
A

H
u
a
t
o
H
o
c
©

K

1

r
(
o
e
m
p
a
(
i
e
t
T
s
s
d
a
f
n

0
d

Available online at www.sciencedirect.com

Journal of the European Ceramic Society 30 (2010) 2375–2386

In situ studies of oxidation of ZrB2 and ZrB2–SiC composites at high
temperatures

P. Sarin, P.E. Driemeyer, R.P. Haggerty, D.-K. Kim, J.L. Bell, Z.D. Apostolov, W.M. Kriven ∗
Department of Materials Science and Engineering, University of Illinois at Urbana-Champaign, 1304 West Green Street, Urbana, IL 61801, USA

Available online 15 April 2010

bstract

igh temperature oxidation of ZrB2 and the effect of SiC on controlling the oxidation of ZrB2 in ZrB2–SiC composites were studied in situ, in air,
sing X-ray diffraction. Oxidation was studied by quantitatively analyzing the crystalline phase changes in the samples, both non-isothermally,
s a function of temperature, up to ∼1650 ◦C, as well as isothermally, as a function of time, at ∼1300 ◦C. During the non-isothermal studies,
he formation and transformation of intermediate crystalline phases of ZrO2 were also observed. The change in SiC content, during isothermal
xidation studies of ZrB –SiC composites, was similar in the examined temperature range, regardless of sample microstructure and composition.
2

igher SiC content, however, markedly retarded the oxidation rate of the ZrB2 phase in the composites. A novel approach to quantify the extent
f oxidation by estimating the thickness of the oxidation layer formed during oxidation of ZrB2 and ZrB2–SiC composites, based on fractional
onversion of ZrB2 to ZrO2 in situ, is presented.

2010 Elsevier Ltd. All rights reserved.
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. Introduction

Transition metal diborides have been subjects of extensive
esearch in the last decade as ultra-high temperature ceramics
UHTC’s) for applications such as thermal protection systems
n re-usable atmospheric re-entry vehicles and on scramjet
ngine components for hypersonic aerospace vehicles.1–6 These
aterials exhibit a unique combination of thermo-mechanical

roperties which make them attractive candidates for aerospace
pplications under extreme environments. Zirconium diboride
ZrB2) is one such UHTC which has been studied because of
ts extremely high melting temperature (Tmelt > 3040 ◦C), high
lastic modulus, high electrical and thermal conductivity, good
hermal shock and wear resistance, and chemical inertness.7–11

he superior high temperature properties are primarily due to
trong covalent bonding in the ZrB2 structure.11 Extremely low
elf-diffusion coefficients, on the other hand, make processing of
ense ZrB2 ceramics a challenge. Pure ZrB2 is typically sintered

round 2000 ◦C under an applied load in a controlled atmosphere
urnace.12 Numerous studies have focused on the use of alter-
ate sintering methods to achieve dense ZrB2 ceramics, such as

∗ Corresponding author. Tel.: +1 217 333 5258; fax: +1 217 333 2736.
E-mail address: kriven@illinois.edu (W.M. Kriven).
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y using sintering aids, by reactive routes or by spark plasma
intering.11 Another major challenge in the development of ZrB2
HTCs lies in their poor resistance to oxidation which severely
ndermines their ability to survive oxidizing conditions at high
emperatures.

When exposed to air, crystalline ZrB2 oxidizes to ZrO2 and
2O3 according to reaction (1).13 At temperatures less than
100 ◦C, the B2O3 forms a continuous liquid layer which limits
he transport of oxygen to the ZrB2 surface, and as a conse-
uence diffusion controlled, parabolic, oxidation kinetics are
bserved.14–19 The ZrO2 formed on oxidation of ZrB2 is porous
nd therefore non-protective towards further oxidation:

rB2 + 5
2 O2(g) → ZrO2 + B2O3(l) (1)

Based on thermo-gravimetric analysis (TGA), at tempera-
ures above 1100 ◦C, the oxidation rate increases and exhibits
ara-linear kinetics between 1100 and 1400 ◦C. In this temper-
ture range, the mass change is determined by (a) weight gain
ue to the formation of B2O3 and ZrO2 and (b) weight loss due

o vaporization of B2O3 (l).17,18 At temperatures higher than
400 ◦C, linear oxidation kinetics ensue due to rapid evaporation
f B2O3, and a non-protective porous ZrO2 scale is formed.20,21

verall, a net gain in mass is observed.

dx.doi.org/10.1016/j.jeurceramsoc.2010.03.009
mailto:kriven@illinois.edu
dx.doi.org/10.1016/j.jeurceramsoc.2010.03.009
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The addition of silica scale formers, such as SiC or
oSi2, has been shown to improve oxidation resistance above

100 ◦C.19,22–27 The inclusion of SiC results in the formation
f a silica (SiO2) based glassy layer on the ZrB2–SiC compos-
te surfaces. The SiO2 layer is less volatile than B2O3 above
100 ◦C, resulting in slow, diffusion-controlled oxidation kinet-
cs in ZrB2–SiC composites over a much greater temperature
ange.23 Moreover, SiC acts as a grain growth inhibitor, increas-
ng sinterability, and thus improving strength, toughness, and
xidation resistance of the composite.6,8,17,22,23,28,29

Oxidation of ZrB2–SiC at 1500 ◦C produces a multilayered
icrostructure consisting of a surface scale that is SiO2 rich,

ollowed by a layer of non-oxidized ZrB2 over the underly-
ng ZrB2–SiC composite. In addition, a layer composed of
rystalline ZrO2 has also been reported between the silica-rich
urface layer and the non-oxidized ZrB2 layer.6,30,31 The for-
ation of such a layered structure exhibiting a “SiC-depleted”

egion above the ZrB2–SiC bulk composite during oxidation has
een noted by several authors.19,20,23,24,30 The absence of SiO2
r other condensed phases in the SiC-depleted zone has been
xplained by its removal as gaseous phases such as SiO.30

