured grain sizes of ZrB2/Zr2Al4C5 ceramics.

Samples Composition (vol%) Oxygen content of

milled powders

(wt%)

Average ZrB2

size (mm)

Average Zr2Al4C5 size (mm)

ZrB2 Zr2Al4C5 d (mm) Aspect ratio

Z 100 0 2.6 – – –

ZA0 100 0 3.8 6.970.7 – –

ZA1 90 10 3.1 4.970.5 1.770.1 4

ZA2 80 20 3.2 4.170.8 3.370.2 4.5

ZA3 70 30 3.8 3.970.7 2.770.2 8

ZA4 60 40 4.3 3.770.6 1.970.1 8.5

Fig. 1. X-ray diffraction patterns of the ZrB2/Zr2Al4C5 composites.

Fig. 2. The curve of the open porosity and density versus Zr2Al4C5

content in ZrB2/Zr2Al4C5 composites.
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spark plasma sintering using Zr, Al and graphite powders
at 1800 1C. The peak intensity of Zr2Al4C5 in all samples
increased with the increase in theoretical content of
Zr2Al4C5. Other impurity phases such as Zr2Al3C5 were
also observed in the ZA3 and ZA4 samples due to the
volatilization of Al during the sintering process and
Zr2Al4C5 had decomposed into Zr2Al3C5 and Al because
of the fast diffusion of Al at high temperatures [29].

The diffraction peak of ZrO2 phase was detected in
monolithic ZrB2, as oxygen impurities most likely take the
form of ZrO2 and B2O3 on the surface of the ZrB2 powders
during attrition milling [30]. However, the diffraction peak
of ZrO2 disappeared when the Zr2Al4C5 phase was
produced in the samples. This was because the addition
of carbon from the starting powders removed the oxygen
impurities based on the following reaction [30]:

ZrO2þB2O3þ5C-ZrB2þ5CO ð2Þ

The oxygen contents increased from 3.8 wt% in the ZA0
powder to 4.3 wt% in the ZA4 powder, as shown in
Table 1. The increased O was thought to be from the
formation the ZrO2, B2O3 and Al2O3 on the exposed
surface of the ZrB2, Zr and Al powders during milling
process in air [31]. Previous studies have shown that
oxygen impurities enhanced particle coarsening during
heating, which impeded the densification, and impacted
the microstructure and mechanical properties of the
ceramics. Therefore, some authors have asserted the
cleaning of the ZrB2 surface powder particles from oxygen
as the primary step for obtaining a highly dense body [32].
Fig. 2 shows the curve of the open porosity and density

versus Zr2Al4C5 content in ZrB2/Zr2Al4C5 composites. It
can be seen that only 0.82% of the open porosity can be
obtained for the monolithic ZrB2. The high open porosity
was mainly attributed to low sinterability at such a low
temperature. Compared to the open porosity (10.8%) of
as-received powder compacts, the open porosity for
attrition-milled was lower, since particle size reduction
was necessary to promote densification. When the starting
powders were attrition milled for 4 h, its surface area
increased and the calculated equivalent particle size
decreased from 10 mm for the as-received ZrB2 powder to
2.5 mm for the milled powder. It was thought that the
reduction of the particle size would increase the surface
area, thus increasing the driving force for sintering.
Based on the open porosity and XRD results, it can be

demonstrated that oxygen contents had a significant
impact on the densification of ZrB2. However, compared
to ZA0 sample, the open porosity of the samples remark-
ably decreased when Zr2Al4C5 was added. When 20 vol%
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Zr2Al4C5 was added, the open porosity can reach 0.06%.
These results indicated that Zr2Al4C5 can effectively
improve the densification behavior of ZrB2. This can be
attributed to the reaction of carbon with these oxide
impurities that promoted the densification of ZrB2 parti-
cles and provided a higher driving force for sintering. On
the other hand, with the increasing sintering temperature,
activation of Al during the sintering process occurs, which
came from the presence of liquid Al at 1100 1C [25] and the
Al2O3 layer that existed on the surface of the metal Al
powders which can react with oxides (ZrO2 and B2O3) on
the surface of ZrB2 particles to form a Zr–Al–O–B glassy
phase. The presence of an intergranular liquid phase
favored the process of grain rearrangement and improved
the packing density of particles, thereby improving densi-
fication [33]. Thus, the in situ formation of Zr2Al4C5

during sintering process could make ZrB2 composites fully
sintered by SPS at 1800 1C. The density decreased gradu-
ally with the increase of Zr2Al4C5 volume content which is
shown in Table 1, because the density of Zr2Al4C5 (4.5 g/
cm3) is lower than that of ZrB2 (6.09 g/cm3).

