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Abstract

The microstructure, mechanical and thermal properties, as well as oxidation behavior, of in situ hot-pressed Zr, [ Al(Si)]4C5—30 vol.% SiC composite
have been characterized. The microstructure is composed of elongated Zr,[Al(Si)]4Cs grains and embedded SiC particles. The composite shows
superior 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 MPam'?) compared to a monolithic Zr,[Al(Si)];Cs ceramic. Stiffness is maintained up to 1600 °C (323 GPa) due to
clean grain boundaries with no glassy phase. The composite also exhibits higher specific heat capacity and thermal conductivity as well as better

oxidation resistance compared to Zr,[Al(S1)]4Cs.
© 2010 Elsevier Ltd. All rights reserved.
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1. Introduction

Zrp[Al(S1)]4Cs is a new compound formed by adding Al
and Si to ZrC; this quaternary carbide shows superior oxidation
resistance, strength, specific stiffness and toughness to ZrC.!-3
Furthermore, the Young’s modulus of Zr,[Al(Si)]4Cs decreases
slowly with increasing temperature and at 1580 °C it remains
81% of that at ambient temperature.” However, the hardness of
Zr[Al(S1)]4Cs is about half that of ZrC and the fracture tough-
ness is only 3.88 £0.16 MPa m!2, which is much lower than
other ternary layered carbides, such as Ti3SiC, and TizAlC,.0
In addition, as a high-temperature structural material, the oxi-
dation resistance of Zry[Al(Si)]4Cs at high temperature is still
unsatisfactory. The oxidation kinetics of Zr[Al(S1)]4Cs gener-
ally follows the linear law at 900—1300 °C because no protective
Al, 05 scale forms on the substrate.* Compared to ZrAl3Cy,10
the oxidation resistance of Zry[ Al(Si)]4Cs is much better due to
the formation of a larger fraction of protective oxidation prod-
ucts, Al,O3 and aluminosilicate/mullite (3A1,03-258i0,).4 In a
recent report, an effective approach to improve the high temper-
ature oxidation resistance of Zr, Al3C4 by coating a SiC/ZrSin
layer through silicon pack cementation was developed.!! It was
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found that a series of protective oxidation products, such as alu-
minosilicate glass, mullite and ZrSiO4, retarded the inward dif-
fusion of oxygen during the oxidation of siliconized Zr, Al3Cy4.
Thus, one possible way to improve the oxidation resistance of
Zr>[Al(S1)]4Cs is to incorporate Si-rich compounds.

SiC, which is characterized by its light weight, high hardness
and strength, has been widely used as a reinforcing phase to
improve the mechanical properties, including hardness, strength,
toughness, and wear resistance of ceramics.! 214 In addition,
due to its superior high temperature oxidation resistance, SiC
particles or coatings have been commonly used to improve the
oxidation resistance of other ceramics, such as ZrB,, ZrC, and
Ti3SiCy.15-17 1t is expected that both the mechanical proper-
ties and oxidation resistance of Zr,[Al(S1)]4Cs can be improved
by incorporating SiC particles. Recently, Chen et al.® fab-
ricated Zra[AlI(Si)]4Cs—SiC composites using as-synthesized
Zr[Al(S1)]4Cs powders and SiC powders as starting materials.
The mechanical properties (flexural strength, fracture toughness
and Vickers hardness), thermal properties (thermal conductiv-
ity and specific heat capacity) as well as ultrahigh-temperature
oxidation resistance of the composites were superior to those of
Zr[Al(S1)]4Cs.58

In situ processing, typically consisting of chemical reac-
tions and consolidation in one step, has been widely used for
the preparation of ceramic composites. Previous studies'* on
Ti3SiCr—SiC composites demonstrated that this method had
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many advantages including good microstructural controllability,
low contamination, short processing time, decrement in pro-
cessing temperature and reduction of cost. Therefore, in situ
reactive hot-pressing process was adopted in this study to fabri-
cate Zr>[Al(S1)]4C5-SiC (denoted as ZASC-SC) composites.
In the present work, the microstructure, mechanical and
thermal properties, including hardness, strength, toughness,
high-temperature Young’s modulus and internal friction, thermal
expansion, specific heat capacity, thermal conductivity as well as
oxidation resistance of an in situ hot-pressed ZASC—-SC compos-
ite were studied and compared with those of Zr,[Al(Si)]4C5 and
SiC. It was found that the ZASC-SC composite showed supe-
rior mechanical, thermal properties and oxidation resistance to
Zr[Al(S1)]4Cs, and a higher toughness than SiC.