Most of the current understanding on the oxidation of ZrB2
nd ZrB2–SiC composites is based on thermo-gravimetric stud-
es, oxygen consumption studies and on ex situ evaluation
f microstructural changes. While thermo-gravimetric meth-
ds provide useful information based on weight changes during
xidation, they record the simultaneous occurrence of multiple
vents including weight gain due to formation of oxide phases,
uch as ZrO2, B2O3 and SiO2, and weight loss due to vapor-
zation of B2O3 and perhaps SiO. As a result, the TGA data
eeds to be deconvoluted and requires careful interpretation.
he post-oxidation, ex situ analysis of microstructure, on the
ther hand, is largely qualitative and limited in knowledge of
he oxidation phenomena and reactions, as they occur. The oxi-
ation and the scale formation in the UHTC diborides involve the
omplex interaction of a number of factors. The resulting mul-
iphase, multilayered scale microstructure makes it even more
ifficult to determine the factors that control oxygen transport
uring the oxidation of the composites. In order to realize the
ull potential of UHTC diborides for advanced hypersonic and
ropulsion applications, and to improve their oxidation resis-
ance, a more comprehensive understanding of the oxidation
rocess is desired.
In situ high temperature investigation of the oxidation of
HTC diborides using X-ray diffraction can provide a clearer

nsight into the oxidation kinetics and structure-property rela-
ionships. Although such studies are extremely challenging due

T
a
t
t

able 1
aw materials and processing conditions for preparation of ZrB2 and ZrB2–SiC com

ample Composition (vol. %) P

ZrB2 SiC B

rB2 100 0 N
0:30 ZrB2–SiC 70 30 2
0:50 ZrB2–SiC 50 50 2

a 3 mol% Y2O3 stabilized tetragonal zirconia (ZrO2) polycrystals.
ramic Society 30 (2010) 2375–2386

o instrumental limitations, they can lead to improved life pre-
iction of UHTC components and perhaps indicate an optimal
omposite through tailoring of composition and microstructure.
his study was aimed at evaluating the use of high temperature
-ray diffraction (HTXRD) to examine the oxidation of ZrB2 up

o ∼1650 ◦C in air. The effect of SiC on the oxidation of ZrB2 in
rB2–SiC composites was also evaluated. A specially designed
uadrupole lamp furnace (QLF), which allows heating of sam-
les up to 2000 ◦C in air,32–35 was used in conjunction with
high resolution curved image plate (CIP) detector for these

tudies.36,37 Using this method, the oxidation of ZrB2 to ZrO2
as monitored in real time, independent of other accompanying
rocesses.

. Experimental procedure

.1. Sample processing

Commercially available ZrB2 (Aldrich Chemical Company,
ilwaukee, WI, USA) with a reported purity of 95% (purity

xcludes 1–2% Hf), density of 6.08 g/cm3, and an averaged
article size of 5 �m was used. The SiC powder (Aldrich Chem-
cal Company, Milwaukee, WI, USA) used in this study was
redominantly �-SiC (3–15% amorphous), had a density of
.22 g/cm3, an average particle size <0.1 �m and specific sur-
ace area of 70–90 m2/g. While the pure ZrB2 sample was made
sing the commercially available powder, two ZrB2–SiC com-
osites were prepared by mixing batches of commercial powders
f ZrB2 and SiC in proportion such that the final samples had
rB2 and SiC in the ratios 70:30 and 50:50 by volume, respec-

ively. The powder batches for the composite samples were
all milled for 24 h, using 3Y-TZP (3 mol% Y2O3 stabilized
etragonal zirconia (ZrO2) polycrystalline) balls of 5 mm diam-
ter as the milling media, to reduce particle size and achieve
omogenous mixing. The powders of pure ZrB2 phase and the
rB2–SiC composite samples were first uniaxially pressed into
isks with an approximate diameter of 25 mm under a pres-
ure of 35 MPa. The pressed disks were then subjected to cold
sostatic pressing at 414 MPa for further compaction. The sam-
les were then hot pressed according to conditions detailed in
able 1. While the ZrB2 samples were hot pressed at 1700 ◦C
or 3 h under 35 MPa of pressure, the ZrB2–SiC composite sam-
les were hot pressed at 1900 ◦C for 2 h under 35 MPa pressure.

he entire hot pressing was performed in an Ar atmosphere
nd a heating rate of 50 ◦C/min was used. The furnace was
urned off after holding for the specified time at the targeted
emperature. Disks with a diameter of ∼25 mm and thickness of

posite samples.

owder preparation Hot pressing

all milling Drying Temp./time/pressure

one – 1700 ◦C/3 h/35 MPa
4h; 3Y-TZPa media 150 ◦C 1900 ◦C/2 h/35 MPa
4h; 3Y-TZPa media 150 ◦C 1900 ◦C/2 h/35 MPa
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5 mm were produced. Smaller specimens having dimensions
f 5 mm × 3 mm × 0.5 mm were cut from the disks by using a
low action diamond saw (Isomet, Buehler Ltd., Evanston, IL,
SA) and polished to a 6 �m surface finish. The final samples

or microstructure characterization and oxidation studies using
GA, differential scanning calorimetry (DSC), and HTXRD,
ad dimensions of 5 mm × 3 mm × 0.3 mm.

.2. Microstructure characterization

The physico-chemical characteristics of the hot pressed sam-
les were determined using a variety of methods. Bulk density,
pparent specific gravity and apparent porosity of the hot pressed
amples were measured by the Archimedes method, follow-
ng the procedure detailed in ASTM C20.38 The samples used
or these measurements were semi-circular in shape (diameter
25 mm, height ∼5 mm) and were prepared by sectioning the

ot pressed sample disks using the slow action diamond saw, fol-
owed by ultrasonic cleaning. All samples were dried at 105 ◦C
or 24 h in air before any measurements were taken. Although
he sample sizes used for these measurements were smaller than
hose recommended in ASTM C20, they were considered ade-
uate for the purpose of this study. Distilled water was used as
he suspending medium.

