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a b s t r a c t

The isothermal oxidation of ZrB2 powder was carried out in the range of 650–800 ◦C in a flowing air using
thermogravimetric analysis (TGA). The evolution of the phase characterization and morphology of ZrB2

powder oxidized at 700 ◦C for varying durations was studied by X-ray diffraction (XRD) and scanning
electron microscopy (SEM), respectively. The excellent fit of TG curves by multiple-law model suggests
that the oxidation of ZrB2 powder in air follows para-linear kinetics, and based on the fitted results, oxi-
dation mechanisms can also be obtained. The reaction product of ZrB2 powder with oxygen is metastable
Kinetics
Microstructure
O

tetragonal ZrO2 at 700 ◦C, and the tetragonal phase transforms to the monoclinic phase with oxidation.
The oxidation of ZrB2 powder is associated with surface microcrack formation, which is attributed to vol-
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transformation of ZrO2. In

. Introduction

Many transition-metal diborides have attracted considerable
ttention owing to the excellent combination of physicochemical
roperties such as high melting temperature, high hardness, and
igh thermal conductivity. ZrB2 is one of these diborides and a
andidate for use in the thermal protection systems and scramjet
ngine components for hypersonic flight vehicles, as well as high
emperature electrodes, molten metal containment systems, and
ncinerators, because of its good resistance to ablation at high tem-
eratures and thermal-shock resistance in addition to the attractive
forementioned properties [1,2].

When ZrB2 is exposed to oxidizing environments at high tem-
eratures, it oxidizes, which will degrade its properties. Thus, a

arge number of studies on oxidation of ZrB2 and its composites
n air have been carried out in order to better understand the oxi-
ation mechanisms and enhance oxidation resistance [3–12]. The
eaction of ZrB2 with O2 is as follows:

rB2 + 5
2 O2(g) → ZrO2 + B2O3(l) (1)

2O3 is known to have a low melting point of 450 ◦C and high vapor
ressure, so it readily vaporizes at high temperatures.
2O3 (l) → B2O3 (g) (2)

Researchers have studied the products resulting from the oxi-
ation of ZrB2, and discovered that the oxide scale is composed of
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oxidation of ZrB2 to tetragonal ZrO2 and tetragonal-to-monoclinic phase
ast stage of oxidation, each ZrB2 particle breaks into fragments.

© 2008 Elsevier B.V. All rights reserved.

n external glassy B2O3 layer and an underlying porous ZrO2 layer
lled with B2O3. The glassy B2O3 film acts as an effective barrier
gainst oxygen diffusion, and the porous ZrO2 layer does not offer
ffective protection. At temperatures below 1100 ◦C, a parabolic
ehavior was reported for the oxidation of ZrB2 due to the pres-
nce of a continuous layer of B2O3 [3,8–10]. B2O3 rapidly vaporizes
t temperatures above 1100 ◦C, thus reducing the effectiveness of
he diffusion barrier. Para-linear kinetics have been observed in the
emperature range of 1100–1400 ◦C [4,8–10]. Because the removal
f the B2O3 layer above 1400 ◦C leaves behind a porous ZrO2 scale,
rB2 exhibits rapid linear oxidation kinetics at these temperatures
9,10].

It has been almost 50 years since researchers started to explore
he oxidation of ZrB2. However, previous investigations have mainly
ocused on the oxidation of bulk materials, oxidation mechanisms
f ZrB2 powder as well as phase composition and microstructures
hat evolve during oxidation have not been studied in detail. In this
aper, the oxidation behavior of ZrB2 powder from 650 to 800 ◦C

n air was investigated. Firstly, the isothermal oxidation kinetics
nd mechanisms were studied by multiple-law model. Then the
volution of phase characterization and morphology of the samples
efore and after oxidation was described.

. Experimental

The ZrB2 powder employed in this study was a commercial product (Kojundo

hemical Laboratory Co. Ltd, Saitama, Japan). The surface area of the sample was
.3042 m2/g, as measured by the BET method. Oxidation tests were carried out by a
etzsch STA449C simultaneous thermal analyzer under isothermal conditions. The

amples were heated to the desired temperature (650, 700, 750, and 800 ◦C) for
he isothermal oxidation in flowing nitrogen (99.99%, 50 ml/min). The fast heating
tage with a heating rate of 50 ◦C/min prior to the isothermal period was applied

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:gjzhang@mail.sic.ac.cn
dx.doi.org/10.1016/j.jallcom.2008.04.006
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ig. 1. Thermogravimetric curves of ZrB2 powder oxidized in air at different tem-
eratures: (a) 650 ◦C; (b) 700 ◦C; (c) 750 ◦C; and (d) 800 ◦C.

o minimize oxidation effects before reaching the target temperatures. When the
esired temperature was reached, the sample was held at that temperature for

bout 5 min before the gas was switched from nitrogen to air. Roughly 60 mg of ZrB2

owder was placed into an alumina crucible and oxidized in flowing air (50 ml/min).
ue to the low oxidation temperatures, no obvious interaction between the sample
nd the crucible was observed. Phase composition and morphology of the samples
efore and after oxidation were studied by X-ray diffraction (XRD) with Cu K�
adiation and scanning electron microscopy (SEM), respectively.