2. Experimental procedure

2.1. Material preparation and microstructure
characterization

The ZASC-SC composite was fabricated by hot-pressing zir-
conium (zirconium hydrides), aluminum, silicon, and graphite
powders at 1900 °C for 1h in Ar and then holding at 1600 °C
for 0.5 h in low vacuum (~10~2 Pa) under a pressure of 30 MPa.
The synthesis procedure of the composite was similar to that of
Zrr[Al(S1)]4Cs 3 The molar ratio of Zr:Al:Si:C for synthesizing
ZASC-SC composite was 2:3.6:3.18:7.4, which is an optimized
composition to produce two-phase (Zr;[Al(Si)]4Cs and SiC)
composite without additional impurities. Excess Al and Si pow-
ders were added to compensate for their loss during the heating
process. Deficient carbon in the starting materials is properly
related to intrinsic carbon vacancies in the two carbides.

The density of sintered samples was determined by the
Archimedes method. Phase identification was conducted via
a step-scanning X-ray diffractometer with Cu Ka radiation
(Rigaku D/max—2400, Tokyo, Japan). Microstructure analysis
was carried out by a SUPRA 35 scanning electron microscope
(SEM) (LEO, Oberkochen, Germany). The samples were etched
for 1h in a 1:1:5 (by volume) solution of HF, HNO3 and
H,O before SEM observation. A 300kV Tecnai G F30 high-
resolution transmission electron microscope (HRTEM) (FEI,
Eindhoven, Netherlands) equipped with an EDS system was
used to characterize the microstructure of samples. Thin-foil
specimens for TEM observations were prepared by slicing,
mechanical grinding to 20 wm, dimpling down to 10 wm, and
ion milling at 4.0kV.

2.2. Mechanical property test

To reveal the temperature dependence of Young’s modulus
and internal friction of the ZASC—-SC composite, a rectangular
beam-like sample with dimensions of 3 mm x 15 mm x 40 mm
was suspended in the nodes of their first bending vibration mode,
and measured in a graphite furnace (HTVP 1750°C, IMCE,
Diepenbeek, Belgium) at a heating rate of 3°C min~! in vacuum
on the order of 10~! Pa. The vibration signal, captured by a
laser vibrometer, was analyzed with the resonance frequency

and damping analyzer.'® The Young’s modulus was calculated
from the flexural resonant frequency, f;, according to ASTM E

2
1876-97% E = 0.9465 ( "ot (&) 71, with m, L, b and 1,

the sample weight, length, width, and thickness, respectively.
T, is a correction factor, depending on the Poisson’s ratio and
the thickness/length ratio. The internal friction corresponding
to the flexural vibration mode was calculated as Q_l =k/nfy,
where k is the exponential decay parameter of the amplitude of
the flexural vibration component.

The Vickers hardness was measured at a load of 50N
with a dwell time of 15s. The flexural strength (sample
size 3mm X 4 mm x 36 mm) was measured using a three-point
bending method in a universal testing machine. The fracture
toughness (sample size 4 mm x 8 mm x 36 mm) was deter-
mined using single-edge notched beams (SENB). The notch
machined by the electrical discharge method was 4 mm in length
and 0.1 mm in width with a notch radius of 0.03 mm. The
crosshead speeds in strength and toughness measurements were
0.5and 0.05 mm min~!, respectively, and five samples were used
in both strength and toughness measurements.