The microstructure and elemental composition of hot pressed
nd oxidized samples were characterized by scanning elec-
ron microscopy (SEM) and energy dispersive spectroscopy
EDS) using a Hitachi S-4700 (Hitachi High Technologies,
chaumburg, IL, USA) and a JEOL JSM-6060LV (JEOL
SA, Inc., Peabody, MA, USA) scanning electron microscopes

SEMs). The hot pressed samples of ZrB2 and ZrB2–SiC
omposites used for SEM/EDS analyses had dimensions of
mm × 3 mm × 0.3 mm, and were polished to a 1 �m surface
nish on Buehler’s ECOMET III polisher/grinder (Buehler Ltd.,
vanston, IL, USA) using a diamond paste (Buehler METADI
erosol Spray Diamond Compound—1 Micron; Buehler Ltd.,
ake Bluff, IL, USA). The oxidized ZrB2 and ZrB2–SiC com-
osite samples were first impregnated with an epoxy resin
Epo-Thin, Buehler Ltd., Lake Bluff, IL, USA), and then sec-
ioned to enable examination of the cross-section. These samples
ere also polished to a 1 �m surface finish using the diamond
aste. Water was used as a lubricant during sectioning and pol-
shing. All SEM samples were mounted on aluminum stubs and
putter coated with ∼6 nm of a Au/Pd alloy to facilitate imag-
ng. The samples used for EDS analysis were coated with carbon
nstead of Au/Pd, and flat sample regions were examined using
20 kV or 15 kV accelerating voltage and a 10 mm working dis-

ance. Copper was used to calibrate the energy and a minimum
f six acquisitions were taken on each sample.

The crystalline composition of the hot pressed and
xidized samples was determined by synchrotron X-ray
iffraction (XRD). Plate-shaped samples (with dimensions of
mm × 3 mm × 0.3 mm) were studied in transmission geom-

try. Further details on the instrumentation and calibration of
he XRD experiments are included in Section 2.3.2. The XRD
atterns were subsequently analyzed by the Rietveld method39

sing the JADE software (Materials Data, Inc., Livermore, CA,

w

i
f

ramic Society 30 (2010) 2375–2386 2377

SA) to determine the crystalline phase composition as well as
rystallographic parameters for each constituent phase.

.3. Oxidation studies

The oxidation of ZrB2 and ZrB2–SiC composites was stud-
ed using TGA/DSC and HTXRD. The samples used for these
tudies were hot pressed plates (5 mm × 3 mm × 0.3 mm) which
ad been polished to a 6 �m surface finish.

.3.1. TGA/DSC studies
Simultaneous TGA and DSC studies were conducted on hot

ressed ZrB2 and ZrB2–SiC composites. Samples were heated
t 10 ◦C/min in a Netzsch DSC/TGA (Model STA409 CDTM,
xport, PA, USA) instrument. While the ZrB2 sample was
eated up to 1350 ◦C, the ZrB2–SiC composite samples were
ested up to 1500 ◦C. An alumina (Al2O3) pan fitted with a lid
as used to hold the specimen and as a reference. During the

nalysis, the sample chamber was purged with He (25 mL/min)
nd air (50 mL/min).

.3.2. In situ high temperature synchrotron diffraction
tudies

In a typical HTXRD experiment, the hot pressed plate speci-
ens were heated, and the crystalline composition and structural

hanges were simultaneously recorded as XRD patterns using
ynchrotron radiation and a curved image plate (CIP) detector.36

ll experiments were conducted at the 33BM-C beam line at the
dvanced Photon Source (APS) at Argonne National Labora-

ory, Argonne, IL, USA. The experimental set-up used for these
tudies is shown in Fig. 1. Plate samples were mounted verti-
ally, perpendicular to the incident X-ray beam, in a specially
esigned sample holder made with Pt–20%Rh and heated using a
uadrupole lamp furnace (QLF).35 The schematic of the sample
older along with the specimen is shown in Fig. 2. The sam-
le was coated with Pt powder (0.15–0.45 �m, 99.999% pure,
ldrich, Milwaukee, WI, USA) on the side facing the incident
-ray beam and was used to determine sample temperature from

he expansion of the Pt lattice. The QLF is a radiation heating
urnace that can be used to conduct HTXRD investigations of
eramics in air up to 2000 ◦C in air.32–35 The details of the con-
truction, operation and capabilities of the CIP detector, used in
hese studies, are reported elsewhere.36 The CIP detector allows
or simultaneous acquisition of diffracted X-ray intensities over
2θ range extending from 2◦ to 35◦, thus eliminating any time
ependence in XRD pattern acquisition. Contingent upon sam-
le properties and incident X-ray beam intensity, high resolution
RD patterns can be acquired in ≤20 s using this detector.37 For

he purpose of this study, the CIP detector was first aligned and
alibrated using a Si(1 1 1) analyzer crystal and the LaB6 pow-
er standard (SRM 660a, National Institute of Standards and
echnology, Gaithersburg, MD, USA). Incident monochromatic
-rays of wavelength 0.70087 Å, as calibrated with SRM 660a,

ere used in this work.
Oxidation of ZrB2 was studied by heating the plate sample

n air to discreet set temperatures (Tset) in steps of ∼100 ◦C,
rom room temperature up to ∼1500 ◦C, and X-ray diffraction
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ig. 1. Photograph of the HTXRD experiment set-up at the 33BM-C beam line
t APS, Argonne National Laboratory. A curved image plate (CIP) detector was
sed with a quadrupole lamp furnace (QLF).

atterns were acquired in situ, in transmission geometry at each
emperature step. At least four HTXRD patterns were collected
nd averaged at each temperature, to improve signal-to-noise

atio. The sample temperature (Tsample), which is different from
he set temperature (Tset) when using the QLF,35 was determined
ater during analysis of HTXRD patterns from the lattice expan-
ion of cubic Pt. In order to maximize random orientation of the

ig. 2. Schematic of the sample holder used to mount hot pressed plate samples
or HTXRD studies in transmission geometry.
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rystallites, the plate samples were rocked ±1◦ about a horizon-
al axis perpendicular to the incident X-ray beam. The sample
as cooled down to room temperature after the highest temper-

ture run (i.e. Tset = 1500 ◦C) in ∼5 min and XRD patterns were
ecorded to determine the final crystalline phase composition
fter oxidation.