3

s

Fig. 3. Multiple-law modeling of TG curves of ZrB2 powder oxidized in air at d
ig. 2. Square of mass gain versus time for ZrB2 powder oxidized in air at different
emperatures: (a) 650 ◦C; (b) 700 ◦C; (c) 750 ◦C; and (d) 800 ◦C.

. Results and discussion
.1. Oxidation kinetics and mechanisms

TG curves of ZrB2 powder oxidized in air at 650–800 ◦C are
hown in Fig. 1, where w is the mass gain per unit surface area and

ifferent temperatures: (a) 650 ◦C; (b) 700 ◦C; (c) 750 ◦C; and (d) 800 ◦C.
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is oxidation time. With increasing temperature, it is obvious that
he weight gain increases at identical time. It can be seen that the
G curve approaches linear behavior for 650 ◦C, whereas TG curves
learly show deviation from linear behavior with the increase of
emperature.

Fig. 2 presents the square of mass gain per unit surface area as
function of oxidation time for ZrB2 powder. It is found that the

quare of mass gain per unit surface area is a nonlinear function
f oxidation time, which indicates that oxidation of ZrB2 powder
eviates from parabolic kinetics. Therefore, a simple parabolic law

s unable to describe the kinetic behavior. In order to give a com-
lete analytical description, the TG curves were fitted according to
multiple-law model including a linear and parabolic term, devel-
ped by Nickel [13]. The mass change per unit area w is expressed
s a function of time, according to the following equation:

= A + Klint + Kpar
√

t (3)

here A is a constant, Klin is linear rate constant and Kpar is
arabolic rate constant. The fit allows for the quantification of the

ndividual contributions of the multiple-law model and accounts
or para-linear kinetics. Using multiple linear-regression analysis,

ultiple-law modeling of TG curves of ZrB2 powder oxidized in air
t different temperatures was performed, with the results illus-
rated in Fig. 3. The K parameters and R2 values corresponding
o each fitting curve are reported in Table 1. The excellent fit of
he solutions confirms that oxidation of ZrB2 powder follows para-
inear kinetics in such a temperature range (R2 > 0.99).

As seen in Fig. 3, the dominating term is the parabolic one in the
ange of 650–800 ◦C, accounting for oxygen diffusion in oxide scale.
rom 650 to 700 ◦C, the linear term is positive, which is related to
ass gain due to chemical reaction between ZrB2 and O2 at the

iboride–oxide interfaces. In the range of 750–800 ◦C, the linear
erm is negative, which is associated with mass loss due to vapor-
zation of B2O3. It can therefore be inferred that oxidation of ZrB2
owder in air is governed by oxygen diffusion and chemical reaction
t 650–700 ◦C, but controlled by oxygen diffusion and the evapora-
ion of B2O3 at 750–800 ◦C.

Even though the vapor pressure of B2O3 may be low in the tem-
erature range of 750–800 ◦C, oxidation kinetics revealed that the
vaporation of B2O3 should not be neglected during the oxidation of
rB2 powder. This deduction can be also supported by the study on
xidation of AlN–SiC–ZrB2 composites reported by Brach et al. [14].
n the range 700–900 ◦C, Brach et al. [14] indicated the oxidation
f AlN–SiC–ZrB2 composites followed mixed para-linear kinetics,
here the linear term was negative, accounting for mass loss due

o vaporization of B2O3.

.2. Phase characterization and morphology of the oxidized
amples
Fig. 4 shows the XRD patterns of ZrB2 powder oxidized at 700 ◦C
or varying durations. Before the exposure, only ZrB2 peaks are
etected as shown in Fig. 4a. In the initial stage of oxidation, tetrag-
nal ZrO2 peaks appear (Fig. 4b). With increasing oxidation time,

able 1
inetic parameters of the oxidation fitting curve, relatively to parabolic and linear
ontributions, and R2 (fit goodness) values.

xidation temperature
◦C)

Kpar

(mg cm−2 min−0.5)
Klin

(mg cm−2 min−1)
R2

50 0.00192 0.00013 0.99852
00 0.00536 0.00007 0.99947
50 0.02068 −0.00040 0.99744
00 0.03405 −0.00122 0.99886
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ig. 4. X-ray diffraction patterns of ZrB2 powder oxidized at 700 ◦C for varying
urations: (a) no oxidation; (b) 0.5 h; (c) 4 h; and (d) 15 h.

onoclinic ZrO2 peaks also appear, while intensities of ZrB2 peaks
imultaneously decrease, as shown in Fig. 4c. When oxidation time
s increased to 15 h at 700 ◦C, the XRD patterns show monoclinic
rO2 as a major phase, a minor phase of tetragonal ZrO2, and the
isappearance of the ZrB2 phase (Fig. 4d).

