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bstract

he microstructure, mechanical and thermal properties, as well as oxidation behavior, of in situ hot-pressed Zr2[Al(Si)]4C5–30 vol.% SiC composite
ave been characterized. The microstructure is composed of elongated Zr2[Al(Si)]4C5 grains and embedded SiC particles. The composite shows
uperior hardness (Vickers hardness of 16.4 GPa), stiffness (Young’s modulus of 386 GPa), strength (bending strength of 353 MPa), and toughness

fracture toughness of 6.62 MPa m1/2) compared to a monolithic Zr2[Al(Si)]4C5 ceramic. Stiffness is maintained up to 1600 ◦C (323 GPa) due to
lean grain boundaries with no glassy phase. The composite also exhibits higher specific heat capacity and thermal conductivity as well as better
xidation resistance compared to Zr2[Al(Si)]4C5.

2010 Elsevier Ltd. All rights reserved.
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. Introduction

Zr2[Al(Si)]4C5 is a new compound formed by adding Al
nd Si to ZrC; this quaternary carbide shows superior oxidation
esistance, strength, specific stiffness and toughness to ZrC.1–8

urthermore, the Young’s modulus of Zr2[Al(Si)]4C5 decreases
lowly with increasing temperature and at 1580 ◦C it remains
1% of that at ambient temperature.2 However, the hardness of
r2[Al(Si)]4C5 is about half that of ZrC and the fracture tough-
ess is only 3.88 ± 0.16 MPa m1/2, which is much lower than
ther ternary layered carbides, such as Ti3SiC2 and Ti3AlC2.9

n addition, as a high-temperature structural material, the oxi-
ation resistance of Zr2[Al(Si)]4C5 at high temperature is still
nsatisfactory. The oxidation kinetics of Zr2[Al(Si)]4C5 gener-
lly follows the linear law at 900–1300 ◦C because no protective
l2O3 scale forms on the substrate.4 Compared to Zr2Al3C4,10

he oxidation resistance of Zr2[Al(Si)]4C5 is much better due to
he formation of a larger fraction of protective oxidation prod-
cts, Al2O3 and aluminosilicate/mullite (3Al2O3·2SiO2).4 In a

ecent report, an effective approach to improve the high temper-
ture oxidation resistance of Zr2Al3C4 by coating a SiC/ZrSi2
ayer through silicon pack cementation was developed.11 It was

∗ Corresponding author. Tel.: +86 24 23971765; fax: +86 24 23891320.
E-mail address: yczhou@imr.ac.cn (Y.-C. Zhou).
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ound that a series of protective oxidation products, such as alu-
inosilicate glass, mullite and ZrSiO4, retarded the inward dif-

usion of oxygen during the oxidation of siliconized Zr2Al3C4.
hus, one possible way to improve the oxidation resistance of
r2[Al(Si)]4C5 is to incorporate Si-rich compounds.

SiC, which is characterized by its light weight, high hardness
nd strength, has been widely used as a reinforcing phase to
mprove the mechanical properties, including hardness, strength,
oughness, and wear resistance of ceramics.12–14 In addition,
ue to its superior high temperature oxidation resistance, SiC
articles or coatings have been commonly used to improve the
xidation resistance of other ceramics, such as ZrB2, ZrC, and
i3SiC2.15–17 It is expected that both the mechanical proper-

ies and oxidation resistance of Zr2[Al(Si)]4C5 can be improved
y incorporating SiC particles. Recently, Chen et al.6 fab-
icated Zr2[Al(Si)]4C5–SiC composites using as-synthesized
r2[Al(Si)]4C5 powders and SiC powders as starting materials.
he mechanical properties (flexural strength, fracture toughness
nd Vickers hardness), thermal properties (thermal conductiv-
ty and specific heat capacity) as well as ultrahigh-temperature
xidation resistance of the composites were superior to those of
r2[Al(Si)]4C5.6,8
In situ processing, typically consisting of chemical reac-
ions and consolidation in one step, has been widely used for
he preparation of ceramic composites. Previous studies14 on
i3SiC2–SiC composites demonstrated that this method had

dx.doi.org/10.1016/j.jeurceramsoc.2010.02.005
mailto:yczhou@imr.ac.cn
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any advantages including good microstructural controllability,
ow contamination, short processing time, decrement in pro-
essing temperature and reduction of cost. Therefore, in situ
eactive hot-pressing process was adopted in this study to fabri-
ate Zr2[Al(Si)]4C5–SiC (denoted as ZASC–SC) composites.