2.3. Thermal property measurement

The coefficient of thermal expansion (CTE) was mea-
sured using a Setsys—24 thermal mechanical analyzer (TMA)
(Setaram, Caluire, France) from 100 to 1200 °C with a heat-
ing rate of 2°Cmin~! under flowing Ar. The dimension of the
sample for CTE measurement was ®5 mm x 10 mm.

A disk sample (®12.7 mm x 1.5 mm) was used to measure
the specific heat capacity ¢, and thermal conductivity kth. The
thermal diffusivity was determined from 200 to 1200 °C by a
Flashline™ 5000 thermophysical instrument (Anter, Pittsburgh,
PA). Prior to the thermal diffusivity test the sample was sprayed
with a thin layer of colloidal graphite approximately 10-pm-
thick to ensure complete and uniform absorption of the laser
pulse. Three measurements were taken at each temperature (200,
400, 600, 800, 1000, and 1200 °C) and the data was calculated
using software (Anter FL5000). Using a multi-sample configu-
ration system, and testing a reference sample (graphite) adjacent
to ZASC-SC composite, the heat capacity can be obtained par-
allel with thermal diffusivity.?’ Then, the thermal diffusivities
were converted to thermal conductivities using the heat capacity
results and measured density of the ZASC-SC composite.

2.4. Oxidation test

A vertical intermediate frequency induction heating (IFIH)
furnace®' was used to evaluate the ultrahigh-temperature oxi-
dation behavior of the ZASC-SC composite in static air. The
sample was placed on cylindrical graphite susceptor and then
introduced into the intermediate frequency induction coil. An
induced current (~27 kHz) was activated and the samples were
rapidly heated to about 1300 °C for 1 min and then at about
200°C min~! up to the test temperatures by adjusting induced
power. A two-color pyrometer was used to measure the surface
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temperature of the samples. To confirm the true temperature
of the sample, a correction experiment was carried out.’! The
duration time for oxidation was 15 min at 1750 °C. At the end
of the process, the current was turned off and the sample was
cooled down to room temperature at a rate of approximately
500°C min~!. For comparison, the same oxidation test was also
conducted for Zr[Al(Si)]4Cs ceramic.

3. Results and discussion

3.1. Phase composition and microstructure

Fig. 1 shows the XRD patterns of as-prepared ZASC-SC
composite as well as pure Zry[Al(Si)]4Cs. All the diffraction
peaks correspond to Zry[Al(Si)]4Cs, B-SiC and o-SiC (mainly
4H and 2H), indicating that the composite is predominantly
composed of Zrp[Al(Si)]4Cs5 and SiC. In addition, the mea-
sured density of ZASC—-SC composite is 4.10 gcm ™3, which is
about 99.5% of its theoretical value according to the mixture rule
(4.50and 3.22 g cm ™3 for Zr»[Al(S1)]14Cs and SiC, respectively).
Fig. 2 shows the SEM micrograph of the polished and etched
surface for the composite. The dark SiC grains are embedded
in light Zr,[Al(S1)]4Cs matrix and both SiC and Zr, [Al(Si)]4Cs
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Fig. 1. XRD patterns of as-synthesized Zr, [Al(Si)]4C5—30 vol.% SiC composite
as well as pure Zr,[Al(Si)]4Cs for comparison.

Fig. 2. SEM micrographs of the polished and etched surface of
Zr2[Al(S1)]4C5-30 vol.% SiC composite.
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Fig. 3. (a) A representative low-magnification TEM micrograph of SiC grains in
the Zr,[Al(S1)]4C5—-30 vol.% SiC composite. The insets show the FFT image of
different zones (o and ) in SiC grain. (b) HRTEM image showing the stacking
faults in o zone.

grains mainly show plate-like or elongated morphology. The
average grain size of Zry[Al(Si)]4Cs is 5.5 2.7 um, and the
aspect ratio of the elongated grains is about 5.2 4= 2.4. The aver-
age grain size of SiCis 1.9 £ 1.2 um, and the aspect ratio of the
elongated grains is about 3.5 + 1.6.

