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bstract

on-isothermal, isothermal and cyclic oxidation behavior of hot pressed ZrB2–20 (vol.%) SiC (ZS) and HfB2–20 SiC (HS) composites have been
ompared. Studies involving heating in thermogravimetric analyzer have shown sharp mass increases at 740 and 1180 ◦C for ZS, and mass gain
ill 1100 ◦C followed by loss for HS. Isothermal oxidation tests for 1, 24 and 100 h durations at 1200 or 1300 ◦C have shown formation of partially

nd completely stable oxide scales after ∼24 h exposure for ZS and HS, respectively. X-ray diffraction, scanning electron microscopy and energy
r wavelength dispersive spectroscopy has confirmed presence of ZrO2 or HfO2 in oxide scales of ZS or HS, respectively, besides B2O3–SiO2.
egradation appears more severe in isothermally oxidized ZS due to phase transformations in ZrO2; and is worse in HS on cyclic oxidation at
300 ◦C with air cooling, because of higher thermal residual stresses in its oxide scale.

2010 Elsevier Ltd. All rights reserved.
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. Introduction

Ultra-high temperature ceramics (UHTCs) based on ZrB2
nd HfB2 are a class of materials with melting temperatures
xceeding 3000 ◦C, high physical stability (due to absence of
hase transformations) and thermal conductivity as well as abil-
ty to retain strength at elevated temperatures. Earlier studies1,2

n isothermal oxidation of ZrB2 between 800 and 1100 ◦C
ave shown formation of ZrO2 and an outer protective layer
f B2O3 (l), which restricts the inward diffusion of oxygen
nions. However, at temperatures ≥1100 ◦C, the vapor pressure
f B2O3 is increased sharply,2,3 leading to its vaporization with
imultaneous acceleration in the oxidation rates of ZrB2 and
fB2. As both ZrO2 and HfO2 are anion deficient semicon-
uctors with oxygen vacancies, the diffusion of oxygen anions
as been found to be significant in these oxides. Hence, ZrB2
nd HfB2 in their monolithic form are not suitable for ultra-
igh temperature applications in aero-propulsion systems due
o their poor oxidation resistance.4,5 Reinforcement of these

HTCs with either SiC or MoSi2 improves both oxidation

esistance and mechanical properties of these materials signif-
cantly, as has been reported in some of the earlier studies.6,7
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arlier reports8,9 have shown that the presence of 20 vol.%
iC is the requirement for achieving optimum properties in

he ZrB2 based composites. In fact, it has been shown9–11 that
rB2–SiC and HfB2–SiC composites are attractive for potential
pplications in extreme thermal environments like that associ-
ted with hypersonic flight, atmospheric re-entry, and rocket
ropulsion. Moreover, Loehman12 has proposed that the most
romising material for use in sharp leading edges on hyper-
onic vehicles are the composites of these ceramics with SiC
einforcements.

The presence of SiC reinforcements in ZrB2 and HfB2 based
eramic composites leads to reduction in their rates of oxida-
ion by formation of a protective scale of glassy B2O3–SiO2,
hich is more viscous and stable, as well as less volatile

han B2O3 alone.3,4,7,13–17 This amorphous silica-rich scale has
ow diffusivity for oxygen due to its high viscosity, and has
een found to be protective till at least 1600 ◦C in oxidizing
nvironments.6,18,19 An added advantage is its sufficient fluid-
ty to fill up the pores or discontinuities present in the skeleton
f ZrO2 or HfO2, and thus fully cover the sample surfaces due
o its excellent wettabilitity.20–23 Diffusion of dissolved oxy-
en through semi-solid B2O3–SiO2 present in the capillaries

ithin porous ZrO2 or HfO2 and at the base of oxidation prod-
cts has been proposed as the rate limiting step for oxidation up
o 1400 ◦C.23 For the HfB2–SiC composites,6 release of volatile
roducts has been found to have a significant role till 1350 ◦C,

dx.doi.org/10.1016/j.jeurceramsoc.2010.08.018
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hile presence of SiC reinforcements has been reported as ben-
ficial at temperatures ≥1400 ◦C.

The oxidation resistance of ZrB2 has been reported as inferior
o that of HfB2 due to volume changes during phase transforma-
ions in ZrO2 and lower oxygen diffusivity in HfO2.22 However,
t should be noted that the published reports are not exhaustive
or intermediate temperature domain (≤1400 ◦C), and variation
n experimental conditions could yield quite different results,
hich justifies the requirement for further studies emphasiz-

ng specific aerospace engineering applications. As oxidation
inetics and stability of oxide scale are known to be strongly
ependent on both time of exposure and thermal shock, many
igh temperature engineering applications require further stud-
es to address these issues.

The present study is focused on a comparative assessment
f non-isothermal, isothermal and cyclic oxidation behavior of
rB2–20 (vol.%) SiC (ZS) and HfB2–20 SiC (HS) composites,
repared by hot pressing under identical conditions. A prelimi-
ary report on mechanical, thermal and oxidation properties of
S has been published elsewhere.24 The objectives and scope
f the present study on ZS and HS include: (i) identification of
he critical temperatures for oxidation during heating from the
mbient to 1300 ◦C; (ii) assessment of mass change with time
uring isothermal exposure for either 24 or 100 h at 1200 and
300 ◦C in air; (iii) comparison of mass changes in course of
yclic oxidation at 1300 ◦C with that during isothermal tests at
he same temperature; (iv) analysis of oxide scale constituents;
v) measurement of residual stresses in the oxide scale; (v)
omparison of the mechanisms of oxidation under different test
onditions for each composite; and (vi) comparison of damage
ue to combined effects of oxidation and thermal shock.

. Experimental procedure

.1. Preparation and characterization of materials

The powders of ZrB2 and SiC were obtained from H.C. Starck
td. (H.C. Starck GmbH, Im Schleeke, Goslar, Germany), while

he HfB2 powder was obtained from Johnson Maththey Inc.,
SA. The purity of all the as-received powders was ≥99.5%.
he powders were weighed in suitable proportion, and then

ntimately mixed by milling using WC-Co vials and balls in a
lanetary mono-mill (Fritsch GmbH, Idar-Oberstein, Germany)
perated at a speed of 250 rpm for 2 h. The powder mixtures were
intered under uniaxial pressure of 30 MPa using graphite dies
ined with grafoil inside a resistance heating furnace operated at
000 ◦C for 30 min in argon environment, to prepare pellets of
2 mm diameter and 4 mm thickness.

The densities of hot pressed composites were measured
sing Archimedes principle. For microstructural studies, the hot-
ressed pellets were first sectioned with the help of an Isomet
low speed diamond saw (Buehler Ltd., Lake Bluff, IL, USA),
nd then sequentially polished using diamond coated discs, abra-

ive SiC papers, and clothes smeared with diamond lapping paste
0.25 �m). The different phases present in the microstructures
ere identified by X-ray diffraction (XRD) analysis. There-

fter, the microstructures of the samples were examined using

2

o
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econdary electron (SE) and backscattered electron (BSE) imag-
ng modes on a field emission scanning electron microscope
FESEM, Zeiss Supra 40, Carl Zeiss NTS GmbH, Oberkochen,
ermany), where chemical compositions of different phases
ere examined using energy dispersive spectroscopy (EDS).
he data from about 100 measurements was averaged to obtain

he average sizes of matrix grains or SiC particles, as mentioned
bove.