In the present work, the microstructure, mechanical and
hermal properties, including hardness, strength, toughness,
igh-temperature Young’s modulus and internal friction, thermal
xpansion, specific heat capacity, thermal conductivity as well as
xidation resistance of an in situ hot-pressed ZASC–SC compos-
te were studied and compared with those of Zr2[Al(Si)]4C5 and
iC. It was found that the ZASC–SC composite showed supe-
ior mechanical, thermal properties and oxidation resistance to
r2[Al(Si)]4C5, and a higher toughness than SiC.

. Experimental procedure

.1. Material preparation and microstructure
haracterization

The ZASC–SC composite was fabricated by hot-pressing zir-
onium (zirconium hydrides), aluminum, silicon, and graphite
owders at 1900 ◦C for 1 h in Ar and then holding at 1600 ◦C
or 0.5 h in low vacuum (∼10−2 Pa) under a pressure of 30 MPa.
he synthesis procedure of the composite was similar to that of
r2[Al(Si)]4C5.3 The molar ratio of Zr:Al:Si:C for synthesizing
ASC–SC composite was 2:3.6:3.18:7.4, which is an optimized
omposition to produce two-phase (Zr2[Al(Si)]4C5 and SiC)
omposite without additional impurities. Excess Al and Si pow-
ers were added to compensate for their loss during the heating
rocess. Deficient carbon in the starting materials is properly
elated to intrinsic carbon vacancies in the two carbides.

The density of sintered samples was determined by the
rchimedes method. Phase identification was conducted via
step-scanning X-ray diffractometer with Cu K� radiation

Rigaku D/max–2400, Tokyo, Japan). Microstructure analysis
as carried out by a SUPRA 35 scanning electron microscope

SEM) (LEO, Oberkochen, Germany). The samples were etched
or 1 h in a 1:1:5 (by volume) solution of HF, HNO3 and

2O before SEM observation. A 300 kV Tecnai G2 F30 high-
esolution transmission electron microscope (HRTEM) (FEI,
indhoven, Netherlands) equipped with an EDS system was
sed to characterize the microstructure of samples. Thin-foil
pecimens for TEM observations were prepared by slicing,
echanical grinding to 20 �m, dimpling down to 10 �m, and

on milling at 4.0 kV.

.2. Mechanical property test

To reveal the temperature dependence of Young’s modulus
nd internal friction of the ZASC–SC composite, a rectangular
eam-like sample with dimensions of 3 mm × 15 mm × 40 mm
as suspended in the nodes of their first bending vibration mode,
nd measured in a graphite furnace (HTVP 1750 ◦C, IMCE,
iepenbeek, Belgium) at a heating rate of 3◦C min−1 in vacuum
n the order of 10−1 Pa. The vibration signal, captured by a
aser vibrometer, was analyzed with the resonance frequency

i
r
2
p

ramic Society 30 (2010) 2147–2154

nd damping analyzer.18 The Young’s modulus was calculated
rom the flexural resonant frequency, ff, according to ASTM E

876–9719: E = 0.9465

(
mf 2

f

b

) (
L3

t3

)
T1, with m, L, b and t,

he sample weight, length, width, and thickness, respectively.
1 is a correction factor, depending on the Poisson’s ratio and

he thickness/length ratio. The internal friction corresponding
o the flexural vibration mode was calculated as Q−1 = k/πff ,
here k is the exponential decay parameter of the amplitude of

he flexural vibration component.
The Vickers hardness was measured at a load of 50 N

ith a dwell time of 15 s. The flexural strength (sample
ize 3 mm × 4 mm × 36 mm) was measured using a three-point
ending method in a universal testing machine. The fracture
oughness (sample size 4 mm × 8 mm × 36 mm) was deter-

ined using single-edge notched beams (SENB). The notch
achined by the electrical discharge method was 4 mm in length

nd 0.1 mm in width with a notch radius of 0.03 mm. The
rosshead speeds in strength and toughness measurements were
.5 and 0.05 mm min−1, respectively, and five samples were used
n both strength and toughness measurements.