Fig. 3(a) shows a representative TEM micrograph of a SiC
grain in the composite. It exhibits a core (a zone)-envelope (3
zone) microstructure, which is quite similar to that of sintered
SiC.??23 The insets show the FFT image of different zones (a
and ) in the SiC grain. The faint streaks in the FFT image
of zone a indicate a high density of stacking faults, which is
also identified by the HRTEM image (Fig. 3(b)). It can be seen
that the lattice stacking sequence is almost random and many
SiC polytypes, such as 2H and 4H, exist in proximity to the 3C
polymorph. Therefore the bright spot circled in the FFT image
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Table 1

Comparison of some properties of Zra[Al(Si)]4Cs5—30 vol.% SiC composite, Zry [AL(S1)]4Cs> and SiC28-29,

Properties Zr,[Al(S1)]4Cs-30 vol.% SiC Zrp[Al(S1)]4Cs SiC
Theoretical density (gcm ™) 4.12 4.50 3.22
Measured density (gcm ™) 4.01 4.44 3.17
Young’s modulus (GPa) 386 361 402
Specific stiffness (GPacm? 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 (MPam'/?) 6.6240.19 3.88+0.16 2-5
Coefficient of thermal expansion (x 107K 1) 7.2 8.1 5.1
Specific heat capacity Jkg~! K~1) 584 567 620-770
Thermal conductivity(W m™! KH 25.3 12.0 80-340

of zone a should correspond to 2H (002),3C (11 1),4H (004),
etc.22 In contrast, the FFT image of zone 3 shows the feature of
B-SiC (3C) and no obvious streaks can be seen, indicating that
B zone is almost pure B-SiC.

During the in situ synthesis of ZASC-SC composite, a-SiC
(2H, 4H, etc.) and B-SiC (3C) were present, while in the case
of in situ synthesis of Ti3Si(Al)C,—SiC composite, only (3-SiC
was observed. The main difference between the processing of
the two composites lies in the temperature. The sintering temper-
ature of ZASC-SC composite is 1900 °C, which is 300400 °C
higher than that of Ti3Si(Al)C,—SiC composite. Previous work
showed that the 3C to 4H transformation typically started at
above 1800 °C in the presence of additions of Al; Al and B; Al,
B, and C.>*20 In the present work, high Al content and high
sintering temperature are advantageous to the 3 — a transfor-
mation of SiC. In addition, the transformation occurred with the
preferential growth of low-energy coherent 3/« interfaces, thus
producing o (core)/B (envelope) composite grains.?

Fig. 4 is a typical HRTEM image showing the grain bound-
aries and a triple junction between different Zr,[Al(Si)]4Cs
grains. The grain boundaries and triple junctions are free of
amorphous phase, which is similar to those of Zr; [Al(Si)]4C52
and (B+C)-doped SiC.?” The clean grain boundary in
ZASC-SC composite lies in the fact that no sintering additive
was used when using elemental powders as starting materials;
moreover, carbon acts as a reducing agent for oxides at high
temperature.

3.2. Mechanical properties

The measured room-temperature mechanical properties of
as-synthesized ZASC—-SC composite are listed in Table 1. The
data are compared to those of Zrp[Al(Si)]4Cs and SiC. The
room-temperature stiffness of ZASC-SC composite is improved
with respect to that of Zr;[Al(Si)]4Cs, e.g., the Young’s mod-
ulus of the composite (386 GPa) is about 7% higher than that
of Zrp[Al(S1)]4C5 (361 GPa). In addition, the specific stiff-
ness of the composite (96.3 GPacm? g_l), i.e., the ratio of
Young’s modulus to density, is about 12% higher than that of
Zr>[A1(S1)]4Cs (81.3 GPacm? g~ ). The Vickers hardness of

