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bstract

xidation of ZrC–30 vol.% SiC is investigated in air using furnace and oxyacetylene torch. The microstructure and phase composition of oxide
cales are analyzed via SEM, XRD, and Raman. At 800 and 1100 ◦C, SiC is embedded in the porous and cracked ZrO2 scales, which have a
ingle-layer structure and are almost non-protective. At 1300 and 1500 ◦C, the protective effect of oxide scales is enhanced by the formed SiO2.
he scales consist of two subscales, outer and inner layers, during oxidation at 1300 ◦C for ≥1 h, and 1500 ◦C for ≥15 min. The growth kinetics
f both layers is analyzed. At ∼1700 ◦C, a new layer is observed between the outer and inner layers, which should contain less carbon than the

nner layer. At ∼2100 ◦C, the oxide scale is porous and contains many big holes. This scale shows a single-layer structure, which mainly consists
f ZrO2.

2011 Elsevier Ltd. All rights reserved.
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. Introduction

Interest in ultrahigh-temperature ceramics (UHTCs) has
ncreased significantly in recent years due to the drive to pro-
uce a thermal protection system and other components for
ypersonic aerospace vehicles.1–3 Zirconium carbide (ZrC) is
n important member of UHTCs. Besides its high melting
emperature, ZrC has a unique combination of high fracture
trength, high electrical and thermal conductivity, and resistance
o erosion/corrosion.4–6

Oxidation resistance is a major issue in the development of
HTCs, but ZrC has a poor high-temperature chemical stability

n oxidizing atmosphere, which significantly limits its actual
pplication as UHTCs. Previous reports indicated that ZrO2
cales on ZrC can be divided into two layers.7–12 The outer layer
s porous and cracked, containing a small amount of free car-

on. Pores and cracks in the outer layer offer channels for inward
iffusion of oxygen. So, the outer layer is non-protective. The
nner layer is relatively dense and rich in carbon, which attracts
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ots of attention in the past several years. This layer is consid-
red as a barrier for the diffusion of oxygen during oxidation.
owever, the inner layer is very thin; that is to say, oxide scale
n ZrC mainly consists of the porous and cracked outer layer.
racks in the outer layer penetrate easily into the inner layer,
ccelerating the oxidation of matrix. So, the oxide scale on ZrC
s almost non-protective, which is confirmed by the linear or
pproximately linear oxidation kinetics.7,9,13,14

A common approach to improve oxidation resistance of
HTCs is the incorporation of Si-containing compounds into
HTCs matrix to form a protective SiO2-containing oxide

cale.15–18 However, the reports are scarce by far on oxidation
f ZrC-based composites with additives of Si-containing com-
ounds, and some results deviate from that expected. Pierrat
t al.19 investigated the oxidation resistance of pressureless-
intered ZrC–20 vol.% MoSi2 using an experimental facility
alled REHPTS. The results showed that addition of 20 vol.%
oSi2 was detrimental to the oxidation behavior of ZrC in the

emperature range of 1800–2400 K, because of its dissociation
20
nd its role in the surface melting. Li et al. prepared a ZrC–SiC

oating on 2D C/ZrC–SiC composites by chemical vapor depo-
ition and investigated the oxidation behavior of this composites
t 1800 ◦C using CH4 combustion wind tunnel. The results

http://www.sciencedirect.com/science/journal/09552219
dx.doi.org/10.1016/j.jeurceramsoc.2011.10.024
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ndicated that no protective oxide scale was formed, because
rC was oxidized completely very fast, and SiC or its oxide
iO2 was easily blown off. Zhao et al.21 prepared C/ZrC–SiC
y polymer infiltration and pyrolysis process. Furnace test at
200 ◦C in air indicated that introduction of 1.9 vol.% SiC can
mprove the oxidation resistance of C/ZrC, due to formation of
ense SiO2 glass.

In this study, we investigated the oxidation behavior of
ot-pressed ZrC–30 vol.% SiC in air from low to ultrahigh tem-
erature using furnace and oxyacetylene torch. The structure
volution of oxide scales was described and discussed. Some
nteresting phenomena were reported which have not been found
n previous works.

