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a b s t r a c t

The oxidation kinetics of ZrC materials is an important physicochenmical property for their practical
application. Although the oxidation data have been extensively measured, the quantitative relationship
of oxidation curves to various factors such as temperature and oxygen pressure is still limited. In this
article, the oxidation kinetics of ZrC materials under the conditions of different rate-controlling steps
vailable online 13 November 2010
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existing has been investigated using two kinds of models (the model used in the literatures and Chou’s
model) based on the experimental data available in the literatures. The calculated results show that both
models can fit the oxidation data well. Compared with the previous models used in the literatures, Chou’s
model can give a clear physical meaning in expressing all parameters. The most important thing is that
Chou’s model can give a more accurate performance in the theoretical analysis.

© 2010 Elsevier B.V. All rights reserved.

xygen partial pressure

. Introduction

Most of the transition metal carbides are refractory materials
aving good mechanical properties particularly useful for cut-
ing tools and drilling heads. For example, zirconium carbide, ZrC
s one of the most refractory materials with high melting point
3693 ± 20 K) and good mechanical properties especially a hardness
hat is comparable with the hardness of TiC [1]. Therefore, ZrC is an
mportant high-temperature structural material and can be applied
s a promising nuclear material [2–5]. By comparison, its chem-
cal stability in air and at high temperature is quite poor, which
estricts its range of applications. A systematical investigation of
he oxidation kinetics for ZrC is essential.

Several studies on the oxidation of ZrC both as powder [6–9]
nd single crystal samples [1,5,10–13] have been reported. Vari-
us authors have identified that the oxidation of ZrC is affected
y many factors such as temperature, oxygen partial pressure and

hase of oxide product. Among these factors, the morphological
evelopment of oxide phase is a very important one because it
hanges the oxidation behavior of ZrC. Therefore, most current
orks have been focused on the reaction process based on mor-
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phological development and the results showed a complex picture.
Bellucci et al. [1] investigated the oxidation behavior of three ZrC
single crystals in Ar/O2 mixtures using Auger Electron Spectroscopy
(AES), Electron Probe Micro-Analysis (EPMA), Scanning Electron
Microscopy (SEM), X-ray Diffraction (XRD) and Raman techniques.
The results identified carbon in amorphous state retention during
the oxidation process and the presence of both the c-ZrO2 and m-
ZrO2 phases. Shimada et al. [12,13] also confirmed the experimental
fact during the oxidation of ZrC single crystal. Besides these, they
carried out the oxidation experiments on ZrC powder by simulta-
neous thermogravimetry (TG), differential thermal analysis (DTA)
and mass spectrometry (MS) at vious oxygen pressure between 0.5
and 40 kPa in the temperature range of 293–1273 K. It was pointed
out that the oxidation of ZrC overshoots a degree of oxidation of
100% depending on temperature and oxygen pressure, which was
due to the formation of carbon during oxidation.

For the application of ZrC material, it is important to foresee
what damage is caused by high-temperature oxidation as well as to
prevent it. Compared with the knowledge of the sequence of events
that occur during the oxidation, theoretical investigation especially
in quantitative aspect is far more enough. The current models used
in the literatures such as the well known Jander’s equation, the

parabolic rate law and linear rate law. are usually expressed with
a pre-exponential term k and an apparent enthalpy. However, the
constant k does not have clear physical meaning and thus these
expressions are only empirical fits and used for interpolating the
available data. In addition, the current models used in literature are

dx.doi.org/10.1016/j.jallcom.2010.11.028
http://www.sciencedirect.com/science/journal/09258388
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Nomenclature

� reacted fraction of oxidation
D0ˇ

0 constant independent of temperature

K0ˇ
0 constants independent of temperature

vm coefficient related to the density of reactant and
product

�Ed the apparent activation energy of diffusion
�Er the apparent activation energy of chemical reaction
� temperature-increasing rate
PO2 oxygen partial pressure in gas phase
Peq