SEM images of the polished surfaces of the composites
with different Zr2Al4C5 contents are shown in Fig. 3. The
Fig. 3. Scanning electron micrographs showing the polished surfaces of ZrB2

(e) 40 vol%; and (f) back scattered electron image of 30 vol% sample.
backscattered electron contrast between the ZrB2 grains
and the Zr2Al4C5 phase was small due to the small
difference in the mean atomic number of ZrB2 and
Zr2Al4C5, as shown in Fig. 3(f). It was confirmed by
EDS analyses that the large columnar or plate-like gray
grains were identified as Zr2Al4C5 and the fine bright
particles were ZrB2. As shown in Fig. 3, the large columnar
or plate-like gray Zr2Al4C5 grains dispersed homogenously
in all these composites, which are not only located at the
grain boundaries but also contained within them, since no
agglomeration was observed. The black phases in the
microstructure were the residual porosity or the unreacted
materials, such as graphite, Al4O4C, Al4C3 etc.
According to Fig. 3, the monolithic ZrB2 ceramic with

some small pores was less dense, while the ZrB2/Zr2Al4C5

composites became denser with an increase in the content
of Zr2Al4C5. The ZrB2 grain sizes were determined from
the SEM images of the polished surface of the ZrB2/
Zr2Al4C5 ceramic using an image analysis software. It was
found that the grain size of the ZrB2 grains decreased
along with the increasing amount of Zr2Al4C5 grains from
0 to 40 vol%. In the case of the monolithic ZrB2 ceramic,
the average grain size of ZrB2 was 6.9 mm, which was
/Zr2Al4C5 composites: (a) 0 vol%; (b) 10 vol%; (c) 20 vol%; (d) 30 vol%;
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significantly higher than the starting powder (2.5 mm).
Apparently, the presence of ZrO2 allowed the coarsening
of ZrB2 during heating, which would inhibit its full
densification through evaporation–condensation. The
average grain size of ZrB2 in the composite with 10 vol%
or more Zr2Al4C5 grains was smaller than in the single-
phase ZrB2. This variation in grain size can be also
observed in the polished surface of ceramics in Table 1.
This indicated that the grains growth of ZrB2 appeared to
be inhibited or pinned by the in situ formed Zr2Al4C5, and
the restriction of grain growth could further improve the
densification and the material’s stability at elevated tem-
perature during sintering [34]. On the other hand, the
carbon introduced from the starting powders reduced the
adverse effect for grain coarsening by removing the oxygen
impurities. The removal of oxide impurities was especially
efficient during the reaction, promoting the mass transport
during the heating process without significant particle
coarsening. The results revealed that the in situ Zr2Al4C5

layered grains can not only promote the densification of
ZrB2 powder but also inhibit the grain growth of ZrB2

during the SPS cycle.
Fig. 4 shows the SEM micrographs of fracture surface

of ZrB2/Zr2Al4C5 composites with different Zr2Al4C5
Fig. 4. SEM micrographs of fracture surface of ZrB2/Zr2Al4C5 composite
contents. It can been seen that porosity was hardly
observed on the cross-section of composites with Zr2Al4C5

particle, and only some small pores trapped into the ZrB2

grains can be observed. Meanwhile, no trace of layered
Zr2Al4C5 grain pullout was observed. Besides a decrease in
grain size with an increase in Zr2Al4C5 amount, a change
in fracture modes can be observed. Sample ZA0 exhibited
a rather smooth fracture surface, and some pores were
detected in Fig. 4(a). Corresponding to a transgranular
fracture mode which was also reflected in lower fracture
toughness of 2.55 MPa m1/2. The fracture surfaces of
composites with Zr2Al4C5 particle showed a concave–
convex appearance (shown in Fig. 4(b)–(e)), and were
much rougher than those of the ZA0 sample, which
indicated that the fracture modes of the ZrB2/Zr2Al4C5

composites changed from transgranular modes to mixed
transgranular and intergranular ones. Therefore, the rough
fracture surface of the composites and ragged crack
propagation path suggested that the crack deflection
should be another toughening mechanism, which was also
considered to favor the improvement of the mechanical
properties.
Young’s modulus measured for the various ZrB2/

Zr2Al4C5 composition consolidated by SPS are summarized
s: (a) 0 vol%; (b) 10 vol%; (c) 20 vol%; (d) 30 vol% and (e) 40 vol%.