Isothermal HTXRD studies were conducted in air in order to
valuate the effect of SiC on the oxidation of ZrB2. Plate samples
f ZrB2 and ZrB2–SiC composites were heated to Tset = 1100 ◦C
n ∼5 minutes, and several HTXRD patterns were acquired over
he next ∼1 h duration while the samples were maintained at the
set temperature. Based on prior experience and the location of

he control thermocouple (which measures Tset) in the QLF, the
ample temperature (Tsample) during these studies was expected
o be in the range 1200–1350 ◦C.32–35,37 This temperature was
elected for the isothermal studies as it corresponded to oxidiz-
ng conditions in a partial protective regime for the materials
eing evaluated. Therefore, it was anticipated that a pronounced
ffect of the presence of SiC on oxidation of ZrB2 could be suit-
bly observed. Following the isothermal studies, each sample
as cooled down to room temperature in ∼5 min. XRD pat-

erns were also collected at room temperatures for the ZrB2 and
rB2–SiC composite samples, both before and after the isother-
al studies, to determine the initial and final crystalline phase

omposition.
All the XRD patterns, including those acquired at room

emperatures and at high temperatures, were analyzed by the
ietveld method using the JADE software (Materials Data, Inc.,
ivermore, CA, USA) to extract the quantitative crystalline
hase composition and crystallographic parameters. The PDF-4
008 database from ICDD (International Center for Diffraction
ata, Newtown Square, PA, USA) and the Inorganic Crystal
tructure Database (NIST, Gaithersburg, MD, USA; and Fach-

nformationszentrum (FIZ), Karlsruhe, Germany) were used for
rystalline phase identification. The structure parameters of the
rystalline phases identified from the databases were used as
tarting parameters during refinement. Besides the lattice con-
tants for each phase, other factors that were refined included
caling factors, sample displacement, profile function parame-
ers, and isotropic temperature factors (where possible).

. Results and discussion

.1. Microstructure of processed samples

The microstructure of the hot pressed ZrB2 and the ZrB2–SiC
omposites was fairly porous as is evident from the SEM micro-
raphs presented in Fig. 3. In the case of the 70:30 ZrB2–SiC
nd the 50:50 ZrB2–SiC samples, SiC was fairly uniformly dis-
ributed in the ZrB2 matrix (see inset in Fig. 3(b) and (c)). The
rain size of the ZrB2 phase was larger in the pure ZrB2 spec-
men (Fig. 3(a)) in comparison to the composite samples. This

s most likely due to the presence of SiC which can act as a
rain growth inhibitor. Moreover, the latter samples had also
een subjected to 24 h of ball milling during sample processing.
he crystalline phase composition of each of the samples was
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ig. 3. SEM micrographs of the processed samples: (a) ZrB2, (b) 70:30 ZrB2–
0:30 ZrB2–SiC and 50:50 ZrB2–SiC samples.

erified by Rietveld analysis of the XRD patterns collected at
oom temperature for each sample. The results are included in
able 2 and they confirmed that the hot pressed composite sam-
les had the component phases in the desired proportion. There
as no evidence of any impurities or of the formation of any
xidized crystalline phases during sample processing.

The density and porosity of the hot pressed samples, mea-
ured using the Archimedes’ method, were consistent with
he observed microstructures (see Table 2). While the pure
rB2 and the 50:50 ZrB2–SiC samples had >30% porosity, the
0:30 ZrB2–SiC composite samples were 23.7% porous. The
easured apparent densities of the composite samples were

onsistent with the expected values calculated using densities
f each component phase and the phase composition. There-
ore, it was concluded that porosity in the composite samples
as predominantly interconnected. However, considerably low
pparent density value of the pure ZrB2 sample, in compari-
on to pure ZrB2 phase, suggests the presence of closed pores.
ince this study was aimed at examining the oxidation behavior
f hot pressed ZrB2 and ZrB2–SiC, samples with interconnected

s
p
p
r

able 2
hysical properties and crystalline phase composition of hot pressed ZrB2 and ZrB2–

ample Density (g/cm3) Total porosity (vol. %)

ρbulk ρapparent

rB2 3.84 5.68 32.3
0:30 ZrB2–SiC 4.07 5.34 23.7
0:50 ZrB2–SiC 2.96 4.63 35.9
and (c) 50:50 ZrB2–SiC. Elemental maps of Zr and Si are shown as insets for

orosity were considered particularly suitable to measure oxida-
ion kinetics in reasonable time due to the increased surface area
vailable for oxidation. This argument is especially relevant for
TXRD studies using synchrotron radiation, as experimental

ime is limited.

.2. Oxidation studies using TGA/DSC

Percentage weight changes vs. temperature of the ZrB2 and
he ZrB2–SiC composites during non-isothermal heating up to
500 ◦C are presented in Fig. 4(a). The heating rate of 10 ◦C/min
llowed for detection of suitable DSC signal to assess any
xothermic or endothermic processes occurring during oxida-
ion. No change in the samples was observed up to ∼650 ◦C,
hich was followed by a rapid increase in mass due to oxida-

ion. This was also detected as an exothermic event in the DSC

ignal. The onset of oxidation was delayed in the ZrB2–SiC sam-
les, and Tstart of 661, 670, and 691 ◦C were recorded for the
ure ZrB2, 70:30 ZrB2–SiC and the 50:50 ZrB2–SiC samples,
espectively. The delay in the onset of oxidation of ZrB2 in the

SiC composite samples.