.3. Thermal property measurement

The coefficient of thermal expansion (CTE) was mea-
ured using a Setsys–24 thermal mechanical analyzer (TMA)
Setaram, Caluire, France) from 100 to 1200 ◦C with a heat-
ng rate of 2 ◦C min−1 under flowing Ar. The dimension of the
ample for CTE measurement was �5 mm × 10 mm.

A disk sample (�12.7 mm × 1.5 mm) was used to measure
he specific heat capacity cp and thermal conductivity kth. The
hermal diffusivity was determined from 200 to 1200 ◦C by a
lashlineTM 5000 thermophysical instrument (Anter, Pittsburgh,
A). Prior to the thermal diffusivity test the sample was sprayed
ith a thin layer of colloidal graphite approximately 10-�m-

hick to ensure complete and uniform absorption of the laser
ulse. Three measurements were taken at each temperature (200,
00, 600, 800, 1000, and 1200 ◦C) and the data was calculated
sing software (Anter FL5000). Using a multi-sample configu-
ation system, and testing a reference sample (graphite) adjacent
o ZASC–SC composite, the heat capacity can be obtained par-
llel with thermal diffusivity.20 Then, the thermal diffusivities
ere converted to thermal conductivities using the heat capacity

esults and measured density of the ZASC–SC composite.

.4. Oxidation test

A vertical intermediate frequency induction heating (IFIH)
urnace21 was used to evaluate the ultrahigh-temperature oxi-
ation behavior of the ZASC–SC composite in static air. The
ample was placed on cylindrical graphite susceptor and then
ntroduced into the intermediate frequency induction coil. An

nduced current (∼27 kHz) was activated and the samples were
apidly heated to about 1300 ◦C for 1 min and then at about
00 ◦C min−1 up to the test temperatures by adjusting induced
ower. A two-color pyrometer was used to measure the surface
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emperature of the samples. To confirm the true temperature
f the sample, a correction experiment was carried out.21 The
uration time for oxidation was 15 min at 1750 ◦C. At the end
f the process, the current was turned off and the sample was
ooled down to room temperature at a rate of approximately
00 ◦C min−1. For comparison, the same oxidation test was also
onducted for Zr2[Al(Si)]4C5 ceramic.

. Results and discussion

.1. Phase composition and microstructure

Fig. 1 shows the XRD patterns of as-prepared ZASC–SC
omposite as well as pure Zr2[Al(Si)]4C5. All the diffraction
eaks correspond to Zr2[Al(Si)]4C5, �-SiC and �-SiC (mainly
H and 2H), indicating that the composite is predominantly
omposed of Zr2[Al(Si)]4C5 and SiC. In addition, the mea-
ured density of ZASC–SC composite is 4.10 g cm−3, which is
bout 99.5% of its theoretical value according to the mixture rule

4.50 and 3.22 g cm−3 for Zr2[Al(Si)]4C5 and SiC, respectively).
ig. 2 shows the SEM micrograph of the polished and etched
urface for the composite. The dark SiC grains are embedded
n light Zr2[Al(Si)]4C5 matrix and both SiC and Zr2[Al(Si)]4C5

ig. 1. XRD patterns of as-synthesized Zr2[Al(Si)]4C5–30 vol.% SiC composite
s well as pure Zr2[Al(Si)]4C5 for comparison.

ig. 2. SEM micrographs of the polished and etched surface of
r2[Al(Si)]4C5–30 vol.% SiC composite.

Fig. 3. (a) A representative low-magnification TEM micrograph of SiC grains in
t
d
f

g
a
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a
e

g
z
S
a
o
a
t
S
p

he Zr2[Al(Si)]4C5–30 vol.% SiC composite. The insets show the FFT image of
ifferent zones (� and �) in SiC grain. (b) HRTEM image showing the stacking
aults in � zone.

rains mainly show plate-like or elongated morphology. The
verage grain size of Zr2[Al(Si)]4C5 is 5.5 ± 2.7 �m, and the
spect ratio of the elongated grains is about 5.2 ± 2.4. The aver-
ge grain size of SiC is 1.9 ± 1.2 �m, and the aspect ratio of the
longated grains is about 3.5 ± 1.6.