.2. Oxidation tests

.2.1. Non-isothermal oxidation tests
Small specimens of either ZS or HS, having dimensions of

pproximately 0.5 mm × 1.5 mm × 1.5 mm and mass ≈10 mg,
ere kept in alumina crucibles and then subjected to heating at

he rate of 10 ◦C/min from 50 to 1300 ◦C in flowing air inside
thermogravimetric analyzer (TGA, Perkin-Elmer, Waltham,
A, USA). A mass of 10 mg was considered as optimum to

ave sufficient sensitivity and to avoid the presence of thermal
radient within the sample.25 The change in mass of the spec-
mens in course of heating was measured using dry alumina
Al2O3) powder as reference. These tests were carried out pri-
arily to determine both the critical temperatures for oxidation,

nd the mass changes in course of heating, so as to get an idea
bout early stages of oxidation.

.2.2. Isothermal oxidation tests
Isothermal oxidation tests were carried out on samples of both

S and HS in dry air at temperatures of either 1200 or 1300 ◦C
or both 24 and 100 h. Rectangular bars with dimensions of
0 mm × 4 mm × 4 mm were sliced from the hot-pressed pel-
ets, and were mechanically polished up to 0.25 �m diamond
nish for use as specimens for these tests. These specimens were
rapped using platinum wire, and then suspended by hooking to
1.5 m long straight nichrome wire inside the vertical chamber
f a SiC-resistance heating furnace, through a hole in the ceramic
lug used to close the top opening. Both the inner wall of the
urnace and ceramic plug were made of Al2O3 (80%)–SiO2, and
either of these were in contact with the specimen. The nichrome
ire was hung at its upper end from the weighing pan of a
echanical balance (KEROY Private Limited, Varanasi, India)
ith least count of 0.1 mg. The sample mass was recorded prior

o and during oxidation at intervals of either 1 or 6 h for tests con-
ucted up to 24 or 100 h, respectively. Further experiments were
arried out for a period of 1 h at either 1200 or 1300 ◦C with mea-
urements of mass at intervals of 10 min in order to examine the
sothermal kinetics during early stages of oxidation. The spec-
men temperature was measured using Pt–Pt/Rh thermocouple.
ome of the experiments were repeated to ensure reproducibility
f the results. Moreover, the nichrome and platinum wires were
eparately exposed to 1300 ◦C, and the total change in mass after
xposure for a period of 24 h was recorded using an electronic
alance (Sartorius AG, Goettingen, Germany).
.2.3. Cyclic oxidation tests
The experimental setup, as well as dimensions and method

f preparation of specimen were same as that used for isother-
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al oxidation tests. For the tests, each sample was inserted
ithin the furnace at 1300 ◦C, isothermally held there for an
our, withdrawn from the furnace, and air cooled to room tem-
erature (RT = 27 ◦C). This cycle was repeated 24 times, and
ass change was measured at the beginning and end of each

ycle.

.2.4. Characterization of oxide scales
The oxide scales formed on the samples subjected to both

sothermal and cyclic exposures were examined by XRD anal-
sis using Cu K� X-ray radiation for identification of the
onstituent phases, and by FESEM and EDS examinations
o study their microstructures and compositions, respectively.
ubsequently, the oxidized samples were hot-mounted using
n electrically conductive copper-resin powder mixture, and
hen metallographically polished for examination of the cross-
ections using both FESEM with EDS and electron-probe
icroanalyzer (EPMA, CAMECA SX 100, 92622 Gennevil-

iers Cedex, France) with wavelength dispersive spectroscopy
WDS). The oxide scale thicknesses were averaged out of mea-
urements from about 10 different locations. For detection of
oron, the SEM was operated at acceleration voltage of 5 kV
uring part of the EDS analysis, following the procedure recom-
ended in an earlier study.26 However, it is considered difficult

o detect boron by EDS analysis, and hence WDS attached to
PMA was used for this purpose.27

The biaxial residual stress in the selected phases of the
xide scales was measured by XRD analysis using the sin2 ψ

echnique.28–30 In a given XRD pattern, the highest peak hav-
ng no overlap with the neighboring peaks was specifically
hosen for the residual stress measurement. The peaks of mon-
clinic ZrO2 (1̄ 1 1) and HfO2 (1̄ 1 1) were considered, taking
nto account the interplanar spacing (d0) of the planes in the
nstrained condition. A rocking technique involving tilting of
he sample was used, and the d-spacing (dψ) was measured for
ifferent angles, ψ between the surface normal and the normal
o the diffracting (h k l) plane. The biaxial stress was calculated
rom the slope of the best-fit lines for the plot of dψ against
in2 ψ.

The amount of degradation beneath the oxide scale during the
bove-mentioned conditions of exposure at elevated temperature
as been estimated by measuring the variation of microhard-
ess from the scale/alloy interface to the center of the specimen.
hese tests were carried out using a diamond indenter fitted

o a Vickers microhardness tester (Micromet 5103, Buehler
td., Lake Bluff, IL, USA), which was operated at a load of
00 g.

. Results

.1. Microstructure

The relative densities of ZS and HS found by Archemedes’

rinciple are 99% and 96%, respectively. Fig. 1(a) and (b) shows
he SEM (BSE) images depicting the microstructures of ZS and
S, respectively. These images reveal a uniform distribution
f the constituent phases, with ZrB2 or HfB2 phases appear-

w
m
I
t

ig. 1. SEM (BSE) images showing the microstructures of the investigated com-
osites: (a) ZrB2–20 vol.% SiC (ZS), and (b) HfB2–20 vol.% SiC (HS). The
onstituent phases are shown with arrows.

ng brighter than SiC due to lower atomic number of the latter
hase. Identification of the phases present in these images is
ased on qualitative confirmation of composition by EDS anal-
sis. Close examination of microstructures of these composites
n SEM has not shown much evidence of porosity. The matrix
rain sizes of ZS and HS have been found as 5.94 ± 2.25 and
.95 ± 3.04 �m, respectively, with the average SiC particle size
eing 5.77 ± 3.49 �m.

.2. Non-isothermal oxidation

Plots depicting the variation of mass change with respect to
nitial mass of ZS and HS with temperature, obtained from stud-
es using TGA are shown in Fig. 2. The results in this figure
ndicate that mass gain starts at 740 ◦C for the ZS, continues
t an approximately constant rate up to1200 ◦C, above which
relatively sharp increase in mass gain is observed. On the

ther hand, mass gain is initiated in HS at around ∼500 ◦C,
s relatively small till 700 ◦C, and is increased almost linearly

ith temperature in the range of ∼700–1100 ◦C, followed by
ass loss causing an apparent decrease in total mass increase.

t should also be noted that the mass gain observed at a given
emperature in HS is lower than that for ZS.
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Fig. 4. Plots of change in mass against time, obtained from oxidation tests
c
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ig. 2. Plots depicting the variation of mass change with temperature for ZS and
S, observed on heating in air inside TGA from room temperature to 1300 ◦C

t the rate of 10 ◦C/min.