. Material and methods

ZrC–30 vol.% SiC composite was referred as ZrC–30SiC
elow. The starting powders were ZrC (mean particle size
.1 �m, >98% purity, Changsha Wing High High-Tech New
aterials Co., Ltd., China), SiC (�-SiC, mean particle size
�m, >99% purity, Central Iron & Steel Research Institute,
hina). The powder mixture of ZrC–30 vol.% SiC was ball
illed in ethanol for 24 h and then dried. Mixed powders were

hen uniaxially hot pressed in boron nitride-coated graphite
ie at 2000 ◦C for 60 min under an argon atmosphere with
n applied pressure of 30 MPa. Bulk density and theoretical
ensity were evaluated using the Archimedes method and the
ule of mixtures, respectively. Sample coupons in the size of
.9 mm × 5.8 mm × 6.6 mm were cut from the hot-pressed spec-
mens, and all surfaces were diamond polished to a 1 �m finish.
oupons were ultrasonically cleaned in acetone and alcohol,
nd then exposed to air at temperature of 800, 1100, 1300 and
500 ◦C, respectively, for 15 min to 4 h. The oxidation exper-
ment was conducted in a box furnace with MoSi2 heating
lements. The weight of samples before and after oxidation was
arefully measured using a precision balance with an accuracy
f 10−5 g. Sample coupons with dimension of Φ17.4 × 12.7 mm
ere used in the oxidation experiment at temperature of ∼1700

nd ∼2100 ◦C, which was carried out with the oxyacetylene
orch facility of Hu et al.’s group.22,23 The oxyacetylene torch
est was conducted under two different conditions. During the
rst test, after several adjustments of gas flow rate, the pressure
nd flux of acetylene were fixed at 0.1 MPa and 0.32 m3 h−1, and
or oxygen 0.5 MPa and 0.64 m3 h−1, respectively. The test time
as about 13 min. The sample surface achieves a temperature of
670 ◦C within about 3 min, and then it gradually increases to
700 ◦C. During the second test, the pressure and flux of acety-
ene were 0.1 MPa and 0.75 m3 h−1, and for oxygen 0.5 MPa
nd 1.5 m3 h−1, respectively. The test time was about 10 min.
he temperature of sample surface increases sharply to 2060 ◦C
nd then gradually reaches to the maximal value of 2200 ◦C.
he phase composition of oxide scale was identified using X-

ay diffractometer and Raman spectroscopy. X-ray diffraction

XRD) was carried out in a D/max-2200VPC diffractometer
Rigaku, Tokyo, Japan) with Cu K� radiation. The Raman spec-
ra were recorded using the 458 nm line from an argon ion laser
sing a Raman system (JY HR800, Paris, France). The surface

d
a
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Fig. 1. SEM micrograph of the polished surface of ZrC–30SiC.

nd cross section of oxidized samples were observed by scan-
ing electron microscope (SEM, FEI Quanta 200F, Eindhoven,
he Netherlands). An optical microscope (Axiovert 40MAT,
ermany) was also employed to observe the cross section of
xide scale and determine its thickness.

. Results

.1. Density and microstructure

The measured bulk density of ZrC–30SiC is 5.56 g/cm3,
hich corresponds to a relative density of 98.4%. Fig. 1 shows a
EM micrograph of the polished surface of ZrC–30SiC. The
ark and grey phases are SiC, and they appear to be uni-
ormly dispersed in the light ZrC matrix. The different contrast
f SiC should be related to their different crystallographic
rientations.24,25 Microstructure of the composite is regular, and
ew pores are observed on the polished surface, which supports
he result of density measurement.

.2. Oxidation at low temperature range (800 and 1100 ◦C)

XRD analysis (Fig. 2a) indicates that the oxide scale formed
t 1100 ◦C for 15 min consists of m-ZrO2. Fig. 3a shows the sur-
ace SEM micrograph of this scale. It is cracked and porous. SiC
s embedded in ZrO2. Because the strongest peak of SiC (1 1 1)
t 35.6◦ and the peaks of m-ZrO2 (2 0 0) at 35.3◦, (1̄ 0 2)
t 35.9◦ are too close to be distinguished, SiC is difficult to
etect by XRD in m-ZrO2 matrix. Cross-section SEM micro-
raph (Fig. 3b) indicates that the oxide scale has a single-layer
tructure. Its thickness is about 290 �m, and mass gain of sample
s 177.9 g/m2. Fig. 4 shows the Raman spectrum of this scale.
wo broad peaks appear around 1350 cm−1 and 1600 cm−1, cor-
esponding to the A1g mode associated with amorphous carbon
nd E2g with graphite, respectively.8 Fig. 5 shows the specific
ass-change as a function of exposure time for ZrC–30SiC
uring oxidation at 800 and 1100 ◦C. The kinetics follows an
pproximately linear law, indicating that the oxidation proceeds
ainly via interface limited reaction.
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Fig. 2. XRD patterns of the oxide scale on ZrC–30SiC: (a) 1100 ◦C for 15 min,
(b) 1300 ◦C for 15 min, (c) outer layer at 1500 ◦C for 15 min, (d) inner layer at
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Fig. 4. Raman spectrum of the oxide scale on ZrC–30SiC oxidized at 1100 ◦C
for 15 min.
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500 ◦C for 15 min, (e) the first oxyacetylene torch test (∼1700 ◦C) and (f) the
econd oxyacetylene torch test (∼2100 ◦C).