Crystalline phase composition from XRD

Weight % Volume %

ZrB2 SiC ZrB2 SiC

100 0 100 0
82.6 ± 0.7 17.4 ± 0.4 71.5 ± 0.3 28.5 ± 0.1
67.4 ± 0.4 32.6 ± 0.3 52.3 ± 0.1 47.7 ± 0.1
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Fig. 4. Thermal analysis studies on ZrB2 and ZrB2–SiC com

rB2–SiC composites is most likely due to coating of the ZrB2
rains with SiC, as seen in the SEM micrographs (Fig. 3(b) and
c)). The rapid increase in weight observed in all the samples
etween 700 and 800 ◦C is consistent with the high porosity and
arger surface area, which ensured the availability of the ZrB2
hase for active oxidation. The 50:50 ZrB2–SiC samples were
ore porous than the 70:30 ZrB2–SiC samples (see Table 2).
he overall weight gain observed in the 50:50 ZrB2–SiC sam-
le, in the studied temperature range, was larger than the 70:30
rB2–SiC sample. This could be a result of higher SiC content in

he sample. It is reasonable that in the investigated temperature
ange the net gain in weight in the 50:50 ZrB2–SiC composite
ample is primarily determined by the oxidation of SiC. This
an be comprehended better by considering complete oxidation
f ZrB2 to ZrO2 and SiC to SiO2 in the samples, along with
he loss of B2O3 due to vaporization. With this assumption, the
nal increase in weight for the pure ZrB2 sample, the 70:30 and

he 50:50 ZrB2–SiC composites is expected to be 9.2%, 16.6%
nd 22.3%, respectively. In this case, the weight gain in both the
omposite samples is dominated by the oxidation of SiC, and is
alculated as ∼9% (of the 16.6%) for the 70:30 ZrB2–SiC sam-
le and ∼16% (of the 22.3%) for the 50:50 ZrB2–SiC sample.
he loss of Si as SiO species is assumed to be negligible in this
rgument.

Based on these TGA/DSC studies alone, it is difficult to judge
he efficacy of SiC content in protecting ZrB2 from oxidation.
he change in slopes of the TGA curves at around 800 ◦C in the
omposite samples, and again at ∼900 ◦C, suggest a slower rate
f oxidation which is perhaps due to the transient oxidation pro-
ection afforded by the liquid B2O3 phase. Beyond ∼1200 ◦C,
he increase in slope of the TGA curves for the pure ZrB2 and the
0:30 ZrB2–SiC samples suggest rapid oxidation due to vapor-
zation of B2O3 phase. On the other hand, the decrease in the
ate of weight gain observed in the 50:50 ZrB2 sample is most
ikely due to formation of a glassy SiO2 layer which protects
apid oxidation of the underlying ZrB2 phase. The DSC data is

nremarkable except for the large exothermic peaks due to oxi-
ation reactions. The presence of a small endothermic peak at
1200 ◦C, observed only in the case of the pure ZrB2 sample,

oes suggest a possible transformation of the monoclinic ZrO2

m
Z
w

e samples, from 20 to 1450 ◦C in air: (a) TGA and (b) DSC.

m-ZrO2) phase, expected to be formed on oxidation of ZrB2,
o tetragonal ZrO2 (t-ZrO2) phase.40,41

.3. Oxidation of ZrB2—crystalline phase evolution with
emperature

The evolution of crystalline phases during oxidation of pure
rB2 sample in air was recorded as a series of HTXRD pat-

erns in discreet Tset steps of 100 ◦C, from room temperature to
set = 1500 ◦C in air. Although HTXRD datasets were collected
ver a 2θ range from 2◦ to 35◦, only segments of the dataset
re presented in Fig. 5 for clarity. Each HTXRD pattern pre-
ented in Fig. 5 was averaged over 4 different exposures which
ere recorded in ≤4 min total time, while the sample was main-

ained at the specified Tset. The set temperature was increased
n steps of 100 ◦C in 1 min, followed by equilibration for 1 min
efore acquisition of 4 different exposures using the CIP detec-
or. Based on lattice expansion of the Pt phase, which was coated
n one side of the sample, the oxidation behavior of ZrB2 was
tudied in the temperature range extending from 20 to 1627 ◦C
n air.

Qualitative changes occurring during oxidation of ZrB2 are
learly evident from the HTXRD patterns in Fig. 5. The drift of
he diffraction peaks for all the phases towards lower 2θ angles,
s the result of temperature induced expansion of crystal lattices
f each phase. The change in the Pt peak around 29◦, starting as
broad peak at 20 ◦C to a well defined sharp peak, is a result of
t crystallite growth with increase in temperature. The first crys-

alline oxide phase as a result of ZrB2 oxidation was found to be
-ZrO2 (ICDD PDF#04-005-4504). Subsequent appearance and
isappearance of the m-ZrO2 (ICDD PDF # 01-083-0936) peaks
ue to transformation into t-ZrO2 phase at higher temperatures
Tsample ≥ 1250 ◦C) was also observed. Although not apparent
rom the HTXRD patterns in Fig. 5, a broad peak, symbolic of
he presence of an amorphous phase, was observed in patterns
cquired at Tsample ≥ 935 ◦C (or Tset ≥ 700 ◦C).
The analysis of the HTXRD patterns using the Rietveld
ethod provides a quantitative insight into the oxidation of
rB2 at high temperatures. The results are presented in Fig. 6 as
eight percentage composition of crystalline phases observed
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Fig. 5. High temperature XRD stu

t each temperature. The smooth lines drawn through the data
oints are merely a guide to assist in clearer depiction of the
esults and should not be misconstrued to represent composition
t intermediate temperatures between any two measured data
oints. No oxidation of ZrB2 was observed up to 800 ± 3 ◦C,
eyond which the ZrB2 content of the sample decreased contin-
ously, resulting in the formation of t-ZrO2 or m-ZrO2 phases.
s stated above, the first oxidized phase to be observed was

-ZrO2 which appeared as broad peaks, most notably around
3.5◦, at 906 ± 1 ◦C. The overall composition at this temper-
ture was 81.7 ± 0.5% ZrB2 (ICDD PDF # 04-004-7151) and
8.3 ± 0.3% t-ZrO2 by weight. Upon heating to 997 ± 1 ◦C the
-ZrO2 phase was formed and its concentration increased from
3.1 ± 0.3% to 33.8 ± 0.3% (weight %) at 1169 ± 1 ◦C, while

he t-ZrO2 content decreased from 18.8 ± 0.2% to 4.2 ± 0.1%
weight %) in the same temperature range. Heating the sam-
le to higher temperatures resulted in complete conversion of
-ZrO2 to t-ZrO2 by 1250 ± 1 ◦C, and only t-ZrO2 phase was

ig. 6. Crystalline phase evolution with temperature during oxidation of ZrB2

n air.
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ZrB2, from 20 to 1627 ◦C, in air.