.3. Isothermal and cyclic oxidation

.3.1. Mass changes
Plots depicting the variation of mass change with time due

o isothermal exposure of ZS and HS composites for 1, 24 and
00 h are shown in Figs. 3–5, respectively. Isothermal exposures
f the nichrome and Pt wires at 1300 ◦C for 24 h have been
ound to show total mass changes of +0.189 mg/cm2 (gain) and
0.006 mg/cm2 (loss), respectively, which appear to be negligi-

le compared to the mass changes observed for the ZS and HS
n being subjected to similar tests (Fig. 4). The loss in mass
bserved for Pt resembles the results of an earlier study by
lcock.31 The results depicted in Fig. 3 shows negative mass

hange (net mass loss) in HS at the 10th minute of exposure at
◦ ◦
200 C and at both 20th and 30th minute of exposure at 1300 C.

n contrast, net mass gain has been observed on exposure of ZS
t both 1200 and 1300 ◦C.

ig. 3. Plots of change in mass against time, obtained for isothermal oxidation
ests carried out on ZS and HS at 1200 and 1300 ◦C for duration of 1 h.
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arried out on ZS and HS for duration of 24 h at: (a) 1200 ◦C under isothermal
onditions, and (b) 1300 ◦C under both isothermal and cyclic conditions.

Examination of the nature of plots representing isothermal
xposure for 24 h at either 1200 [Fig. 4(a)] or 1300 ◦C [Fig. 4(b)]
ndicates that mass gain takes place continuously for both the
omposites with short intervals, at which mass change is not
pparent. The results of cyclic oxidations tests carried out at
300 ◦C are also included in Fig. 4(b) for the purpose of com-
arison. Each data point on the curves for the cyclic oxidation
ehavior represents a single thermal cycle applied to the spec-
men. The plots depicting cyclic oxidation show that the HS
ndergoes a significant mass gain in the initial 10 cycles followed
y sharp mass loss, while ZS shows almost similar mass gain as
S for up to 7 cycles, and then a reduced rate of increase in mass.
omparison of the results of cyclic and isothermal oxidation

ests, as shown in Fig. 4(b) indicates that: (i) mass changes due
o cyclic oxidation are higher for both the composites at a given
ime interval; (ii) mass appears to increase during isothermal oxi-
ation in steps with brief intervals of no apparent mass change;

nd (iii) mass increases or decreases during cyclic exposures
ore or less continuously with no apparent regime of zero mass

hange (unlike that observed in course of isothermal exposure).
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ig. 5. Plots of change in mass against time, obtained from isothermal oxidation
ests carried out in air on ZS and HS for duration of 100 h at: (a) 1200 ◦C, and
b) 1300 ◦C.

The results of studies involving isothermal exposure of HS for
00 h indicate the presence of a stable regime with no mass gain
eyond 24 h at both 1200 [Fig. 5(a)] and 1300 ◦C [Fig. 5(b)]. On
he other hand, ZS shows such stability only temporarily with
brupt mass gain after 40 and 65 h of exposure at 1200 [Fig. 5(a)]
nd 1300 ◦C [Fig. 5(b)], respectively. It should be noted that the
et mass gain of the HS after 100 h at a given temperature is
lmost same as that after 24 h of exposure.

.3.2. Oxide scales

.3.2.1. Phase identification and morphology. The oxidation
eactions and products for both ZS and HS have been analyzed
o understand their oxidation mechanisms. The XRD patterns
btained from the oxide scales formed on both the composites
uring isothermal exposure at 1300 ◦C for 24 h are depicted in
ig. 6. The results in this figure indicate that the phases present

n the oxide scale of ZS are tetragonal (t-) and monoclinic (m-

ZrO2 as well as ZrSiO4. Comparison of the peaks of t-ZrO2

n the XRD patterns from oxide scales formed on ZS due to
xposures for 24 and 100 h has shown that their intensities are
igher for greater time of exposure. It may also be noted that

a
F
fl
m

ig. 6. XRD patterns obtained from the oxide scales formed on ZS and HS
uring isothermal oxidation tests in air at 1300 ◦C for 24 h.

he peaks of ZrSiO4 could not be found in the XRD pattern
rom the oxide scale formed on ZS at 1200 ◦C. Similar to the
esults observed for the oxidized ZS, the XRD pattern (Fig. 6)
btained from the oxide scale of HS shows the peaks of HfO2
monoclinic) and HfSiO4. Examination of oxide scales of both
he composites by EDS and WDS microanalyses using SEM and
PMA, respectively have provided evidence for presence of a
ignificant amount of SiO2, in addition to the oxides detected by
RD studies. Hence, absence of the peaks of SiO2 in the XRD
attern is attributed to its amorphous nature.

The SEM images depicting the top surfaces of the oxide scales
ormed on ZS subjected to exposure at 1200 and 1300 ◦C for 1 h
re shown in Fig. 7(a) and (b), respectively. Magnified views
f the selected locations in these images are shown as insets.
omparison of these images shows the oxide scale formed on
S at 1200 ◦C to be rougher and more granular in comparison to

hat formed at 1300 ◦C. Both these oxide scales appear porous,
ith the average pore size being higher in case of the oxide scale

ormed at higher temperature. A typical EDS spectrum from
ulk of the oxide scale formed on exposure at 1300 ◦C for 24 h
hows the peaks of O, Zr, Si, C and B, which is suggestive of the
resence of ZrO2, SiO2 and B2O3. Furthermore, the presence of
he peak of C in the EDS spectrum is attributed to the presence of
noxidized SiC beneath the scale. The relatively smooth regions
ithin the higher magnification insets in Fig. 7(a) and (b) have
een found by EDS analysis to contain B2O3–SiO2, which has
fine dispersion of ZrO2 particles. Cracks and discontinuities

re clearly visible in these locations of the oxide scale.
Typical SEM images depicting the top surfaces of oxide

cales formed on ZS by exposure at 1200 and 1300 ◦C for 24 h
re shown in Fig. 8(a) and (b), respectively. Examination of
hese images shows: (i) the presence of a smooth SiO2-rich
egion with sub-micrometer size grains of ZrO2 sticking to it,

s confirmed by observations at higher magnification [inset in
ig. 8(a)] as well as EDS analysis; and (ii) flakes of SiO2 with
ower-type appearance scattered in the smooth matrix. Further-
ore, comparison of Fig. 8(a) and (b) indicates that density of



204 M. Mallik et al. / Journal of the European Ceramic Society 31 (2011) 199–215

F by iso
a and B

t
a
s
t
i
b
t
f
s
a
a
s
f
fl

o
s
s
t
l
b
E
s
s
d
f
B
p
c

s
1
n
i
o
a
a
s
2
a
g
w
t
F
c
1
a
f
a
s
o
e
e

ig. 7. SEM micrographs depicting the top surfaces of the oxide scales formed
s (c) EDS spectrum from bulk of the oxide scale showing peaks of O, Zr, Si, C

hese flower-type locations, average size of SiO2-rich flakes,
nd number of flakes with cracks are much greater in the oxide
cale formed at 1300 ◦C than that at 1200 ◦C. Observation of
he surfaces of SiO2-based flakes at higher magnification [inset
n Fig. 8(b)] and EDS analysis has shown the presence of flat
utton-shaped ZrO2 particles clustered at different locations of
he smooth SiO2-rich matrix. Comparison of the oxide scales
ormed after 1 h [Fig. 7(a)] and that after 24 h [Fig. 8(a)] of expo-
ure at 1200 ◦C shows the latter scale’s surface to be smoother
nd with much less porosity. However, the oxide scales formed
t 1300 ◦C on exposure for both 1 and 24 h appear to have
imilar flower-like features, except for the fact that the scale
ormed on exposure for shorter period appears to have smaller
ower-shaped features and much higher amount of porosity.