O2
oxygen partial pressure in equilibrium with oxide

R0 radius of the original whole particle
L0 the original thickness of the pellet
k0 a temperature-independent constant
R gas constant
t time in second
T absolute temperature with K
k0 temperature-independent constant
� the average relative error
(�i)mea experimental data
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(�i)cal the value calculated from the model
N the number of experimental points

stablished on the following assumption, i.e., d�/dt = k(T)f(�) where
(�) is a function of reacted fraction � (some researcher called it as
he reaction model) and k(T) a function of temperature T, normally it
an be expressed as an Arrhenius equation, k(T) = A exp( − �E/RT).
pparently, the form of k(T)/f(�) means that the variables � and
can be expressed separately in an expression, which actually is

n important assumption for this kind of models. Therefore, the
pplicability of these models will depend on the reliability of this
ssumption. In general, this assumption might be acceptable. How-
ver big errors will be introduced under the conditions that the
eaction is controlled by multiple steps or the sample shape is other
han a sphere as pointed out in our previous paper [14].

Recently, Chou’s model [14,15] has been used for the theoretical
reatment, which is different from all current models used in the
iteratures because it is established on a real physical picture with
ertain size or shape of solid materials undergoing a real process of
olecular and atom movement. Since these formulae express the

eacted fraction as a function of time, temperature, sample shape,
xygen pressure, etc. in an explicit way, one can easily carry out
calculation and give a good theoretical discussion for practical

roblem, which has been successfully applied to treat the oxidation
ehavior of many non-oxide material systems, such as SiAlON and
i3N4. [14–16].

The aim of this paper is to prevent the oxidation behavior of ZrC
aterial from a quantitative standpoint based on the reported data.

he influence factors, especially temperature and oxygen pressure
n the oxidation kinetics will be quantitatively investigated for the
rst time. The results obtained by our new model will be discussed
nd compared with those reported in the literatures, in terms of
hich to obtain some idea for the future application and develop-
ent of ZrC materials.

. Experimental

.1. Oxidation of ZrC powder
Shimada and Ishii [7] have systematically investigated the oxidation of ZrC
owder with the average particle size of 3.3 �m under both non-isothermal and

sothermal conditions using an electro-microbalance. The isothermal oxidations
ere carried out at the temperature range of 653–823 K with different oxygen pres-

ures and the results are shown in Fig. 1a–c. The oxide products were analysed by
d Compounds 509 (2011) 2395–2400

XRD and SEM. It showed that at lower temperature, i.e., below 743 K, the oxidation
product is amorphous and above 743 K, c-ZrO2 crystalline appeared and the result-
ing volume expansion growth stress cracks the grains, which led to the oxidation
behavior change (Fig. 1b and c).

The oxidation kinetics was also investigated by Shimada and Ishii [7], who
pointed out that the oxidation was controlled by diffusion and can be well described
by the Jander’s equation.

[1 − (1 − �)1/3]
2 = kt (1)

where � is the reacted fraction at time t and k is the rate constant that depends on
temperature and pressure. Since at about 743 K, the oxidation mechanism changed
because of the phase transition. Eq. (1) was well applied during the whole tempera-
ture range with different apparent activation energies, i.e., 138 kJ/mol below 743 K
and 180 kJ/mol above that temperature.

Fig. 2a and b shows the effect of oxygen pressure on oxidation behavior under
both non-isothermal and isothermal conditions. In view of the non-isothermal oxi-
dation behavior of ZrC powder at different oxygen pressures, the oxidation rate
increased with oxygen pressure increasing. While at all oxygen pressure, the oxi-
dation reaction began at about 573 K and the rate increased from 700 K (shown in
Fig. 2a). Fig. 2b shows the oxidation behavior at 753 K with different oxygen pres-
sures, in which the oxidation rate was faster at higher oxygen pressure and was
controlled by diffusion.

2.2. Oxidation of ZrC pellet

In practice, ZrC material is usually used in the form of compact and the applica-
tion temperature is usually above 850 K. Kuriakose and Margrave [11] investigated
the oxidation of ZrC pellet with the purity of 99.5% in the temperature range of
827–925 K (as shown in Fig. 3). The oxygen partial pressure used in the experiments
was 9.8 × 104 Pa. The result showed that the oxidation followed a linear rate law
with the activation energy of 70.1 kJ/mol.