Fig. 5. The curve of the Vickers hardness and Young’s modulus in ZrB2/

Zr2Al4C5 composites.
Fig. 6. Fracture toughness of ZrB2/Zr2Al4C5 composites with different

Zr2Al4C5 contents.
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in Fig. 5. From this figure, it can be seen that Young’s
modulus firstly increased and then decreased with the
increasing Zr2Al4C5 content. Young’s modulus appeared
to decrease as the Zr2Al4C5 content increased, most prob-
ably because of lower intrinsic Young’s modulus of
Zr2Al4C5 compared to ZrB2. However, Young’s modulus
of ZA1 higher than that of ZA0 attributing to the lower
open porosity (0.12%) of ZA1 sample is shown in Fig. 2.
Therefore, the effect of porosity on Young’s modulus must
also be considered. The relationship between the porosity
and Young’s modulus is proposed as [35]

M ¼M0ð1�kPÞ ð3Þ

where M0 is Young’s modulus of pore-free materials, k a
constant, and P is the volume fraction of porosity in the
materials. For example, compared to Young’s modulus
(363 GPa) of as-received powder compacts, Young’s mod-
ulus for ZA0 was higher, as the open porosity of ZA0 was
lower than that of as-received powder compacts. It was
found that Young’s modulus of the composites decreased
linearly with porosity. This strong relation demonstrates
that Young’s modulus of the pores-containing composites
are mostly dominated by the porosity of the materials. It
was indicated that Young’s modulus had a close correlation
with the additives phases and the porosity in the materials.

From Fig. 5, the Vickers hardness of sintered samples
firstly increased and then decreased with the increase in
Zr2Al4C5 content. Compared to ZrB2, Zr2Al4C5 had a
lower Vickers hardness. The literature had reported that
the Vickers hardness of a material was in general decreased
by the addition of weak second phases, such as carbon/
graphite, h-BN [10]. Thus, the Vickers hardness of ZrB2/
Zr2Al4C5 composites should be slightly decreased with the
increasing Zr2Al4C5 content. However, the ZA1 showed a
maximum value of hardness of 17.62 GPa. Meanwhile, the
lower Vickers hardness of ZA0 is attributed to the ZA0
ceramic that contains some residual porosity (the open
porosity was 0.82%). So, the Vickers hardness has been
shown to decrease exponentially as the porosity increases
for ceramic materials [36].
The fracture toughness values of the compositions are

depicted in Fig. 6. It can be seen that the ZrB2-based
composites including Zr2Al4C5 grains have markedly
higher fracture toughness than the monolithic ZrB2 mate-
rial, and the fracture toughness increased with the content
of Zr2Al4C5 grains. For a monolithic ZrB2 ceramic
fabricated under the same conditions, the fracture tough-
ness was only 2.55 MPa m1/2, while the maximum value of
fracture toughness reached 4.25 MPa m1/2 for ZA4, which
was about 70% larger than that of the ZA0 ceramic. To
explain the variation in fracture toughness, the micro-
structures of the all these sintered samples were analyzed in
Fig. 3. Comparing the microstructures of ZrB2/Zr2Al4C5

fabricated from the all these different Zr2Al4C5 contents,
the SEM analysis revealed that the in situ formed Zr2Al4C5

grains in the prepared ceramics were predominantly
elongated with rods/whiskers-like morphology. For ZA4,
the improvement in toughness may have resulted from a
relatively fine and homogeneous microstructure and elon-
gated Zr2Al4C5 grains, as shown in Fig. 3(e).
The elongation of the Zr2Al4C5 particles was evaluated

by calculating the aspect ratio of the Zr2Al4C5 grains for
each material. The dimensions of elongated Zr2Al4C5

grains and their aspect ratio are shown in Table 1. The
dimensions of elongated Zr2Al4C5 grains firstly increased
and then gradually decreased with the increase of Zr2Al4C5