A typical SEM (SE) image depicting the cross-section of the
xide scale formed on ZS by exposure at 1200 ◦C for 24 h is
hown in Fig. 9(a), and EDS X-ray maps of Zr, O and Si are
hown in Fig. 9(b) through (d), respectively. Examination of
his figure indicates that the oxide scale is made of a more or
ess continuous SiO2-rich layer at the top, which is followed
y a layer containing a mixture of ZrO2 and SiC particles. An
PMA (BSE) image depicting the cross-section of the oxide
cale formed on ZS by exposure at 1300 ◦C for 100 h is pre-
ented in Fig. 10(a). A network of cracks is visible in this image,
epicting the oxide scale formed on ZS by exposure at 1300 ◦C

or 100 h. Furthermore, the WDS X-ray maps of Zr, O, Si and
, as shown in Fig. 10(b) through (e), respectively indicate the
resence of an outer layer of B2O3–SiO2 and an inner layer
omprising ZrO2–SiC mixture.

o
s
s
t

thermal oxidation of ZS for 1 h in air at: (a) 1200 ◦C, and (b) 1300 ◦C; as well
. Insets in (a) and (b) show these locations at higher magnification.

Typical SEM images depicting the top surfaces of oxide
cales formed on HS due to exposure for 1 h at 1200 and
300 ◦C are shown in Fig. 11(a) and (b), respectively, with mag-
ified views of selected locations as insets. Examination of these
mages shows much higher smoothness and lower area fraction
f porosities in the oxide scale formed at the higher temper-
ture. Examination of these insets shows presence of cracks
round the pores. Furthermore, the top surfaces of the oxide
cales formed on HS due to exposure at 1200 and 1300 ◦C for
4 h are depicted in the SEM (SE) images presented in Fig. 12(a)
nd (b), respectively. Careful examination of these images shows
rains of HfO2 sticking to relatively smooth matrix of SiO2,
ith the area fraction of the former oxide being much greater in

he oxide scale formed by exposure at the higher temperature.
urther observations of these oxide scales at higher magnifi-
ation have confirmed that the sizes of HfO2 grains formed at
300 ◦C are ∼5–10 times greater than that formed on oxidation
t 1200 ◦C. It should also be noted that the images of oxide scales
ormed on exposure at 1200 or 1300 ◦C for 24 h (Fig. 12) shows
bsence of porosities, unlike that observed on the surfaces of the
ample exposed for 1 h (Fig. 11). Moreover, the volume fraction
f HfO2 is found to be much greater in the oxide scale of HS
xposed at either 1200 or 1300 ◦C for 24 h than that after 1 h of
xposure.

A typical SEM (SE) image depicting the cross-section of

xide scale formed on HS on exposure at 1200 ◦C for 24 h is
hown in Fig. 13(a), and EDS X-ray maps of Hf, O and Si are
hown in Fig. 13(b) through (d), respectively. Examination of
his figure suggests that a more or less continuous SiO2-rich
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ig. 8. SEM micrographs depicting the top surfaces of the oxide scales formed
y isothermal oxidation of ZS for 24 h in air at: (a) 1200 ◦C, and (b) 1300 ◦C.
nsets in (a) and (b) show these locations at higher magnification.

ayer is developed on HS after 24 h of isothermal exposure at
200 ◦C. Typical structure of the cross-section of the oxide scale
ormed on HS by exposure at 1300 ◦C for 100 h is shown in
ig. 14(a), while the WDS X-ray elemental maps of Hf, O, Si
nd B are shown in Fig. 14(b) through (e). The oxide scale of
S as shown in 14(a) appears to have crack density much less

han that in oxide scale of ZS subjected to similar oxidation test.
he elemental X-ray maps in these figures confirm the presence
f an outer layer of B2O3–SiO2, and an inner layer containing
fO2–SiC phase mixture. These layers have been found in the
xide scales of HS formed at both 1200 and 1300 ◦C on either
4 or 100 h of exposure.

The thicknesses of individual layers of the oxide scales
ormed on ZS and HS by exposure at 1200 or 1300 ◦C for 24
r 100 h, as assessed by analyzing different SEM and EPMA
mages of cross-sections are shown in Table 1. Comparison of
he results in this table pertaining to the oxide scales of ZS
xposed for 24 or 100 h at 1200 and 1300 ◦C, indicates that the
iO2-rich top layers have almost similar thicknesses for both the
emperatures, while the layer containing mixture of ZrO2 and
iC is ∼2.5 times thicker at the higher temperature. However,
oth these layers in the oxide scale of ZS exposed at either of
he investigated temperatures for 100 h show significantly higher

f

σ
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hickness compared to that found after 24 h. Moreover, the thick-
esses of unoxidized fractions are found to be reduced by 26.3%
nd 28.5% at 1200 and 1300 ◦C, respectively on increasing the
ime of exposure from 24 to 100 h. On the other hand, the changes
n thickness of unoxidized portions of HS specimens are not very
ignificant, although there is a modest change in thicknesses of
he constituent layers in the oxide scales on increase in time of
xposure from 24 to 100 h. Much smaller change in thickness of
noxidized part of HS than that of ZS with increase in the temper-
tures or time of exposure is consistent with the observed lower
ass gain during isothermal exposure of the former composite

Figs. 4 and 5).
Studies of cross-sections of the oxide scales formed on sub-

ecting to 24 1 h cycles of exposures at 1300 ◦C by SEM and EDS
-ray elemental mapping have shown the structure to be similar

o that obtained by isothermal exposures. The SEM (SE) images
epicting the morphologies of the top surfaces of oxide scales
ormed on ZS and HS by cyclic oxidation are shown in Fig. 15(a)
nd (b), respectively. The flower-like patterns observed in the
xide scale of ZS subjected to cyclic oxidation [Fig. 15(a)]
ppear similar, but much larger in size than that found in the
cales formed by isothermal exposure at 1300 ◦C [Fig. 8(b)].
urther examination of this figure shows that the SiO2-rich
akes in these flower-like patterns possess a random distribution
f microcracks, and granular ZrO2 is exposed to air by disin-
egration of these flakes. On the other hand, the SEM image
Fig. 15(b)] depicting the oxide scale formed by cyclic expo-
ures of HS shows the presence of granular HfO2-rich islands
mbedded in relatively smooth SiO2-rich matrix with scattered
orosities. A close comparison of Fig. 15(b) with Fig. 12(b) indi-
ates that the area fraction of HfO2 is much greater in the former
cale. Examination of the selected areas with porosities at higher
agnification [Fig. 15(c)] shows evidence for rupture and local-

zed spallation of the scale, with HfO2 grains (presence of Hf
nd O confirmed by EDS analysis) having much greater average
ize and wider size distribution (≤0.5–1.5 �m) present under-
eath, than that embedded on the top surface. Thus, it may be
roposed that the HfO2 grains grow in size with increasing time
f exposure, while the oxide scale grows beyond these grains.

.3.2.2. Residual stress. The stability of oxide scales formed
uring cyclic exposures depends on their resistance to dam-
ge due to internal stresses developed during exposure to
hermal cycles. Table 2 shows the biaxial principal residual
tresses, σ1 and σ3, as well as the maximum shear stress,
max [= (σ1 − σ3)/2] generated within m-ZrO2 and HfO2 phases
resent in the oxide scales of ZS and HS, respectively. The resid-
al strain caused by the CTE mismatch (�α) for a temperature
rop of �T is given by the following expression:

= �α ·�T (1)

Hence, the biaxial residual stress, σ developed in a given
hase at the end of a single thermal cycle is obtained from the

ollowing relationship:

=
[
E

1 − ν

]
[�α ·�T ] (2)
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Fig. 9. Cross-section of the oxide scale formed on ZS by exposure for 24 h at 1200 ◦C: (a) SEM (BSE) image, as well as EDS X-ray maps of: (b) Zr, (c) O, and (d)
Si. The boundaries between different layers are shown with arrows.