.3. Oxidation at intermediate temperature range (1300
nd 1500 ◦C)

Microstructure and phase composition of the oxide scale
ormed at 1300 ◦C for 15 min are similar to that of scale formed
t 1100 ◦C for 15 min. No SiO2 is detected on the surface of oxi-
ized sample by XRD (Fig. 2b) and SEM (Fig. 6a). The oxide
cale shows a single-layer structure (Fig. 6b). The thickness of
his scale is about 295 �m; mass gain of sample is 179.8 g/m2.
fter oxidation at 1500 ◦C for 15 min, most SiC on the sur-

ace of sample oxidizes to form SiO2 (Fig. 6c). The oxide scale
hows a duplex structure (Fig. 6d). The thickness of this scale
s about 300 �m, and mass gain of sample is 181.6 g/m2. High

agnification micrographs indicate that, the outer layer con-
ains some pores, and the grey SiO2 mainly distributes in these
ores; the inner layer appears to be dense, and SiC is almost

ot oxidized in the inner layer. For further analyzing the phase
omposition, each layer of scale was separated from sample.
he outer layer is white in color. XRD pattern (Fig. 2c) reveals

t
a
i

Fig. 3. Surface (a) and cross-section (b) SEM micrograp
ig. 5. Specific mass-change (�m) as a function of exposure time (t) for
rC–30SiC during oxidation at 800 and 1100 ◦C.

hat it consists of m-ZrO2 and SiO2. Raman spectrum analy-
is, shown in Fig. 7a, indicates presence of some free carbon in

he outer layer. The Raman shifts between 100 and 1000 cm−1

re characteristic peaks for m-ZrO2 and possibly SiO2.26,27 The
nner layer is black in color. XRD pattern (Fig. 2d) reveals that

hs of ZrC–30SiC oxidized at 1100 ◦C for 15 min.
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Fig. 6. Surface and cross-section SEM micrographs of ZrC–3

he matrix of inner layer is composed of m-ZrO2. Raman spec-
rum of inner layer (Fig. 7b) shows much bigger intensity ratio
f the peaks for free carbon to the peaks for m-ZrO2 than the
pectrum of outer layer, indicating that the inner layer contains
ore free carbon. Similar duplex-structure scales are found dur-

◦ ◦
ng oxidation of ZrC–30SiC at 1300 C for ≥1 h, and 1500 C
or ≥15 min.

ig. 7. Raman spectra for the outer (a) and inner (b) layers of oxide scale on
rC–30SiC oxidized at 1100 ◦C for 15 min.
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oxidized at 1300 (a and b) and 1500 ◦C (c and d) for 15 min.

The time dependency of thickness of the inner and outer lay-
rs during oxidation at 1300 and 1500 ◦C is shown in Fig. 8.
t both temperatures, the thickness of outer layer almost does
ot change with time after forming duplex structure, while the
hickening of inner layer is approximately parabolic with time.
he outer layer is thicker at 1300 ◦C than at 1500 ◦C.

Fig. 9 shows the specific mass-change and its corresponding
quare as a function of exposure time for ZrC–30SiC during
xidation at 1300 and 1500 ◦C. The kinetics is in approximate
greement with parabolic law, indicating that the oxidation is
ainly controlled by diffusion. Fig. 10 shows the optical macro-

raph of ZrC and ZrC–30SiC oxidized at 1300 and 1500 ◦C for
5 min. We can see that the ZrC samples are oxidized catas-
rophically while the oxidation of ZrC–30SiC is not so serious.
rC–30SiC has a better oxidation resistance than ZrC in air at
300 and 1500 ◦C.