3. Results and discussion

From the above experimental results, the oxidation of ZrC mate-
rial is a complicate process and affected by many factors, such
as temperature, oxygen pressure and the shape of ZrC material.
A general mechanism of oxidation reaction for ZrC material can
be described by a series of steps, i.e., (1) oxygen in the bulk gas
phase transfer to the surface of ZrC material; (2) oxygen diffusion
through the boundary layer between gas phase and solid phase;
(3) physisorption of oxygen molecules; (4) dissociation of oxygen
molecules and chemisorption; (5) surface penetration of oxygen
atoms; (6) diffusion of oxygen through the oxide product layer to
the oxide/ZrC interface; (7) nucleus formation and chemical reac-
tion producing oxide product and gas; (8) gas diffusion through
oxide product to the surface of ZrC material; and (9) gas diffu-
sion through the gas/ZrC material boundary to the gas bulk. The
nine steps are basically enough to describe the oxidation process of
ZrC material. For the purpose of simplification and practical conve-
nience, the rate of limited-step method is usually applied such as
Jander’s equation, the linear rate law and Chou’s model.

In this section, the experimental data offered by Shimada and
Ishii [7] and Kuriakose and Margrave [11] were used to investi-
gate the oxidation kinetics of ZrC materials in terms of the models
used in the literatures and Chou’s model, respectively. The obtained
results will be compared.

3.1. Application of the models used in the literature

3.1.1. Oxidation kinetics of ZrC powder
In case of the system of ZrC powder offered by Shimada and Ishii

[7], Jander’s equation is employed to treat its oxidation kinetics. The
value of k can be calculated from the slope line for each tempera-
ture. The activation energy is obtained by linear regression of the
plot of ln k versus of 1/T, which was calculated to be 142 kJ/mol

below 743 K and 175 kJ/mol above that temperature. The differ-
ent values implied the change of oxidation kinetics caused by the
phase transition. In addition, the values of the activation energy
obtained are consistent with the results reported in the literatures
[7], implying the reasonable of Jander’ equation.
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Fig. 1. The isothermal oxidation curves of ZrC powder at different oxygen pressures (a) 1.3 × 10−3 MPa, (b) 2.6 × 10−3 MPa, and (c) 7.9 × 10−3 MPa.
Fig. 2. Oxidation of ZrC powder at different oxygen pressures (a
) non-isothermal oxidation and (b) isothermal oxidation.
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Fig. 3. The isothermal oxidation of ZrC pellet.

.1.2. Oxidation kinetics of ZrC pellet
Since the oxidation of ZrC pellet investigated by Kuriakose and

argrave was controlled by chemical reaction [11], the linear rate
aw was employed and the result can be well fitted with the acti-
ation energy to be 72 kJ/mol.

.2. Application of Chou model

.2.1. Oxidation kinetics of ZrC powder
In view of the isothermal oxidation behavior of ZrC powder at

he oxygen pressure of 1.3 × 10−3 MPa, its kinetics was controlled
y diffusion [7]. One formulae of Chou’s model can be employed to
reat it, i.e.,

= 1 −
(

1 −
√

exp(−�Ed/RT)t
BdT

)3

(2)
here

dT = 1

(2K0ˇ
0 D0ˇ

0 /vm)((
√

PO2 −
√

Peq
O2

)/R2
0)

(3)

ig. 4. A comparison of plots from Chou model and experimental data for isothermal oxid
58–803 K.
d Compounds 509 (2011) 2395–2400

�Ed represents the apparent activation energy of diffusion; BdT is
a function of PO2 , Peq

O2
and R0, in which Peq

O2
is the oxygen partial

pressure in equilibrium with oxide and should be related to tem-
perature T. K0ˇ

0 and D0ˇ
0 are constants independent of temperature

but replying on the property of the material; vm is a coefficient
related to the density of reactant and product; R0 is the radius of
the particle. If the value of Peq

O2
is very small or the temperature

coefficient of Peq
O2

can be neglected, thus BdT will be constant as the
oxygen partial pressure and the particle radius are fixed.