Table 1
Thicknesses of pre-oxidized specimens, unoxidized part of specimens, and the layers within the oxide scales formed on ZS and HS, subjected to exposure at 1200
or 1300 ◦C for 24 or 100 h.

Composite Conditions of exposures: temperature–time Thickness of:

Pre-oxidized
sample (�m)

Unoxidized material (%
of initial thickness)

SiO2 + B2O3

layer (�m)
HfO2/ZrO2 + SiC
layer (�m)

ZS 1200 ◦C–24 h 4000 95.5 34 ± 4 56 ± 1
ZS 1200 ◦C–100 h 3200 69.25 233 ± 11 259 ± 9
ZS 1300 ◦C–24 h 4000 91.25 36 ± 2 139 ± 1
ZS 1300 ◦C–100 h 4100 62.73 375 ± 40 389 ± 30
HS 1200 ◦C–24 h 4000 97.95 15 ± 5 26 ± 1
HS 1200 ◦C–100 h 3940 96.93 26.9 ± 5 33.5 ± 7
H
H

w
T
t
r
i
r
a
a
i

t
s
s
s

T
B
c

C

Z
H

S 1300 ◦C–24 h 3900
S 1300 ◦C–100 h 3800

here E is the Young’s modulus and ν is the Poisson’s ratio.
he values of residual stress have been calculated by assuming

hat ZrO2 and HfO2 phases in the oxide scales of ZS and HS,
espectively are surrounded by amorphous SiO2 phase, which
s also evident from the SEM images in Fig. 15(a) and (b). The

esults in Table 2 indicate the following facts: (i) the signs of one
nd both principal stresses measured experimentally for ZrO2
nd HfO2, respectively as well as the calculated stress are pos-
tive, confirming that these stresses are tensile; and (ii) both

3

f
i

able 2
iaxial principal residual stresses, σ1 and σ2, and maximum residual shear stress, τ
yclic oxidation at 1300 ◦C. Values of stress calculated from Eq. (2) are also shown f

omposites Phase and plane (h k l) σ1 (MPa)

S ZrO2 (1̄ 1 1) 459.2
S HfO2 (1̄ 1 1) 573.5
96.97 25 ± 4 34 ± 1
96.63 29.4 ± 3 35 ± 1.5

he calculated and experimentally obtained values of residual
tress for HfO2 are higher than that for ZrO2. A tensile residual
tress in ZrO2 or HfO2 is suggestive of compressive stress in the
urrounding SiO2.
.3.3. Microhardness
Plots depicting the variation of microhardness with distance

rom the oxide scale-composite interface, as fraction of spec-
men thickness, are shown in Fig. 16. These plots show the

max, present in the selected phases of oxide scales of ZS and HS subjected to
or comparison.

σ2 (MPa) τmax (MPa) Calculated stress (MPa)

−5.8 232.5 1700
247.0 410.25 1775.89
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ig. 10. Cross-section of the oxide scale formed on ZS by exposure for 100 h at
i and (e) B. Interlayer boundaries within the oxide scale are shown with arrow
nd is labelled as &ldquo;M&rdquo;.

ollowing results: (i) the microhardness decreases, as one pro-
eeds from the centre to composite-oxide scale interface; (ii) at a
iven position, lower microhardness is observed for the sample
ubjected to cyclic oxidation than that tested isothermally; (iii)
he drop in microhardness of ZS or HS near the oxide scale is
uch higher on isothermal exposure for 100 h than that for 24 h;
nd (iv) the span of low microhardness for ZS is significantly
reater than that for HS on subjecting to isothermal exposure at
4 or 100 h, while the trend is reversed for cyclic exposures.

r

(

◦C: (a) EPMA (BSE) image, as well as WDS X-ray maps of: (b) Zr, (c) O, (d)
microcrack beneath the outer layer of the oxide scale is shown with an arrow,

. Discussion

.1. Oxidation reactions

Examination of the products of oxidation indicates that the

eactions involved in oxidation of ZS and HS are as follows:

2/5)ZrB2 (s) + O2 (g) → (2/5)ZrO2 (s) + (2/5)B2O3 (l)

(3)
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Fig. 11. SEM micrographs depicting the top surfaces of the oxide scales formed
by isothermal oxidation of HS for 1 h in air at: (a) 1200 ◦C, and (b) 1300 ◦C.
Insets in (a) and (b) show these locations at higher magnification.

Fig. 12. SEM micrographs depicting the top surfaces of oxide scales formed
by isothermal oxidation of HS for 24 h in air at: (a) 1200 ◦C, and (b) 1300 ◦C.
Insets in (a) and (b) show HfO2 grains at higher magnification.

Fig. 13. Cross-section of the oxide scale formed on HS by exposure for 24 h at 1200 ◦C: (a) SEM (BSE) image, as well as EDS X-ray maps of: (b) Hf, (c) O, and
(d) Si. Limits of the oxide scale are shown with arrows.
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ig. 14. Cross-section of the oxide scale formed on HS by exposure for 100 h at
i and (e) B. A microcrack beneath the outer layer of the oxide scale is marked

rO2 (s) + SiO2 (s) → ZrSiO4 (s) (4)

2/5)HfB2 (s) + O2 (g) → (2/5)HfO2 (s) + (2/5)B2O3 (l)

(5)
fO2 (s) + SiO2 (s) → HfSiO4 (s) (6)

2/3)SiC (s) + O2 (g) → (2/3)SiO2 (l) + (2/3)CO (g) (7)

b
(

a

◦C: (a) EPMA (BSE) image, as well as WDS X-ray maps of: (b) Hf, (c) O, (d)
dquo;M&rdquo;.

iC (s) + O2 (g) → SiO (g) + CO (g) (8)

2O3 (l) → B2O3 (g) (9)

The Reactions (3)–(8) have been found to be feasible on the

asis of calculations of free energy change per mole of oxygen
�G).32

The equilibrium constants (Keq) for the Reactions (3), (5)
nd (7) have been calculated from the values of �G using the
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ig. 15. SEM micrographs depicting the top surface of oxide scale formed by c
c) HS at high magnification. Porosities can be observed in the granular ZrO2-r

ollowing relationship:

G = −RT ln Keq (10)

here R is the ideal gas constant and T is the absolute temper-
ture. The values of Keq (with reaction numbers as subscripts)

re expressed as:

3eq = [(aZrO2 )2/5 × (aB2O3)2/5]

[(aZrB2 )2/5 × (pO2 )]
(11)

ig. 16. Plots showing variation of microhardness with distance from interface
f oxide and composite as fraction of thickness of the sample.
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xidation for 24 h in air at 1300 ◦C on: (a) ZS, (b) HS at low magnification, and
gion in (a), while evidence for spallation of HfO2 is visible in (c).