.4. Oxidation at high and ultrahigh temperature (about
700 and 2100 ◦C)

Fig. 11a shows a surface SEM micrograph of the scale on
ample after the first oxyacetylene torch test (∼1700 ◦C). Many
ores and a small amount of SiO2 are observed. SiO2 is too lit-

le to be detected by XRD (Fig. 2e). Low magnification SEM

icrograph (Fig. 11b) indicates that the cross-section morphol-
gy of this scale is similar to that of scale formed at 1500 ◦C
or 15 min, except formation of an interlayer between the outer
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nd inner layers. Porosity and color (Fig. 11c) of the interlayer

re intermediate between that of the outer and inner layers. The
hickness of oxide scale is about 220 �m. High magnification

icrographs indicate that, both inner layer and interlayer are

ig. 9. Specific mass-change (�m) and its corresponding square (inset) as a
unction of exposure time (t) for ZrC–30SiC during oxidation at 1300 and
500 ◦C.
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ig. 10. Optical macrograph of ZrC and ZrC–30SiC oxidized at 1300 and
500 ◦C for 15 min.

ainly composed of ZrO2 and SiC; the amount of SiO2 in the
uter layer is decreased, and porosity increased, compared with
hat of the outer layer during oxidation at 1500 ◦C for 15 min.
ased on the analysis in Section 3.3, it can be inferred that the
arbon content of interlayer is lower than that of inner layer, but
igher than that of outer layer. After the second oxyacetylene
orch test (∼2100 ◦C), many macroscopic holes are present on
he surface of scale, and this scale mainly consists of m-ZrO2
Fig. 2f). Surface SEM micrograph (Fig. 11d) shows three dif-
erent regions, namely, porous ZrO2 skeleton, big holes, and a
ittle SiO2. This scale has a single-layer structure (Fig. 11e), and
ts thickness is about 350 �m.

. Discussion

We know that one of the differences between the two layers of
xide scales on ZrC–30SiC is the higher carbon content of inner
ayer, which is consistent with the previous reports on oxidation
f ZrC. During XRD analysis, no obvious ZrO2 peak shift is
bserved in the pattern of inner layer when compared with that
f outer layer, but we do not exclude the possibility of presence
f reported oxycarbide (ZrO2−xCy here) in the inner layer.28,29

arbon is easy to burn out in air at high temperature, whether
n the lattice of ZrO2−xCy or as a simple substance.30–32 So, it
epends on the protective effect of oxide scales whether the inner
ayer appears. Oxidation rate of SiC is negligible below 1100 ◦C
n air.30 Oxidation behavior of ZrC–30SiC should be similar
o that of ZrC at this temperature range. Generally, dense ZrC
eramic oxidizes remarkably at 800 ◦C in air,7 and the oxidation
y reaction (1) is thermodynamically the most probable.33

rC(s) + O2(g) = ZrO2(s) + C(s) (1)
The porous and cracked oxide scales are almost non-
rotective during oxidation at 800 and 1100 ◦C. Most of the
ormed carbon would be oxidized to generate gases CO2 and
O. The oxide scales show a single layer structure. Because
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ig. 11. Surface and cross-section SEM micrographs of ZrC–30SiC after the fi
hows a corresponding optical micrograph of (b).

iffusion of CO2 and CO through ZrO2 is difficult,9 a small
mount of carbon remains in the scale. SiC starts to oxidize sig-
ificantly at 1300 ◦C.34 The formed SiO2 could seal the pores
nd cracks of scales, increasing the density of scales thus retard-
ng inward diffusion of oxygen. However, the oxide scale formed
t 1300 ◦C for 15 min still can not protect most of the formed
arbon from oxidation, because the exposure time is too short to
enerate enough SiO2. In contrast, during oxidation at 1500 ◦C
or 15 min, more SiO2 is formed due to the more rapid oxida-
ion of SiC. The local oxygen concentration in the regions of the

atrix/scale interface becomes so low that a carbon-rich ZrO2
ayer is formed, i.e., the observed black inner layer of scale.