Generally, the stable polymorph of zirconia at room tempera-
ure and atmospheric pressure is monoclinic, which transforms at
170 ◦C to tetragonal and then at 2370 ◦C to cubic structure. Previous
esearchers [15] have investigated the effect of the crystallite size
n the phase transformation and pointed out that the phase trans-
ormation was closely related to the growth of the crystallite size.

hen the particle size reaches nano-scale, a metastable tetragonal
rO2 can also exist at room temperature, which is so-called nano-
ize effect of particle phase [16]. So, the reaction of ZrB2 powder
ith oxygen can generate metastable tetragonal ZrO2 instead of

table monoclinic phase at 700 ◦C. Broad ZrO2 peaks also validate
his deduction in Fig. 4b. However, the tetragonal crystallites grow
uring annealing. Upon reaching a critical diameter, the tetragonal
hase transforms immediately to the monoclinic phase. Therefore,
onoclinic ZrO2 peaks appear with oxidation. The increase of hold-

ng time will induce more phase transform of ZrO2, and as a result,
he oxidized samples after 15 h contains major monoclinic ZrO2
hase with minor tetragonal ZrO2 phase.

Morphology changes occurring to the ZrB2 powder as a result
f oxidation were examined using SEM. Fig. 5 is a montage of SEM
mages illustrating the progression of oxidation at 700 ◦C. The as-
eceived ZrB2 powder consists of irregularly sized particles with
ainly columnar shape, as shown in Fig. 5a. The first visible evi-

ence of appreciable oxidation of the samples is the appearance of
ircumferential microcracks at the edge of the ends of a number of
ylinders, for example, on the arrow sites in Fig. 5b. At the begin-
ing of oxidation, the particles keep their original shape, while the
urfaces become rough. With further oxidation, microcracks at the
urface of the oxide layers running parallel to the central axes of the
ylinders are also observed (indicated by arrows in Fig. 5c). At the
ame time, the oxide scale at the ends of certain columnar parti-
les flake off. After 15 h, every ZrB particle has broken into several
2
ragments (Fig. 5d).

It is assumed that oxidation products have theoretical density.
herefore, the oxidation from ZrB2 to tetragonal ZrO2 is accompa-
ied by 9% volume expansion, based on the densities of 6.09 and
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ig. 5. SEM photographs of ZrB2 powder oxidized at 700 ◦C for varying durations
articles; (c) 4 h, arrows indicated microcracks of the oxide layers running parallel t

.10 g/cm3 for ZrB2 and tetragonal ZrO2, respectively. In addition,
he tetragonal-to-monoclinic phase transformation is accompanied
y 5% volume expansion [17]. It is thus understandable that oxi-
ation of ZrB2 powder is associated with the generation of surface
icrocracks. Compared with a flat surface, greater stresses induced

y volume expansion exist in the edges of columnar ZrB2 parti-
les. Therefore, microcracks firstly emerge at these edges. With
he progress of oxidation, the volume expansion which develops
n the oxide layer increases and eventually breaks the particles into
ragments.

. Conclusions

The oxidation of ZrB2 powder follows para-linear kinetics in air
t 650–800 ◦C, where the dominating term is the parabolic one,
ccounting for oxygen diffusion in the oxide scale. From 650 to
00 ◦C, the linear term is positive, which is related to mass gain due
o chemical reaction between ZrB2 and O2 at the diboride–oxide
nterfaces. From 750 to 800 ◦C, the linear term is negative, account-

ng for mass loss due to vaporization of B2O3. Therefore, even
hough the vapor pressure of B2O3 is low in the in the range
f 750–800 ◦C, the effect of evaporation of B2O3 should not be
eglected during the oxidation of ZrB2 powder. The reaction prod-
ct of ZrB2 powder with oxygen is metastable tetragonal ZrO2
o oxidation; (b) 0.5 h, arrows indicated the microcracks of the ends of columnar
central axes of columnar particles; and (d) 15 h.

t 700 ◦C, and the tetragonal phase transforms to the monoclinic
hase with oxidation. The oxidation of ZrB2 powder is associ-
ted with surface microcrack formation, which can be attributed
o volume expansion resulting from oxidation of ZrB2 to tetrag-
nal ZrO2 and tetragonal-to-monoclinic phase transformation of
rO2. Finally, in the last stage of oxidation, each particle breaks into
ragments.
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