the composite is 16.4 GPa, which is 40% higher than that of
Zrp[Al(S1)]4Cs (11.7 GPa). The flexural strength of the com-
posite (353 =19 MPa) is higher than that of Zrp[Al(Si)]4Cs
(302 £ 10 MPa). ZASC-SC composite exhibits much higher
fracture toughness (6.62 = 0.19 MPa m'/?), which is about 71%
higher than that of Zr,[AI(Si)]4Cs (3.88 = 0.16 MPam /). Fur-
thermore, the fracture toughness of the composite is comparable
to the damage-tolerant layered carbides, MAX phases, such as
Ti3SiC; and Ti3A1C2.9 The fracture surface of Zr,[Al(S1)]4Cs
—30vol.% SiC composite shown in Fig. 5(a) delineates a rough
surface morphology with many jagged fractured and fragmen-
tized grains. In addition, the crack path (Fig. 5(b)) shows that the
cracks propagate relatively straight in the Zr, [ Al(Si)]4Cs matrix,
while the cracks deflect markedly around the SiC particles.
The hardness and stiffness of ZASC-SC composite should
have close relation to the properties of Zra[Al(Si)]4Cs 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

Fig. 4. A typical HRTEM image of a triple junction of Zr>[Al(Si)]4Cs grains in
Zr2[Al(S1)]4C5-30 vol.% SiC composite.
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Fig. 5. SEM micrograph of (a) the fracture surface of Zr,[Al(Si)]4Cs—30 vol.%
SiC composite and (b) crack propagation path from Vickers indentation in the
composite.

stiffness for the composite compared to Zr> [Al(Si)]4Cs. Further-
more, the specific stiffness of the composite is greatly enhanced
by adding the lower density SiC particles into Zr,[Al(Si1)]4Cs
matrix. The fracture toughness of Zr, [ Al(S1)]4Cs is significantly
improved by incorporating SiC particles. The high fracture
toughness is ascribed to the high energy dissipation during frac-
ture, which should be associated with residual stresses in the
composite. The mismatch in the coefficients of thermal expan-
sion and elastic moduli between Zr;[Al(Si)]4Cs matrix and the
SiC particles results in the generation of residual stresses in
the particles and surrounding matrix for cooling after sintering.
The radial matrix stress (o) and the tangential matrix stress
(0me =—omr/2) can be calculated according to the following
equation:>’

_ (ap — am)AT
I 4 vm)/2Em] + [(1 = 2vp)/ Ep]

where the subscripts p and m refer to the particle and matrix,
respectively, v is the Poisson’s ratio, and AT is the tempera-
ture range over which stresses are not relieved by a diffusive
process (assuming 1000 °C). Using the data in Table 1, matrix
stresses are calculated as omr = —930 MPa (compressive) and
ome =465 MPa (tensile). Therefore, the cracks propagate read-
ily in the Zry[AI(Si)]4Cs matrix due to the tensile tangential
stress. On the contrary, due to the stress equilibrium in the matrix
and particles, the tangential particle stress is compressive, which
inhibits crack propagation. This is the fundamental reason for the
relatively direct cracks in the Zry[Al(Si)]4Cs matrix while the
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Fig. 6. Temperature dependence of Young’s modulus and internal friction for
Zr>[Al(Si)]4C5-30 vol.% SiC composite as well as Zr[Al(Si)]4Cs for compar-
ison.

cracks are deflected around the SiC particles, and the inhibition
of crack propagation through the SiC particles is predominantly
responsible for the high fracture toughness. The ZASC-SC com-
posite has a superior fracture toughness and smaller grain size
compared with Zr[Al(Si)]4Cs, therefore the composite should
have a much higher strength than the matrix according to the

following equation derived from classic fracture mechanics':
,_ Y2 Kic )
V7 /D

where o is the tensile stress, K¢ is the fracture toughness, D
is the grain size. However, the strength of the composite is only
slightly higher than that of Zr;[Al(S1)]4Cs. Generally speaking,
the tensile tangential stress in the matrix will result in a rela-
tively low strength. In the case of TizSi(Al)C,—SiC composite,
increasing SiC content can improve the stiffness and hardness
while decreasing the strength.'*