bserved at higher temperatures. The ZrB2 phase in the sample
as completely oxidized by 1477 ± 1 ◦C.
The observation of t-ZrO2 at temperatures below the trans-

ormation temperature (i.e. 1170 ◦C) is most likely due to the
article size effect, which has been previously reported.40,41 A
easonable estimate of the average crystallite size, or coherently
cattering crystalline domains, can be made from the broaden-
ng of diffraction peaks, which is attributable only to the sample.
n the case of ceramic phases, crystallite sizes are often similar
o grain sizes. The average crystallite size of t-ZrO2 was cal-
ulated to be 19 nm at 906 ± 1 ◦C, which increased to 73 nm at
169 ± 1 ◦C. This estimation was made after taking into account
he instrumental broadening, which was determined using SRM
60a LaB6 powder. Since this calculation made use of the Scher-
er formula,42 any microstrains present were ignored, and the
rystallite size values may be underestimated. Nonetheless, crys-
allite size measurements are consistent with the presence of
-ZrO2 phase at lower temperatures than expected. The pres-
nce of m-ZrO2 phase up to 1250 ± 1 ◦C, even though only in
mall amounts (i.e. 3.6 ± 0.1% by weight), is intriguing. It is
xpected that all the m-ZrO2 phase transforms to t-ZrO2 phase
y 1170 ◦C.40,41 However, it is possible that due to impuri-
ies such as Hf in the starting ZrB2 phase, this anomaly was
bserved. It is also conceivable that due to slow diffusion of
xygen through a liquid B2O3 layer a defect m-ZrO2 structure
s formed with oxygen vacancies resulting in its stability up to
igher temperatures. Overall, non-isothermal HTXRD studies
ere quite similar to the TGA/DSC studies reported in Section
.2, but provided clearer and quantitative insight into oxidation
f ZrB2, and the formation and transformations of the crystalline
xidized phases.

.4. Isothermal oxidation studies

Isothermal oxidation studies of ZrB2 and ZrB2–SiC com-

osites using HTXRD were conducted in order to (a) evaluate
he usefulness of the method towards understanding oxidation
inetics of UHTC diborides by monitoring changes in the crys-
alline phase composition and (b) to examine the effect of SiC on
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Fig. 7. Isothermal high temperature

he oxidation kinetics of ZrB2 in ZrB2–SiC composite ceramics.
nce again, the sample temperature was determined from the

attice expansion of Pt. Fig. 7 shows the series of HTXRD pat-
erns that were collected at 1268 ± 3 ◦C to observe oxidation of
ure ZrB2. Each of the thirty-seven HTXRD patterns presented
n Fig. 7 was recorded using the CIP detector in approximately
min 41 s, while the sample was maintained at the specified

emperature. The first HTXRD pattern was collected after the
ample had been heated at 1268 ± 3 ◦C for 198 s, while the last
TXRD pattern at this temperature was recorded 3678 s after

eaching the temperature. The sample was exposed to the X-ray
eam for 30 seconds for each HTXRD pattern. Only segments of
he dataset are presented, although HTXRD datasets were col-
ected over a 2θ range from 2◦ to 35◦. Each subsequent HTXRD
attern has been offset, both along the vertical direction as well
s to the right along the 2θ axis, to clearly show the growing and
he diminishing crystalline phase peaks belonging to t-ZrO2 and
he ZrB2 phases, respectively. No change was observed in the
t peak location or intensity during the entire experiment. The
rB2 peak intensities gradually decreased with time of exposure

o high temperature, while the t-ZrO2 phase peaks consistently
ncreased in intensity. Occasionally, a few peaks for ZrB2 phase
efied the trend and have higher intensity than observed in the
receding patterns, for example the peaks near 14.5◦, 18.5◦ and
2.6◦. This is most likely due to transient preferred orienta-
ion recorded during the 30 s exposure to X-ray beam, and is
ue to the inability to achieve completely random orientation of
he diffracting ZrB2 crystallites by rocking ± 1◦. After 3678 s
t 1268 ± 3 ◦C, the sample was cooled to room temperature in
10 min, and XRD patterns confirmed that ZrB2 phase had been
ompletely oxidized and m-ZrO2 was the only crystalline phase
resent.

Similar isothermal studies were also conducted for the
rB2–SiC composite samples, although at different tempera-
ures and for different durations of times. Each HTXRD pattern
as recorded using a 30 s exposure of the sample to the X-ray
eam. In the case of 70:30 ZrB2–SiC sample fifty-two HTXRD
atterns were collected with a time resolution of 1 min 16 s at

Z
F
r

study of ZrB2 at 1268 ± 3 ◦C in air.

276 ± 3 ◦C, while forty-seven HTXRD patterns were collected
ith a time resolution of 1 min 27 s for the 50:50 ZrB2–SiC sam-
le at 1334 ± 2 ◦C. After collecting HTXRD patterns for 3847 s
nd 3776 s for the 70:30 ZrB2–SiC and the 50:50 ZrB2–SiC sam-
les, respectively, the samples were cooled to room temperature
n <10 min, and XRD patterns were recorded to ascertain the
nal crystalline phase compositions after oxidation. Using the
ietveld method, the final compositions of the oxidized 70:30
rB2–SiC sample expressed in weight % was 42.7 ± 0.7% ZrB2,
2.4 ± 0.5% SiC (ICDD PDF # 01-074-2307), 41.6 ± 0.9% m-
rO2 and 3.3 ± 0.2% t-ZrO2. The oxidized 50:50 ZrB2–SiC
ample was comprised of 34.1 ± 0.4% ZrB2, 24.9 ± 0.5% SiC,
6.8 ± 0.6% m-ZrO2 and 4.1 ± 0.1% t-ZrO2 by weight. The t-
rO2 phase found in both the composite samples after cooling
as in contrast to the pure ZrB2 sample. It is believed that most
f the t-ZrO2 phase formed at higher temperatures would have
chieved significant crystallite coarsening and would transform
o m-ZrO2 upon cooling. However, both the composite samples
lso had ZrB2 phase remaining at the end of the isothermal study,
hich could have oxidized during cooling to produce small crys-