Fig. 3(a) shows a representative TEM micrograph of a SiC
rain in the composite. It exhibits a core (� zone)-envelope (�
one) microstructure, which is quite similar to that of sintered
iC.22,23 The insets show the FFT image of different zones (�
nd �) in the SiC grain. The faint streaks in the FFT image
f zone � indicate a high density of stacking faults, which is

lso identified by the HRTEM image (Fig. 3(b)). It can be seen
hat the lattice stacking sequence is almost random and many
iC polytypes, such as 2H and 4H, exist in proximity to the 3C
olymorph. Therefore the bright spot circled in the FFT image
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Table 1
Comparison of some properties of Zr2[Al(Si)]4C5–30 vol.% SiC composite, Zr2[Al(Si)]4C5

3 and SiC28,29.

Properties Zr2[Al(Si)]4C5–30 vol.% SiC Zr2[Al(Si)]4C5 SiC

Theoretical density (g cm−3) 4.12 4.50 3.22
Measured density (g cm−3) 4.01 4.44 3.17
Young’s modulus (GPa) 386 361 402
Specific stiffness (GPa cm3 g−1) 96.3 81.3 127
Shear modulus (GPa) 163 153 170
Poisson’s ratio 0.18 0.18 0.18
Bulk modulus (GPa) 204 188 210
Hardness (GPa) 16.4 11.7 20–30
Bending strength (MPa) 353 ± 19 302 ± 10 200–600
Fracture toughness (MPa m1/2) 6.62 ± 0.19 3.88 ± 0.16 2–5
Coefficient of thermal expansion (×10−6 K−1) 7.2 8.1 5.1
S −1 −1
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The hardness and stiffness of ZASC–SC composite should
have close relation to the properties of Zr2[Al(Si)]4C5 and SiC.
SiC has a high hardness (20–30 GPa) and stiffness (Young’s
modulus of 403 GPa), which results in a higher hardness and
pecific heat capacity (J kg K ) 584
hermal conductivity(W m−1 K−1) 25.3

f zone � should correspond to 2H (0 0 2), 3C (1 1 1), 4H (0 0 4),
tc.22 In contrast, the FFT image of zone � shows the feature of
-SiC (3C) and no obvious streaks can be seen, indicating that
zone is almost pure �-SiC.
During the in situ synthesis of ZASC–SC composite, �-SiC

2H, 4H, etc.) and �-SiC (3C) were present, while in the case
f in situ synthesis of Ti3Si(Al)C2–SiC composite, only �-SiC
as observed. The main difference between the processing of

he two composites lies in the temperature. The sintering temper-
ture of ZASC–SC composite is 1900 ◦C, which is 300–400 ◦C
igher than that of Ti3Si(Al)C2–SiC composite. Previous work
howed that the 3C to 4H transformation typically started at
bove 1800 ◦C in the presence of additions of Al; Al and B; Al,
, and C.24–26 In the present work, high Al content and high

intering temperature are advantageous to the � → � transfor-
ation of SiC. In addition, the transformation occurred with the

referential growth of low-energy coherent �/� interfaces, thus
roducing � (core)/� (envelope) composite grains.25

Fig. 4 is a typical HRTEM image showing the grain bound-
ries and a triple junction between different Zr2[Al(Si)]4C5
rains. The grain boundaries and triple junctions are free of
morphous phase, which is similar to those of Zr2[Al(Si)]4C5

2

nd (B + C)-doped SiC.27 The clean grain boundary in
ASC–SC composite lies in the fact that no sintering additive
as used when using elemental powders as starting materials;
oreover, carbon acts as a reducing agent for oxides at high

emperature.