5eq = [(aHfO2 )2/5 × (aB2O3)2/5]

[(aHfB2 )2/5 × (pO2 )]
(12)

7eq = [(aSiO2 )2/3 × (pCO)2/3]

[(aSiC)2/3 × (pO2 )]
(13)

here a is the activity of the species involved in the reactions
nd (pO2 ) is the equilibrium partial pressure. The values of �G
nd Keq for 1227 ◦C (1500 ) calculated using Eq. (10), as well as
O2 calculated by considering the activities of pure substances
s unity from Eqs. (11) to (13) are compiled in Table 3. The
alculation for Reaction (7) has been carried out by ignoring
he presence of CO, as has been done earlier for oxygen par-
ial pressures greater than that for the SiC–SiO2 equilibrium.33

he results in this table indicate that (i) �G5 <�G3 <�G7 at

227 ◦C, and (ii) the value of pO2 required for oxidation of
fB2 is an order of magnitude less than that for ZrB2. The ther-
odynamic data in Table 3 clearly indicates that the driving

orce for oxidation at 1227 ◦C increases in the following order:

able 3
hermodynamic data for Reactions (3), (5) and (7) at 1227 ◦C (1500 K).

eactions �G (kJ/mol) Keq pO2 (atm)

−587.6 8.94 × 1019 1.12 × 10−20

−602.0 2.82 × 1020 3.55 × 10−21

−557.1 1.58 × 1019 6.3 × 10−20
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iC < ZrB2 < HfB2. However, the observation of greater mass
ain and higher SiO2-rich layer thickness in the oxide scale for
he ZS than that for the HS contradicts the expectations from
he above-mentioned thermodynamic data. Such deviation under
sothermal conditions of exposure may be attributed to higher
ate of diffusion through the oxide scale of ZS than through that
f HS.20

Through calculations using atomic mass, it is obvious that
he Reactions (3), (5) and (7) are responsible for net mass gain,
hile the Reactions (8) and (9) contribute to mass loss. The
ass gain (considering B2O3 in liquid form) through Reactions

3), (5) and (7) are +32, +32 and +13.33 a.m.u., respectively,
hile the loss due to volatilization of B2O3 is calculated as
27.84 a.m.u. Thus, it may be inferred that there is net mass

ain even after volatilization of the entire amount of B2O3 pro-
uced through the Reactions (3) and (5). It should be noted
hat the Reaction (8) provides the mechanism for active oxida-
ion of SiC, as has been discussed in the literature.3,35 Although
his reaction is thermodynamically feasible, the accompanying
ecrease in free energy (�G = −411.68 kJ/mol) is less than that
or the Reaction (7) (Table 3), indicating that the latter reaction
s more preferable under the present experimental conditions.

oreover, it has been shown through experiments and theoret-
cal calculations that the active oxidation of SiC is marginal at
200 ◦C in dry air,34 and is promoted in reducing atmospheres
ontaining CO–CO2 or H2–H2O gas mixtures along with low
xygen partial pressures.35

.2. Early stages of oxidation

The results of thermogravimetric analysis indicate that the
rocess of oxidation begins for both ZS and HS at specific tem-
eratures in course of heating. The mass gain observed for ZS
etween 740 and 1200 ◦C is attributed to oxidation of ZrB2,
eading to the formation of ZrO2 and B2O3 (Reaction (3)), as
uggested by Rezaie et al.16 The oxidation of the ZrB2 matrix
s preferred to that of SiC, as predicted by the results of ther-

odynamic calculations shown in Table 3. Abrupt increase in
ass gain observed for ZS above 1200 ◦C (Fig. 2) suggests that

here is a significant increase in the oxidation rate of the ZrB2
atrix along with initiation of oxidation of SiC particles, in

greement with the results of earlier studies.15,36 As the B2O3
l) begins to evaporate, the oxide scale becomes unprotective,
hich is obvious from its surface morphology showing bubbles

nd pores after exposure for 1 h at 1200 or 1300 ◦C (Fig. 7).
s unrestricted ingress of oxygen from the atmosphere is per-
itted through the porous oxide scale, the Reactions (3) and

7) are able to progress in an unabated manner. In an earlier
tudy,36 the oxidation of micrometer-size SiC particles has been
eported to begin at 843 ◦C in course of heating in the TGA
t the rate of 10 ◦C/min. However, the oxidation of SiC in the
rB2–SiC composite has been reported to occur at temperatures

◦ 2
1100 C, although its rate is known to be less than that of ZrB2
ill about 1200 ◦C.36 The slower rate of oxidation of SiC in ZS
r HS than that in its powder form is partly attributed to greater
urface area of the latter type of material.

f
s
o
o
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Vaporization of B2O3 at temperatures ≥1100 ◦C,6,15 and its
scape along with that of CO (g) (formed by oxidation of SiC)
ppears to have the most significant contribution to the forma-
ion of porosities. Furthermore, based on a model proposed by
arthasarathy et al.,22 it may also be suggested that monoclinic

o tetragonal transformation of ZrO2 above 1170 ◦C involving
olume shrinkage of ∼3–6%, leads to the creation of porosities.
reation of porosities makes it easier for the atmospheric oxy-
en to reach the oxide–material interface, and further oxidation
f both SiC and ZrB2 is promoted, until a protective SiO2-rich
cale (Fig. 9) is formed after exposure for a period of ∼24 h.

The initiation of mass gain in HS at 500 ◦C is attributed to the
tart of oxidation of HfB2 (Reaction (5)), and increase in its rate
eyond 700 ◦C is consistent with the expected trend. The mass
oss observed for the HS at temperatures >1100 ◦C is similar
o that reported for the hot pressed HfB2–SiC composite by

oteverde and Bellosi,8 who have attributed it loss of volatile
xidation products. This mass loss is less than the total mass
ain, such that the net mass change is not negative. If escape
f B2O3 (g) is considered as the reason for mass loss, a net
ass gain is expected from the calculations of mass change

rom Reactions (5) and (7), as discussed in Section 4.1, which
s in agreement with the results shown in Fig. 2. It has been
eported by Lespade et al.38 that most of the B2O3 (l) in the
xide scale is vaporized beyond 1100 ◦C, and significant mass
ain by oxidation of SiC is expected at ∼1200 ◦C or above. In
act, mass gain has been reported by Moteverde and Bellosi8 at
emperatures exceeding 1250 ◦C, indicating the regime of mass
oss as transient and related to sudden excessive vaporization of

2O3 (g). Probably, no mass gain has been found in the present
tudy carried out till 1300 ◦C, as the heating rate was 10 times
ore than that used by Moteverde and Bellosi.
The results related to the early stages (<30 min) of isothermal

xposure of HS at 1200 or 1300 ◦C have been found to differ from
hat of ZS in two ways. First, mass loss has been observed for HS
Fig. 3), while only mass gain has been recorded for ZS. Second,
he oxide scale formed on ZS [Fig. 7(a) and (b)] appears rougher
nd more granular than that on HS [Fig. 11(a) and (b)] at the
ame temperature, indicating that the rate of formation of HfO2
s substantially less that of ZrO2. The negative mass change
bserved for HS during its initial stage of exposure at 1200 ◦C
s partly in tune with mass loss observed during non-isothermal
ests (Fig. 2).

The first observation mentioned above suggests that the Reac-
ion (5) leading to mass gain in HS is retarded during heating
r during the initial stages of isothermal oxidation at 1200 or
300 ◦C, which can only be possible due to temporary protection
y B2O3–SiO2 scale together with lower diffusivity of oxygen
nions through HfO2.22 Larger area fraction of SiO2 in oxide
cale of HS than that in ZS, as is evident by comparison of the
xide scale surfaces (Figs. 7, 8, 11 and 12), can be considered
s evidence for slower growth of HfO2 than ZrO2.