Fig. 6 shows the temperature dependence of Young’s mod-
ulus and internal friction of the ZASC—SC composite, as well
as Zr>[Al(Si)]4Cs for comparison. The Young’s modulus of the
composite decreases slowly and almost linearly with increasing
temperature up to about 1450 °C. After that, it decreases at a
much faster rate. Meanwhile, the internal friction increases
sharply. During the heating and cooling process, no relaxation
peak was observed, however a high temperature damping
background was present. This result is similar to the mechanical
spectroscopy of Zr[Al(Si)]4Cs and (B + C)-doped SiC?”. Due
to the clean grain boundary and tightly interlocked grains at
grain-edge triple junctions, the relaxation resulting from grain-
boundary sliding at high temperature was suppressed and the
internal friction curve simply experienced an exponential-like
increase. It is conceivable to expect a low viscoelastic response
and high macroscopic deformation resistance at elevated tem-
peratures for the ZASC-SC composite. The remaining Young’s
modulus of the ZASC-SC composite at 1600°C (323 GPa),
which is much higher than those of Zry[Al(Si)]4Cs and
most refractory compounds,’>3? rendering the ZASC-SC
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Fig. 7. Thermal expansions of Zr>[Al(Si)]4C5—-30 vol.% SiC composite during
heating at a rate of 2°C min~! as well as Zr»[Al(Si)]4Cs for comparison.

composite as a
material.

potential high-temperature  structural

3.3. Thermal properties

Fig. 7 shows the thermal expansion behavior of the ZASC-SC
composite in the temperature range of 100-1200 °C. For com-
parison, the thermal expansion curve of Zr;[Al(Si)]4Cs is also
given. A least-squares fit of the data yields the coefficient of ther-
mal expansion (CTE) of 7.2 x 10~°K~!, which is lower than
that of Zry[Al(S1)]4Cs (8.1 x 107 K~!). The average CTE of
the ZASC-SC composite can be simply calculated according to

the Turner equation®*:

o — > iiBiVi
‘ > BiV;

where «;, B;, and V; are the CTE, bulk modulus, and vol-
ume fraction, respectively. These parameters for Zr,[Al(S1)]4Cs
and SiC are listed in Table 1. Assuming that the V and
B for Zry[Al(Si)]4Cs and SiC are independent of tempera-
ture, the average CTE for the composite is calculated to be
6.6 x 107°K~!, which is lower than the measured data of
the composite (7.2 x 107 K~1), indicating that the CTE of
Zr>[Al(S1)]4Cs in only partially resisted by the SiC particles.

The temperature dependence of specific heat capacity of
ZASC-SC is plotted in Fig. 8(a). For comparison, that of
Zr>[Al(Si)]4Cs3 is also given. Curve fitting of the experimental
data yields:

3

cp=938+750x 10T — 339 x 10°T 2 )

with R? of 0.97. The specific heat capacities of ZASC-SC at
300 and 1600 K are extrapolated to be 584 and 1045 Jkg—! K1,
respectively. The specific heat capacity of ZASC-SC is much
higher than that of Zr;[Al(S1)]4Cs.

The thermal conductivity, ki), of ZASC-SC is plotted
in Fig. 8(b). For comparison, the thermal conductivity of
Zr,[Al(S1)]4Cs is also given.3 A least-squares fit of the data
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Fig. 8. Temperature dependence of (a) specific heat capacity and (b) thermal
conductivity of Zrp[Al(Si)]4Cs-30vol.% SiC composite and Zrp[Al(Si)]4Cs
ceramic.

yields the following relationship:

Kot = 10.94 + 4319.5 5)
T

with an R? of 0.95. The thermal conductivities of ZASC-SC at

300 and 1600 K are extrapolated tobe 25.3 and 13.6 W m K1,

respectively. Compared with Zr;[Al(Si)]4Cs, the ZASC-SC

composite has a much improved thermal conductivity over the

entire temperature range.