content. The coarsening of Zr2Al4C5 grains in the ZrB2

matrix after SPS was observed in the ZA2 sample. A
quantitative metallographic technique [37], which had been
developed to estimate the aspect ratio of elongated silicon
nitride grains, was adopted in the present study to
determine the aspect ratio of Zr2Al4C5 particles. In the
sintered composites, the average aspect ratio of the
Zr2Al4C5 particles increased gradually with the increasing
content of the in situ formation of layered Zr2Al4C5 grains.
The maximum average aspect ratio of Zr2Al4C5 grains was
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estimated to be 8.5 for ZA4. It was generally believed that
elongated grains with large aspect ratio would benefit the
fracture toughness [38]. The incorporation of high aspect
ratio reinforcements has been indicated to reduce the
brittleness of ZrB2-based composites [39]. These reinforce-
ments, such as carbon fibers, graphite flakes and SiC
whiskers, fibers or platelets, reduce brittleness by a combi-
nation of toughening mechanisms like debonding, pull-out
and bridging as well as enhanced crack deflection and
crack pinning. Therefore, the aspect ratio of Zr2Al4C5

grains affects the fracture toughness of ceramics. Not only
the high aspect ratio of Zr2Al4C5 grains but also the
weaker interface bonding and weak internal layers existing
within the Zr2Al4C5 crystal could lead to the crack
deflection and bridging [25]. Thus, the addition of
Zr2Al4C5 layered structure was considered to cause the
improvement in toughness.

To elucidate the toughening mechanisms, the propaga-
tion path of Vickers indentation induced cracks in the ZrB2/
Zr2Al4C5 ceramics is observed by SEM, as shown in Fig. 7.
It can be seen that the indentation crack path in the ZA4
grade appeared more tortuous than that of the ZA0 sample.
Therefore, the crack path of ZA4 sample became zigzag and
prolonged, which indicated that these interactions absorb
the energy of crack propagation during the fracture process
and lead to a shorter crack path, thus leading to the
materials toughening [40]. Inspection of crack propagation
revealed that the crack deflection and crack bridging
resulted from the layered Zr2Al4C5 particles in ZA4, as
indicated by the arrows in Fig. 7(a) and (b). These
toughening mechanisms increased energy dissipation during
crack propagation, and resulted in higher fracture toughness
(4.25 MPa m1/2). While the crack in material ZA0 (Fig. 7(c))
Fig. 7. SEM micrograph of the crack path on the polished surface
appeared relatively straight with little or no deflection,
which was consistent with declined fracture toughness.

4. Conclusion

ZrB2/Zr2Al4C5 composite ceramics with different
volume contents of in situ formed Zr2Al4C5 were fabri-
cated by the spark plasma sintering technique at 1800 1C
under a pressure of 20 MPa. The densification of ZrB2 was
remarkably improved when 20 vol% Zr2Al4C5 was used as
a sintering aid. The improvement was mainly attributed to
the elimination of oxide layer on the surface of the initial
ZrB2 powders by the addition of carbon from the starting
powders and the active Al during sintering process. Higher
content of Zr2Al4C5 significantly restrained the grain
growth of the ZrB2 matrix, and promoted the average
aspect ratio of the Zr2Al4C5 grains. With the increase in
Zr2Al4C5 content, both the Vickers hardness and Young’s
modulus of composites firstly increased and then
decreased. The composite with 40 vol% Zr2Al4C5 showed
the optimized microstructure and excellent properties, and
its fracture toughness value of 4.25 MPa m1/2, which was
about 70% higher than that of the ZrB2 ceramic. Higher
fracture toughness was mainly attributed to the in situ
formed Zr2Al4C5 phases and ZrB2 phase homogeneously
dispersing on the whole, and the fracture mode exhibiting
a mixture of inter- and intra-granular fractures. The
improvement was mainly attributed to toughening
mechanisms such as the presence of laminated Zr2Al4C5

grains, crack deflection and crack bridging. In addition,
the existence of weaker interface bonding and weak
internal layers within the Zr2Al4C5 inclusions could
enhance the fracture toughness of ZrB2/Zr2Al4C5 ceramics.
; (a) and (b) the low and high magnifications of ZA4; (c) ZA0.
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