The presence of several micrometer-size pores on the sur-
aces of oxide scales formed on HS exposed for 1 h at 1200 ◦C as

hown in Fig. 11(a), can be considered as evidence for the escape
f volatile gaseous products. Formation of SiO and CO by active
xidation of SiC through Reaction (8) is a possibility, which is
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uled out under the prevailing conditions of oxidation, based
n information from literature.3,34,36,37 It is intuitive that vapor-
zation of B2O3 (l) already present in the oxide scale through
eaction (9) is independent of the instantaneous rate of the Reac-

ion (5), and therefore it can have significant effect on reduction
n net mass gain, as has been observed during non-isothermal
xidation. However, loss of B2O3 (g) and CO (g) cannot be
sed to account for the negative mass changes during the initial
eriod of isothermal oxidation of HS, because of the net mass
ain through Reactions (5) and (7) as expected from the results
f calculations mentioned in Section 4.1. Hence, localized spal-
ation during the rupture of bubbles on the viscous B2O3–SiO2
cale along with loss of gaseous products is considered as the
eason contributing to mass loss in HS during the initial stages
f isothermal exposure at 1200 or 1300 ◦C. The effect of rupture
nd spallation are not observed to such an extent during isother-
al oxidation of ZS, because the escape of gaseous products is
ade easy by typically porous ZrO2, which has higher growth

ate than SiO2. It should be noted that the effect of spallation
n mass changes could not be noticed during non-isothermal
xidation tests, as the samples were kept inside alumina crucible.

.3. Oxide scale morphology and internal stresses

The scale of amorphous B2O3–SiO2 on ZS or HS is known
o be protective, as its fluidity (greater than that of SiO2) and
isco-plastic flow aids in sintering of the oxide scale with clo-
ure of pores, which is evident on examination of a nearly
ontinuous top layer of B2O3–SiO2 (Figs. 9 and 13), which
ppears as smooth locations on the corresponding top surfaces
Figs. 8(a) and 12(a)]. During the initial stages of exposure at
200 and 1300 ◦C, the amounts of mass gain or loss have been
ound to fluctuate sharply as shown in Fig. 3, because com-
etitive formation and growth of ZrO2 or HfO2 with that of
iO2–B2O3 tends to prevent the latter from becoming continu-
us and stable. The above argument can be defended logically
y comparing the surfaces of oxide scales formed on either ZS
r HS after 1 and 24 h of exposure at 1200 or 1300 ◦C. In both
S and HS, the oxide scales formed by exposure at 1200 or
300 ◦C for 24 h contain less porosity, and appear relatively
moother compared to that formed after 1 h period. Further-
ore, smaller pore density in the oxide scale of HS exposed

o 1300 ◦C for 1 h [Fig. 11(b)] than that in the scale formed at
200 ◦C [Fig. 11(a)], and the larger fraction of SiO2-rich smooth
reas indicates that the kinetics of protective scale formation is
nhanced at the higher temperature in this material.

The results of studies on oxidation kinetics indicate that it
akes approximately 24 h for both ZS and HS to reach a sta-
le regime, which is characterized by no apparent mass change
eing detected. This stable regime observed on exposure of HS
or 24 h suggests the presence of an equilibrium between mass
oss due to escape of B2O3 (g) + CO (g) and mass gain by forma-
ion of HfO2 + SiO2. As the differences between the thicknesses

f unoxidized portions of oxide scales formed by 24 and 100 h
f exposures (Table 1) have been found to be insignificant, it is
ppropriate to suggest that the a protective oxide scale is devel-
ped on HS after isothermal exposure of 24 h at 1200 or 1300 ◦C.

p
s
t
t

Ceramic Society 31 (2011) 199–215

imilar stable regimes in the kinetic plots of Mo–Si–B alloys
howing zero mass change after an initial period of mass loss
long with images of oxide cross-sections showing continuous
ayer of B2O3–SiO2 at the top, has been considered as evidence
or formation of scale with protective nature in some of the
revious reports.39,40

It should be noted that the oxide scale is not completely sta-
le in case of the ZS, as an increase in mass is observed after 43
nd 66 h of exposure at 1200 [Fig. 5(a)] and 1300 ◦C [Fig. 5(b)],
espectively. Such abrupt changes in mass are attributed to accel-
rated oxidation being facilitated probably by rupture of the
rotective scale at random locations and penetration of gaseous
xygen or surface diffusion of oxygen anions through cracks or
ores formed in the oxide scale. Rupture of the oxide scale on
he surface of ZS is believed to be promoted by nucleation of
he gas bubbles of B2O3 (g) followed by build up of its vapor
ressure with increase in time of exposure. Examination of the
esults in Fig. 10(e) provides evidence for enrichment of B inside
he cracks or discontinuities within the oxide scale of ZS. Such a
istribution of B suggests that these cracks provide short circuit
aths for outward movement of B2O3 (l), which is followed by
ts vaporization at the surface. The movement of B2O3 (l) is most
ikely promoted by capillary action of the narrow channel-type
etwork of cracks within the oxide scale, similar to that expected
rom the “solid pillars, liquid roof” type model proposed by Li
t al.21 and Parthasarathy et al.22

It is interesting to note that the oxide scale formed on
S during isothermal exposure at 1300 ◦C has well-developed
ower-type morphology, which is in agreement with the obser-
ations reported by Talmy et al.41 However, it should also be
oted that this feature is found to a much smaller extent in the
cale developed at 1200 ◦C. Development of this morphology
an be traced to the mechanisms of early stages of oxidation of
his composite. In spite of the fact that the growth rate of SiO2 is
reater at 1300 ◦C than that at 1200 ◦C, the susceptibility of ZrB2
o oxidation as well as the rates of formation and escape of B2O3
g) + CO (g) are increased. Thus, bubbles are formed in the vis-
ous B2O3–SiO2 scale and then ruptured with escape of volatile
roducts, which is followed by healing either by formation of
resh SiO2 or by visco-plastic flow of the scale. The process of
epeated rupturing and healing by formation of SiO2 is expected
o give rise to the flower-type (or cabbage-type41) appearance of
he oxide scale surface on ZS [Figs. 8(b) and 15(a)]. It is intu-
tive that the amount of volatilization of B2O3 (l) followed by its
scape in gaseous form is more at 1300 ◦C than that at 1200 ◦C,
hich can be considered as the reason for the concentration of
ores being more on the surface of the oxide scale formed at
he higher temperature, as is obvious by comparison of Fig. 8(a)
nd (b).

The cracks present in the SiO2-rich smooth locations of oxide
cales of ZS or HS [Figs. 7(a) and (b), 8(b), 10, 11(a) and (b),
4 and 15(a) and (c)] are believed to be generated by stresses
ssociated with ionic diffusion,42 growth of ZrO2 or HfO2,

ressure exerted by CO (g) and volatile B2O3 (g) formed in sub-
urface locations, as well as volume changes associated with
he formation of oxidation products.43 The volume changes due
o Reactions (3)–(7) have been calculated as 271.5%, −17.5%,
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74.7%, −14.2% and 97.2%, respectively by considering the
olar volume of reactants and products. However, it should be

oted that the stresses generated isothermally at high tempera-
ure by the above-mentioned mechanisms are expected to be at
east partially neutralized by visco-plastic flow of B2O3–SiO2
cale.