.2. Mechanical properties

The measured room-temperature mechanical properties of
s-synthesized ZASC–SC composite are listed in Table 1. The
ata are compared to those of Zr2[Al(Si)]4C5 and SiC. The
oom-temperature stiffness of ZASC–SC composite is improved
ith respect to that of Zr2[Al(Si)]4C5, e.g., the Young’s mod-
lus of the composite (386 GPa) is about 7% higher than that

f Zr2[Al(Si)]4C5 (361 GPa). In addition, the specific stiff-
ess of the composite (96.3 GPa cm3 g−1), i.e., the ratio of
oung’s modulus to density, is about 12% higher than that of
r2[Al(Si)]4C5 (81.3 GPa cm3 g−1). The Vickers hardness of

F
Z

567 620–770
12.0 80–340

he composite is 16.4 GPa, which is 40% higher than that of
r2[Al(Si)]4C5 (11.7 GPa). The flexural strength of the com-
osite (353 ± 19 MPa) is higher than that of Zr2[Al(Si)]4C5
302 ± 10 MPa). ZASC–SC composite exhibits much higher
racture toughness (6.62 ± 0.19 MPa m1/2), which is about 71%
igher than that of Zr2[Al(Si)]4C5 (3.88 ± 0.16 MPa m1/2). Fur-
hermore, the fracture toughness of the composite is comparable
o the damage-tolerant layered carbides, MAX phases, such as
i3SiC2 and Ti3AlC2.9 The fracture surface of Zr2[Al(Si)]4C5
30 vol.% SiC composite shown in Fig. 5(a) delineates a rough
urface morphology with many jagged fractured and fragmen-
ized grains. In addition, the crack path (Fig. 5(b)) shows that the
racks propagate relatively straight in the Zr2[Al(Si)]4C5 matrix,
hile the cracks deflect markedly around the SiC particles.
ig. 4. A typical HRTEM image of a triple junction of Zr2[Al(Si)]4C5 grains in
r2[Al(Si)]4C5–30 vol.% SiC composite.
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ig. 5. SEM micrograph of (a) the fracture surface of Zr2[Al(Si)]4C5–30 vol.%
iC composite and (b) crack propagation path from Vickers indentation in the
omposite.

tiffness for the composite compared to Zr2[Al(Si)]4C5. Further-
ore, the specific stiffness of the composite is greatly enhanced

y adding the lower density SiC particles into Zr2[Al(Si)]4C5
atrix. The fracture toughness of Zr2[Al(Si)]4C5 is significantly

mproved by incorporating SiC particles. The high fracture
oughness is ascribed to the high energy dissipation during frac-
ure, which should be associated with residual stresses in the
omposite. The mismatch in the coefficients of thermal expan-
ion and elastic moduli between Zr2[Al(Si)]4C5 matrix and the
iC particles results in the generation of residual stresses in

he particles and surrounding matrix for cooling after sintering.
he radial matrix stress (σmr) and the tangential matrix stress
σm� = −σmr/2) can be calculated according to the following
quation:30

mr = (αp − αm)�T

[(1 + νm)/2Em] + [(1 − 2νp)/Ep]
(1)

here the subscripts p and m refer to the particle and matrix,
espectively, v is the Poisson’s ratio, and �T is the tempera-
ure range over which stresses are not relieved by a diffusive
rocess (assuming 1000 ◦C). Using the data in Table 1, matrix
tresses are calculated as σmr = −930 MPa (compressive) and
m� = 465 MPa (tensile). Therefore, the cracks propagate read-

ly in the Zr2[Al(Si)]4C5 matrix due to the tensile tangential

tress. On the contrary, due to the stress equilibrium in the matrix
nd particles, the tangential particle stress is compressive, which
nhibits crack propagation. This is the fundamental reason for the
elatively direct cracks in the Zr2[Al(Si)]4C5 matrix while the

p
m
w
m

ig. 6. Temperature dependence of Young’s modulus and internal friction for
r2[Al(Si)]4C5–30 vol.% SiC composite as well as Zr2[Al(Si)]4C5 for compar-

son.

racks are deflected around the SiC particles, and the inhibition
f crack propagation through the SiC particles is predominantly
esponsible for the high fracture toughness. The ZASC–SC com-
osite has a superior fracture toughness and smaller grain size
ompared with Zr2[Al(Si)]4C5, therefore the composite should
ave a much higher strength than the matrix according to the
ollowing equation derived from classic fracture mechanics31:

=
√

2√
π

K1C√
D

(2)

here σ is the tensile stress, K1C is the fracture toughness, D
s the grain size. However, the strength of the composite is only
lightly higher than that of Zr2[Al(Si)]4C5. Generally speaking,
he tensile tangential stress in the matrix will result in a rela-
ively low strength. In the case of Ti3Si(Al)C2–SiC composite,
ncreasing SiC content can improve the stiffness and hardness
hile decreasing the strength.14

Fig. 6 shows the temperature dependence of Young’s mod-
lus and internal friction of the ZASC–SC composite, as well
s Zr2[Al(Si)]4C5 for comparison. The Young’s modulus of the
omposite decreases slowly and almost linearly with increasing
emperature up to about 1450 ◦C. After that, it decreases at a

uch faster rate. Meanwhile, the internal friction increases
harply. During the heating and cooling process, no relaxation
eak was observed, however a high temperature damping
ackground was present. This result is similar to the mechanical
pectroscopy of Zr2[Al(Si)]4C5 and (B + C)-doped SiC27. Due
o the clean grain boundary and tightly interlocked grains at
rain-edge triple junctions, the relaxation resulting from grain-
oundary sliding at high temperature was suppressed and the
nternal friction curve simply experienced an exponential-like
ncrease. It is conceivable to expect a low viscoelastic response
nd high macroscopic deformation resistance at elevated tem-

eratures for the ZASC–SC composite. The remaining Young’s
odulus of the ZASC–SC composite at 1600 ◦C (323 GPa),
hich is much higher than those of Zr2[Al(Si)]4C5 and
ost refractory compounds,32,33 rendering the ZASC–SC
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ig. 7. Thermal expansions of Zr2[Al(Si)]4C5–30 vol.% SiC composite during
eating at a rate of 2 ◦C min−1 as well as Zr2[Al(Si)]4C5 for comparison.

omposite as a potential high-temperature structural
aterial.

.3. Thermal properties

Fig. 7 shows the thermal expansion behavior of the ZASC–SC
omposite in the temperature range of 100–1200 ◦C. For com-
arison, the thermal expansion curve of Zr2[Al(Si)]4C5 is also
iven. A least-squares fit of the data yields the coefficient of ther-
al expansion (CTE) of 7.2 × 10−6 K−1, which is lower than

hat of Zr2[Al(Si)]4C5 (8.1 × 10−6 K−1). The average CTE of
he ZASC–SC composite can be simply calculated according to
he Turner equation34:

c =
∑

iαiBiVi∑
BiVi

(3)

here �i, Bi, and Vi are the CTE, bulk modulus, and vol-
me fraction, respectively. These parameters for Zr2[Al(Si)]4C5
nd SiC are listed in Table 1. Assuming that the V and

for Zr2[Al(Si)]4C5 and SiC are independent of tempera-
ure, the average CTE for the composite is calculated to be
.6 × 10−6 K−1, which is lower than the measured data of
he composite (7.2 × 10−6 K−1), indicating that the CTE of
r2[Al(Si)]4C5 in only partially resisted by the SiC particles.

The temperature dependence of specific heat capacity of
ASC–SC is plotted in Fig. 8(a). For comparison, that of
r2[Al(Si)]4C5

3 is also given. Curve fitting of the experimental
ata yields:

P = 938 + 75.0 × 10−3T − 339 × 105T−2 (4)

ith R2 of 0.97. The specific heat capacities of ZASC–SC at
00 and 1600 K are extrapolated to be 584 and 1045 J kg−1 K−1,
espectively. The specific heat capacity of ZASC–SC is much

igher than that of Zr2[Al(Si)]4C5.

The thermal conductivity, ktotal, of ZASC–SC is plotted
n Fig. 8(b). For comparison, the thermal conductivity of
r2[Al(Si)]4C5 is also given.3 A least-squares fit of the data

o
c
r
s

ig. 8. Temperature dependence of (a) specific heat capacity and (b) thermal
onductivity of Zr2[Al(Si)]4C5–30 vol.% SiC composite and Zr2[Al(Si)]4C5

eramic.

ields the following relationship:

total = 10.94 + 4319.5

T
(5)

ith an R2 of 0.95. The thermal conductivities of ZASC–SC at
00 and 1600 K are extrapolated to be 25.3 and 13.6 W m−1 K−1,
espectively. Compared with Zr2[Al(Si)]4C5, the ZASC–SC
omposite has a much improved thermal conductivity over the
ntire temperature range.