3.4. Oxidation resistance

Fig. 9 shows the cross-sectional and surface morphologies of
Zr>[Al(S1)]4Cs and the ZASC-SC composite exposed in static
air at 1750°C for 15 min. The corresponding composition of
the oxide scales for the two samples is shown in Fig. 10. The
average oxide scale thickness of Zry[Al(Si)]4Cs and ZASC-SC
composite is about 120 (Fig. 9(a)) and 70 pm (Fig. 9(b)), respec-
tively, indicating that the ZASC-SC composite shows better
oxidation resistance. The surface of Zr,[Al(S1)]4Cs is heavily
cracked and rough (Fig. 9(c)), while that of the composite is
relatively smooth (Fig. 9(d)). In addition, a high-magnification
surface morphology image of Zr>[Al(Si1)]4Cs (Fig. 9(e)) shows
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Fig. 9. Cross-sectional and surface morphologies of Zr,[Al(Si)]4Cs ((a), (c) and (e)) and Zrp[Al(Si)]4Cs5—-30 vol.% SiC composite ((b), (d) and (f)) exposed in static

air at 1750 °C for 15 min.

the presence of white ZrO, grains (100-300 nm in size) embed-
ded in a darker matrix, which is mainly composed of Al,O3
(Fig. 10(a)). For the ZASC-SC composite, a high-magnification
SEM image from the lighter contrast region of Fig. 9(e) is rel-
atively featureless (Fig. 9(f)), implying that ZrO, grain growth
was inhibited during oxidation of the composite with respect to
Zr>[Al(S1)]4Cs. Based on the XRD results, there appears to be

- t=tZr0,
® = m—ZrO2

¥ = mullite
o= a-AIZOJ

Intensity (arb. units)

20 30 40 50 60 70
20 (deg.)

Fig. 10. XRD patterns of (a) Zr[Al(Si)]4Cs and (b) Zr,[Al(Si)]4C5-30vol.%
SiC composite oxidized at 1750 °C for 15 min.

a considerable amount of t-ZrO, remaining in the oxide scales
of the composite (Fig. 10(b)), which is a good evidence for the
existence of nanocrystalline ZrO, grains. Due to a lack of a
stabilizing agent for ZrO,, t-ZrO, should transform to m-ZrO,
upon cooling to room temperature. However, small ZrO; grains
(especially below 10 nm) display a high activation energy bar-
rier for the martensitic t — m transformation, resulting in the
coexistence of both t- and m-ZrO; phases.>>3® The metastable
t-ZrO; would be expected to gradually transform into m-ZrO, as
the grains grow. The enhancement of oxidation resistance of the
composite with respect to Zr>[Al(Si)]4Cs can be ascribed to the
formation of Si-containing oxides, such as aluminosilicate glass
and mullite, in which the oxygen diffusive rate is very low.>” In
addition, the aluminosilicate glass can fill up pores and cracks
during oxidation,'!-3® leading to the inhibition of further oxida-
tion. This can be confirmed by the relatively smooth surface of
the ZASC-SC composite after oxidation.

4. Conclusions

A Zry[AI(S1)]4Cs—30 vol.% SiC composite was fabricated by
a reactive hot-pressing method using Zr, Al, Si, and graphite
as starting materials. The microstructure of the as-synthesized
composite is composed of SiC grains embedded in plate-
like or elongated Zry[Al(Si)]4Cs matrix. The mechanical and
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thermal properties of the composite are superior to those
of Zrp[Al(Si1)]4Cs. The composite shows superior hardness
(Vickers hardness of 16.4 GPa), stiffness (Young’s modulus
of 386 GPa), strength (bending strength of 353 MPa), tough-
ness (fracture toughness of 6.62MPam!?) compared to a
Zr>[Al(S1)]4Cs ceramic. The stiffness maintained up to 1600 °C
due to its clean grain boundaries, which renders it a good can-
didate material for high temperature and ultrahigh-temperature
applications. In addition, the composite exhibits higher specific
heat capacity and thermal conductivity in the measured tempera-
ture range as well as ultrahigh-temperature oxidation resistance
compared to Zra[Al(Si)]4Cs.
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