Greater degradation of both the investigated composites has
een observed on being subjected to 24 cycles of 1 h expo-
ure at 1300 ◦C than by isothermal exposure for 24 h at the
ame temperature, as is evident from Figs. 5(b) and 16. This
bservation is attributed to generation of larger flaws in the
xide scales (Fig. 15) in course of cyclic oxidation. Genera-
ion of these flaws during thermal cycles may be attributed to
ither volume change during phase transformation of ZrO2 or
trains due to CTE mismatch between oxide scale constituents
nd substrate. It is well-known44,45 that heating of ZS beyond
170 ◦C involves monoclinic (m)-to-tetragonal (t) transforma-
ion of ZrO2, which is accompanied by its volume contraction of
–6% and generation of tensile residual stress in the surround-
ng SiO2-rich matrix within the oxide scale. In contrast, cooling
nvolves t → m transformations accompanied by volume expan-
ion by the same amount with generation of compressive residual
tress. Thus, it is inferred that the sign of dimensional change in
rO2 due to phase transformation during either heating or cool-

ng is opposite to that of its thermal expansion or contraction,
espectively. In other words, the residual stress components in
he SiO2 matrix due to phase transformation of ZrO2 are partially
eutralized by that caused by the CTE mismatch between these
hases.

As plasticity of B2O3–SiO2 is reduced on cooling from high
emperature, stresses due to thermal shock during the cooling
ycles are expected to have a strong contribution to gener-
tion of flaws in the oxide scale. Hence, the cracks found
n the oxide scales of both ZS and HS subjected to ther-

al cycles involving air cooling are more likely to originate
rom stresses arising out of thermal mismatch between con-
tituent phases than due to any other mechanism operative for
sothermal exposure, as discussed above. The CTE of amor-
hous SiO2 (α= 0.5 × 10−6/◦C) is less than that of m-ZrO2
α= 7 × 10−6/◦C) and HfO2 (α= 4.4 × 10−6/◦C). As a result,
he SiO2 is expected to contract much less than either m-ZrO2
r HfO2 in the oxide scale of ZS or HS, respectively on air
ooling from 1300 ◦C. Due to interfacial bonding, the particles
f ZrO2 or HfO2 are restrained from contracting by the sur-
ounding SiO2 matrix. Hence, radial tensile residual stresses
re introduced inside the particles of ZrO2 or HfO2, which is
onsistent with the results shown in Table 2.

Based on information from an earlier report,46 it is noted
hat the substrates with ZrB2 (α= 5.9 × 10−6/◦C) or HfB2
α= 7.6 × 10−6/◦C) as matrices have values of CTE much
reater than that of amorphous SiO2. Hence, it is inferred
hat these substrates undergo larger thermal expansion and
ontraction during heating and cooling, respectively than the

morphous SiO2-rich top layer of the oxide scale. The above
rgument suggests that the amorphous SiO2 scale is sub-
ected to tensile residual stress during heating and compressive
esidual stress in course of the cooling cycle. Higher CTE

i
a
1
b
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ismatch of SiO2 with HfB2 than that with ZrB2 can be
sed as a suitable explanation for higher residual stress in
he oxide scale of HS than in ZS (Table 2). Thus, it is pos-
ible to explain the occurrence of greater spallation of oxide
cale with loss of B2O3 (g) in case of HS than for ZS on sub-
ecting to multiple thermal cycles between 1300 ◦C and room
emperature.

Examination of the data in Table 2 indicates that the calcu-
ated values of residual stress for a single cycle are much higher
han those obtained experimentally after multiple cycles. It is
ell-accepted that residual stresses are partially relieved by gen-

ration of cracks in the oxide scale. The stress relief caused by
racking during exposure to multiple thermal cycles appears to
e the most acceptable explanation for the differences between
alculated (for single cycle) and experimental (multiple cycles)
alues, as shown in Table 2.

.4. Internal damage

The internal damage in the composites subjected to either
sothermal or cyclic oxidation tests has been evaluated by
ecording the fall in microhardness on approaching the oxide
cale-composite interface, as shown in Fig. 16. Decrease in
icrohardness of the composites close to their interfaces with

xide scales, with respect to that in the center of a given sample
s suggestive of damage by formation of microcracks, as is evi-
ent from Fig. 10(a). The following inferences may be drawn
orm the results of microhardness measurements: (i) the amount
f damage near the oxide scale is increased with time of isother-
al exposure; (ii) the damaged region is much wider than oxide

cale thickness for both isothermal and cyclic oxidation; (iii)
nternal damage on cyclic oxidation is more severe than that
bserved during isothermal exposure for either of the investi-
ated composites; and (iv) HS is more resistant than ZS to bulk
amage during isothermal oxidation, while this trend is reversed
n subjecting to 8 or more 1 h cyclic exposures at 1300 ◦C fol-
owed by air cooling. The lower microhardness observed in bulk
f the investigated composites subjected to cyclic oxidation than
hat in their isothermally oxidized samples is attributed to more
evere thermal shock induced damage in case of the former type
f test. Furthermore, the internal damage caused during isother-
al exposure for 24 h or more is suggestive of penetration of

xygen through the outer oxide scale, and internal oxidation
ith formation of porosities and microcracks in the bulk of the
xidized samples.

. Conclusions

A comparative study of non-isothermal, isothermal and cyclic
xidation behavior has been carried out on ZrB2–20 vol.% of SiC
nd HfB2–20 vol.% of SiC composites prepared by hot pressing.
he investigations carried out on these composites include non-

sothermal studies involving heating inside TGA up to 1300 ◦C,

sothermal exposures at 1200 and 1300 ◦C for 1, 24 or 100 h,
nd cyclic oxidation involving 24 cycles of 1 h exposure at
300 ◦C followed by air cooling. The following conclusions may
e drawn from this study:



2 pean

c
5
Z
Z
h
1
l

H
1
a
s
t
o
l
c
t

w
i
a
f
c
o
a
c
f
d
c
t

A

o
R
a
t
y
a

R

14 M. Mallik et al. / Journal of the Euro

The results of non-isothermal oxidation studies have indi-
ated that mass changes are initiated in ZS and HS at 740 and
00 ◦C, respectively. Accelerated mass gain has been found in
S at temperatures >1200 ◦C due to higher rate of formation of
rO2 and SiO2 than that of escape of B2O3 and CO. On the other
and, mass loss has been observed for HS on heating beyond
100 ◦C due to reduced rate of formation of HfO2, compared to
oss of B2O3 and CO.

The results of isothermal oxidation studies have revealed that
S is more resistant to oxidation than ZS at both 1200 and
300 ◦C. The main oxidation products of ZS and HS are ZrO2
nd HfO2, respectively along with B2O3–SiO2 glass. The oxide
cale formed during isothermal exposure of HS has been found
o be stable and protective after about 24 h of exposure, while that
f ZS has been found to undergo cracking followed by healing,
eading to further mass gain. The oxide scale of ZS is more sus-
eptible to damage than that of HS because of partial tetragonal
o monoclinic phase transformation in ZrO2 during cooling.

The cyclic oxidation resistance for HS has been found to be
orse than that of ZS owing to greater thermal residual stresses

n the oxide scales of the former material, causing more cracking
nd spallation. The residual stress in ZrO2 or HfO2 has been
ound to be tensile in nature, while that in amorphous SiO2 is
ompressive. The extent of damage from oxide scale to center
f HS samples, as estimated by microhardness measurements
long the cross-section, has been found to be more than ZS for
yclic oxidation (for 24 1 h cycles at 1300 ◦C), and vice-versa
or isothermal oxidation tests (24 h at 1300 ◦C). The widths of
egraded regions in samples subjected to either isothermal or
yclic oxidation have been found to exceed the thickness of
heir oxide scales.
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