allites of t-ZrO2 which remained stable at room temperature.
his is consistent with the appearance of t-ZrO2 phase as the first
xidized crystalline phase observed during the non-isothermal
tudies on ZrB2 reported in Section 3.3. In addition, a boron car-
ide phase (B13C2, ICDD PDF # 04-002-9582) was also present
s a minor phase in both the cooled composite samples, but this
hase was excluded from the final quantitative analysis. The
oron carbide phase was not observed in any of the XRD pat-
erns which were acquired at high temperatures. Therefore, it is
elieved that it may have been formed as a result of rapid cool-
ng of a microstructure which comprised of B2O3 liquid phase
n the presence of the SiC phase. Further investigation of this
bservation was not pursued as it was considered beyond the
cope of the current work.
The post-oxidation microstructures of the ZrB2 and the
rB2–SiC composites after the isothermal studies is presented in
ig. 8. The pure ZrB2 sample was completely oxidized and the
esultant microstructure was porous throughout (Fig. 8a). The



P. Sarin et al. / Journal of the European Ceramic Society 30 (2010) 2375–2386 2383

F ples:
d SiC s
w mper

n
o
f
e
o
a
o
p
S
w
w
o
Z
t
s
b

t
Z
s

3
Z

Z
t
m
p

F
a

ig. 8. SEM micrographs of the cross-section of the isothermally oxidized sam
iboride sample (ZrB2) was oxidized at 1268 ± 3 ◦C for 3678 s; the 70:30 ZrB2–
as oxidized at 1334 ± 2 ◦C for 3776 s. All the samples were cooled to room te

on-oxidized ZrB2 sample was already porous, and conversion
f ZrB2 to m-ZrO2 phase upon oxidation is associated with a
urther increase of 14.74% in molar volume. The presence of
longated grains of m-ZrO2 phase was a characteristic feature
f the final microstructure suggesting preferential grain growth
long certain directions in the ZrO2 phase. The microstructure
f the oxidized 70:30 ZrB2–SiC and the 50:50 ZrB2–SiC sam-
les (Fig. 8(b) and (c)) was multilayered. A thin and glassy,
i-rich outside surface layer covered a porous inner layer which
as formed above the underlying ZrB2–SiC composite. There
as no indication of elongated grain growth in the porous layer
f the composite samples, and it was mainly comprised of the

rO2 phase, as verified by elemental analysis using EDS. Both

he oxidized 70:30 ZrB2–SiC and the 50:50 ZrB2–SiC samples
howed the presence of cracks in the porous layer which could
e delamination due to thermal expansion mismatch between

t
s
R
p

ig. 9. Crystalline phase changes with time during oxidation of (a) ZrB2 in air at 126
ir at 1334 ± 2 ◦C.
(a) ZrB2, (b) 70:30 ZrB2–SiC, and (c) 50:50 ZrB2–SiC. Please note: the pure
ample was oxidized at 1276 ± 3 ◦C for 3847 s; and the 50:50 ZrB2–SiC sample
ature after the completion of the isothermal studies in <10 min.

he surface layer, the porous oxidized layer, and the underlying
rB2–SiC matrix. No cracking was observed in the pure ZrB2
ample after oxidation.

.5. Effect of SiC addition on oxidation of ZrB2 in
rB2–SiC composites

The effect of SiC addition on the oxidation of ZrB2 in
rB2–SiC composites can be gauged quantitatively by following

he crystalline phase evolution during high temperature isother-
al studies. ZrB2, t-ZrO2 and Pt, were the only crystalline

hases present in the pure ZrB2 sample, while SiC was the addi-

ional crystalline phase observed in the ZrB2–SiC composite
amples throughout the isothermal study at high temperatures.
esults from Rietveld analysis of selected isothermal HTXRD
atterns of the samples are presented in Fig. 9. The normalized

8 ± 3 ◦C, (b) 70:30 ZrB2–SiC in air at 1276 ± 3 ◦C, and (c) 50:50 ZrB2–SiC in



2 an Ceramic Society 30 (2010) 2375–2386

m
a
S
y
t
i
d
a
s
t
D
i
t
o
r
S
s
p
b
h
B
d
i
t
t
c
s
t
l
t
h
e
t
a
v
c
t
i
a
t
s
b
o

U
t
T
u
a
b
Z
l
e
s
E
i
f

F
Z
t

d

�

I
v
‘
p
t
a
t
s
b
fi
p

p
d
d
n
i
c
m
t
e
d
n
f
c
o
d

384 P. Sarin et al. / Journal of the Europe

olar concentrations of ZrB2 and t-ZrO2 are presented on the y-
xis on the left, while the SiC concentration, normalized by the
iC content in the non-oxidized sample, is plotted on a second
-axis on the right for the ZrB2–SiC composite samples. Using
he QLF the samples were heated to the desired temperature
n ∼5 min and the HTXRD pattern acquisition using the CIP
etector was immediately started. The first HTXRD pattern was
cquired with a delay as small as 35 s (for the 70:30 ZrB2–SiC
ample) and no larger than 198 s (for the pure ZrB2 sample) from
he time the sample(s) had reached the desired temperature(s).
espite of the high porosity in the samples, a parabolic region