.4. Oxidation resistance

Fig. 9 shows the cross-sectional and surface morphologies of
r2[Al(Si)]4C5 and the ZASC–SC composite exposed in static
ir at 1750 ◦C for 15 min. The corresponding composition of
he oxide scales for the two samples is shown in Fig. 10. The
verage oxide scale thickness of Zr2[Al(Si)]4C5 and ZASC–SC
omposite is about 120 (Fig. 9(a)) and 70 �m (Fig. 9(b)), respec-
ively, indicating that the ZASC–SC composite shows better

xidation resistance. The surface of Zr2[Al(Si)]4C5 is heavily
racked and rough (Fig. 9(c)), while that of the composite is
elatively smooth (Fig. 9(d)). In addition, a high-magnification
urface morphology image of Zr2[Al(Si)]4C5 (Fig. 9(e)) shows
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ig. 9. Cross-sectional and surface morphologies of Zr2[Al(Si)]4C5 ((a), (c) and
ir at 1750 ◦C for 15 min.

he presence of white ZrO2 grains (100–300 nm in size) embed-
ed in a darker matrix, which is mainly composed of Al2O3
Fig. 10(a)). For the ZASC–SC composite, a high-magnification
EM image from the lighter contrast region of Fig. 9(e) is rel-

tively featureless (Fig. 9(f)), implying that ZrO2 grain growth
as inhibited during oxidation of the composite with respect to
r2[Al(Si)]4C5. Based on the XRD results, there appears to be

ig. 10. XRD patterns of (a) Zr2[Al(Si)]4C5 and (b) Zr2[Al(Si)]4C5–30 vol.%
iC composite oxidized at 1750 ◦C for 15 min.

u
(
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and Zr2[Al(Si)]4C5–30 vol.% SiC composite ((b), (d) and (f)) exposed in static

considerable amount of t-ZrO2 remaining in the oxide scales
f the composite (Fig. 10(b)), which is a good evidence for the
xistence of nanocrystalline ZrO2 grains. Due to a lack of a
tabilizing agent for ZrO2, t-ZrO2 should transform to m-ZrO2
pon cooling to room temperature. However, small ZrO2 grains
especially below 10 nm) display a high activation energy bar-
ier for the martensitic t → m transformation, resulting in the
oexistence of both t- and m-ZrO2 phases.35,36 The metastable
-ZrO2 would be expected to gradually transform into m-ZrO2 as
he grains grow. The enhancement of oxidation resistance of the
omposite with respect to Zr2[Al(Si)]4C5 can be ascribed to the
ormation of Si-containing oxides, such as aluminosilicate glass
nd mullite, in which the oxygen diffusive rate is very low.37 In
ddition, the aluminosilicate glass can fill up pores and cracks
uring oxidation,11,38 leading to the inhibition of further oxida-
ion. This can be confirmed by the relatively smooth surface of
he ZASC–SC composite after oxidation.

. Conclusions

A Zr2[Al(Si)]4C5–30 vol.% SiC composite was fabricated by

reactive hot-pressing method using Zr, Al, Si, and graphite

s starting materials. The microstructure of the as-synthesized
omposite is composed of SiC grains embedded in plate-
ike or elongated Zr2[Al(Si)]4C5 matrix. The mechanical and
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hermal properties of the composite are superior to those
f Zr2[Al(Si)]4C5. The composite shows superior hardness
Vickers hardness of 16.4 GPa), stiffness (Young’s modulus
f 386 GPa), strength (bending strength of 353 MPa), tough-
ess (fracture toughness of 6.62 MPa m1/2) compared to a
r2[Al(Si)]4C5 ceramic. The stiffness maintained up to 1600 ◦C
ue to its clean grain boundaries, which renders it a good can-
idate material for high temperature and ultrahigh-temperature
pplications. In addition, the composite exhibits higher specific
eat capacity and thermal conductivity in the measured tempera-
ure range as well as ultrahigh-temperature oxidation resistance
ompared to Zr2[Al(Si)]4C5.
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