Growth process of each layer of scales on ZrC–30SiC dur-
ng oxidation at 1300 and 1500 ◦C can be described as follows.
rC oxidizes quickly to form a porous ZrO2 scale, i.e., the outer

ayer. The thickness of outer layer increases with time. SiC oxi-
izes relatively slowly to form SiO2 and enhances the protective
ffect of outer layer. As the inner layer forms, the outer layer
tops thickening and the inner layer thickens with time. Oxi-
ation rate of SiC is relatively lower at 1300 ◦C. So, the inner
ayer appears later, and the outer layer is thicker. As mentioned
bove, carbon is chemically unstable in air at high temperature.

he outer layer of scales is relatively porous. However, why
oesn’t the carbon of inner layer near the interface of two lay-
rs oxidize gradually to result in thickening of outer layer? A

i
o
i

1700 ◦C, a and b) and second (∼2100 ◦C, d and e) oxyacetylene torch test. (c)

ational conjecture is that, the formed carbon diffuses outward
nd reacts with oxygen in the outer layer; also, oxidation of car-
on is slower than diffusion. Outward diffusion of carbon has
een observed during oxidation of ZrC and other carbides.7,35,36

he outer layer of scales on ZrC–30SiC is protective, which can
ower the oxidation rate of carbon. During oxidation, lots of
nward diffused oxygen is consumed in the outer layer by reac-
ion with outward diffused carbon. Due to the sufficient carbon
rom inner layer, the interface between inner and outer layers
an not move inward. Zr is thermodynamically oxidized more
asily than carbon.33 Some oxygen diffuses through the inner
ayer to react with ZrC–30SiC matrix, resulting in thickening of
he inner layer. Previous reports indicated that the porous outer
ayer thickens linearly with time, while the dense inner layer
arabolically and then attains a limited constant thickness dur-
ng oxidation of ZrC and other refractory carbides at low oxygen
ressure.9,37 The amount of carbon created at ZrC matrix/scale
nterface decreases with increasing of oxygen pressure.38 So, the
nner layer of oxide scale is usually difficult to observe during
xidation of ZrC in air.7,14,39 In this study, ZrC forms a non-
dherent oxide scale below 1500 ◦C which is brittle to touch,
s Fig. 10 shows, and we do not find obvious duplex structure

n them. Introduction of SiC enhances the protective effect of
uter layer of scales on ZrC, promotes formation of the dense
nner layer, and increases the volume ratio of inner layer to outer
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ayer, therefore improving the oxidation resistance of ZrC in air
t intermediate temperature range.

SiC starts to oxidize actively at 1650 ◦C according to reaction
2).40

iC(s) + O2(g) = SiO(g) + CO(g) (2)

The amount of SiO2 in the scale on ZrC–30SiC would
ecrease with increasing of oxidation temperature.23,34,41 Dur-
ng the first oxyacetylene torch test (∼1700 ◦C), lots of gas
roducts can be generated due to the serious oxidation of ZrC
nd active oxidation of SiC, which leave behind many pores
fter passing through oxide scale. The protective effect of outer
ayer of oxide scale will be weakened. So, we assume that some
arbon of inner layer in the regions near outer layer is oxidized,
esulting in formation of a new layer with higher porosity and
ighter color than the inner layer. During the second oxyacety-
ene torch test (∼2100 ◦C), more gas products can be generated,
hich accelerates the damage of oxide scale, resulting in oxi-
ation of the most formed carbon. The temperature under oxide
cale is believed to be lower than the surface temperature. Part
f SiC oxidizes passively to form SiO2, which is beneficial to
nhancing the oxidation resistance of ZrC.

. Conclusions

Oxidation of ZrC–30 vol% SiC is studied in air. At 800
nd 1100 ◦C, the porous and cracked scales are almost non-
rotective, and exhibit a single-layer structure. These scales
onsist of ZrO2, SiC, and a small mount of carbon. At 1300 and
500 ◦C, SiO2 enhances the protective effect of ZrO2 scales.
he ZrO2 scales show a duplex structure during oxidation at
300 ◦C for ≥1 h, and 1500 ◦C for ≥15 min. The outer layer is
hite and relatively porous, containing SiO2 and less carbon;

he inner layer is black and dense, containing SiC and more car-
on. After forming duplex structure, the thickness of outer layer
oes not change with time, while the thickening of inner layer is
pproximately parabolic with time. At ∼1700 ◦C, an interlayer
s observed between the outer and inner layers of scale, which
hould contain less carbon than the inner layer. At ∼2100 ◦C,
he oxide scale is porous and contains many big holes. This scale
hows a single-layer structure, and mainly consists of ZrO2.
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