n the oxidation of ZrB2 was observed for all the samples over
he first ∼500 s, and subsequently, a linear oxidation trend was
bserved. The slope of the ZrB2 (or t-ZrO2) curves in the linear
egion represents the rate of oxidation of the ZrB2 phase. The
iC content in the 70:30 ZrB2–SiC and the 50:50 ZrB2–SiC
amples decreased slowly, and approximately 25% of the SiC
hase had oxidized in both the samples in ∼1 h. The larger error
ars for SiC content in the 70:30 ZrB2–SiC sample are due to
igher noise in the HTXRD datasets collected for this sample.
ased on this analysis it can be qualitatively seen that the oxi-
ation rate of the ZrB2 decreased with increasing SiC content
n the samples. Since the samples had different initial porosi-
ies, and the isothermal runs for each of the samples reported in
his study were conducted at different temperatures, a rigorous
omparison of the rate of oxidation of ZrB2 was not possible. It
hould however be noted that a higher slope of the t-ZrO2 con-
ent, suggesting a faster rate of oxidation, was observed in the
inear region between 500 and 3000 s for the 70:30 ZrB2–SiC
han for the 50:50 ZrB2–SiC. Not only did the 70:30 ZrB2–SiC
ave the least porosity and the 50:50 ZrB2–SiC have the high-
st porosity of all the samples investigated as part of this study,
he isothermal study for 50:50 ZrB2–SiC was also conducted
t a markedly higher temperature (1334 ± 2 ◦C). These obser-
ations raise some relevant questions regarding the factors that
an influence oxidation kinetics in the experimented tempera-
ure range. The oxidation protection offered by the silica layer
n the examined temperature range in a rigid but porous sample,
long with the role of microstructure and porosity in facilitating
he formation of the silica layer, certainly deserve some con-
ideration. Perhaps, it could be interesting to explore oxidation
ehavior of a ZrB2–SiC composite which has a thin layer of SiC
n the outside surface.

The fractional conversion of ZrB2 to ZrO2 in the studied
HTC diborides, as determined using HTXRD, can also be used

o estimate the thickness of the oxidation layer as it is formed.
he HTXRD experiments in transmission mode examined a vol-
me element of the sample which extended through the sample
nd had two surfaces exposed to air with an area ‘A’, determined
y the X-ray beam cross-section (see Fig. 2). The fraction of the
rB2 phase which is converted to t-ZrO2, therefore, is equiva-

ent to the ratio of the volume of the oxide layer (formed on both
xposed surfaces) to the total sampled volume. The final expres-

ion for oxide layer thickness, denoted by ‘�t’ and presented in
q. (2), takes into consideration the fraction of the sample which

s porous ‘p’ at the onset of the experiment, the initial volume
raction of ZrB2 (VZrB2 ), and the fractional increase in volume

t
c
i
t

ig. 10. Change in thickness of the oxidation layer formed with time in pure
rB2 and ZrB2–SiC composite samples during isothermal studies at tempera-

ures ≥1250 ◦C.

ue to conversion of ZrB2 to t-ZrO2 (�vZrB2→t-ZrO2 ):

t = x×t×A×VZrB2 × (1 − p) × (1 + (x × �vZrB2→t-ZrO2 ))

2 × A
(2)

n the above expression ‘x’ is the molar fraction of ZrB2 con-
erted to t-ZrO2, which is determined using the HTXRD, and
t’ is the thickness of the non-oxidized sample. Any changes in
orosity in the sample during oxidation or the contribution of the
hin glassy silica surface layer to the oxidation layer thickness
re also ignored. An inherent assumption in the derivation of
his expression is the movement of the oxidation front into the
pecimen, parallel to the surface of the specimen. While this may
e expected for dense, bulk diboride samples, it can be modi-
ed by the presence of porosity, and in particular interconnected
orosity in the sample microstructure.

Despite of these simplifications, the derived expression can
rovide a reasonable estimate of the average thickness of the oxi-
ized layer being formed during oxidation especially in dense
iboride samples. The effect of SiC on the oxidation layer thick-
ess, formed due to oxidation of ZrB2 to t-ZrO2, is shown
n Fig. 10. The results from pure ZrB2 are also included for
omparison. Notwithstanding the differences in the physical
icrostructures of the starting samples, and the differences in

emperatures that were used for the isothermal HTXRD runs for
ach of the samples, it can be seen that increasing the SiC content
ecreased the rate of oxidation of ZrB2. The oxide layer thick-
ess determined using this approach should be further adjusted
or the increase in volume associated with t-ZrO2 to m-ZrO2
onversion on cooling to room temperature (�v ∼ 4.84%), in
rder to compare the calculated results with the layer thickness
etermined by ex situ SEM imaging. The thickness of the oxida-

ion layer formed and observed using the SEM (shown in Fig. 8),
orrelates well with the calculated values (shown in Fig. 10). It
s important to acknowledge that this comparison was under-
aken merely as an exercise and not as a rigorous proof of the
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oncept. However, it still presents a novel alternative to estimate
he oxidation layer thickness as it is formed during oxidation of
rB2 and ZrB2–SiC ceramics, especially for dense samples, as
function of time and temperature with reasonable accuracy.

. Summary

High temperature X-ray diffraction was successfully used to
xamine the oxidation of ZrB2 in situ, at high temperatures in air,
n pure ZrB2 and ZrB2–SiC composite ceramics. Increasing the
iC content in the ZrB2–SiC composites retarded the oxidation
f ZrB2. Both non-isothermal and isothermal HTXRD studies on
he UHTC diboride samples were possible due to the improved
-ray detector system and the QLF, which allowed rapid heat-

ng of samples in air up to high temperatures (up to 2000 ◦C).
TXRD methods provide useful information, complementary

o the conventional TGA/DSC methods, when used to study the
xidation of diboride ceramics. It was possible to identify and
uantify any intermediate crystalline phases that were formed
uring oxidation of ZrB2, in real time. The presence of concur-
ent phases, amorphous or crystalline, or simultaneous reactions,
ere not limiting and the oxidation of ZrB2 phase could be fol-

owed independently. In addition, a novel approach to estimate
he thickness of oxidation layer formed during oxidation of ZrB2
nd ZrB2–SiC composites, in situ at high temperatures, has been
roposed. It is based on fractional conversion of ZrB2 to ZrO2,
s determined using HTXRD, and perhaps will be most appro-
riate for application to oxidation of dense ZrB2 and ZrB2–SiC
omposites.

Development of UHTC materials can benefit immensely from
TXRD studies. It is anticipated that through such investiga-

ions, improved insight will be gained into the effect of sample
icrostructure and composition on ZrB2 oxidation. This can

uide the development of improved models to predict the life-
ime and performance of UHTCs under operational conditions.
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