According to Eq. (2), two parameters, i.e., �Ed and BdT should be
extracted to describe the oxidation behavior, which could be fitted
from the experimental data by regression method. Therefore, the
oxidation kinetics formula can be described as follows:

PO2 = 1.3 × 10−3 MPa (675–737 K)

� = 1 −
[

1 − 86.07 exp
(

−7679.82
T

)√
t
]3

(4)

Similarly, the isothermal oxidation behavior of ZrC powder at the
oxygen pressure of 2.6 × 10−3 and 7.9 × 10−3 MPa, respectively can
also be deduced. Because the oxidation mechanism changes at
higher temperature, i.e., 743 K, thus the oxidation behavior should
be treated, respectively. The equations are following:

PO2 = 2.6 × 10−3 MPa

(a) 663–743 K

� = 1 −
[

1 − 102.6 exp
(

−7679.82
T

)√
t
]3

(5)

(b) 758–803 K

� = 1 −
[

1 − 2582.0 exp
(

−9953.1
T

)√
t
]3

(6)

PO2 = 7.9 × 10−3 MPa

(a) 652–743 K

� = 1 −
[

1 − 106.6 exp
(

−7679.82
)√

t
]3

(7)
(b) 753–800 K

� = 1 −
[

1 − 3162.3 exp
(

−9953.1
T

)√
t
]3

(8)

ation of ZrC powder at an oxygen pressure of 2.6 × 10−3 MPa (a) 663–730 K and (b)
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ig. 5. A comparison of plots from Chou model and experimental data for isotherm
53–800 K.

he curves obtained from the above equations are also shown in the
gures for comparison (as shown in Figs. 1a, 4a and b and 5a and b,
espectively) and got a good agreement.

Shimada and Ishii [7] also investigated the oxygen pressure on
xidation of ZrC powder under both non-isothermal and isothermal
onditions. Here the following equations are employed to treat the
xidation behavior, i.e.,

Isothermal oxidation:

= 1 −

⎛
⎜⎜⎝1 −

√√√√ (
√

PO2 −
√

Peq
O2

)t

Bp

⎞
⎟⎟⎠

3

(9)

here

p = 1

(2K0ˇ
0 D0ˇ

0 /vm)(exp(−�Ed/RT)/R2
0)

(10)

Non-isothermal oxidation:

= 1 −

⎛
⎜⎜⎝1 −

√√√√ (
√

PO2 −
√

Peq
O2

)exp(−�Ed/RT)

Bcp

T − T0

�

⎞
⎟⎟⎠

3

(11)

here Bcp = 1/(2K0ˇ
0 /vm D0ˇ

0 /R2
0) and � is temperature-increasing

ate.
According to Eq. (11), the oxidation fraction of ZrC powder as a

unction of oxygen pressure and heating rate under non-isothermal
ondition is as follows:

= 1−
[

1−5345.2 exp
(

−9766.7
T

)√
(T−298)(

√
PO2−0.0241)

]3

(12)

o compare with the experimental data, the results calculated at
he oxygen pressure of 1.58 × 10−2 and 3.95 × 10−2 MPa are listed
n Fig. 2a. The coincidence of the theoretical calculation results with

he experimental data indicates that this theory is reasonable.

The effect of oxygen pressure on oxidation under isothermal
ondition can also be quantitatively discussed using Eq. (9). The
xperimental oxidation data at 753 K with the oxygen pressure of
.3 × 10−3 and 7.9 × 10−3 MPa were used to testify Eq. (9) and the
ation of ZrC powder at an oxygen pressure of 7.9 × 10−3 MPa (a) 652–739 K and (b)

result showed that a good agreement was obtained (Fig. 2b). The
formula is as follows:

� = 1 −
[

1 − 0.019
√

(
√

PO2 − 0.00132)t

]3

(13)

3.2.2. Oxidation kinetics of ZrC pellet
In view of the oxidation of ZrC pellet, its oxidation was controlled

by chemical reaction [11]. Chou’s model has also developed a series
of formulae to deal with this condition as following:

� = 1
�T

exp
(

−�Er

RT

)
t (14)

where

�T = vmL0

k0(
√

pO2 −
√

peq
O2

)
(15)

and �Er represents the apparent activation energy of chemical
reaction, Peq

O2
is oxygen partial pressure equilibrium with oxide, k0

is a temperature-independent constant; vm is a coefficient related
to the density of reactant and product, L0 is the original thickness
of the pellet. If all these parameters are known, of course, one can
find the relation between reacted fractions � with time t. In some
particular cases, one can combine part of these parameters to con-
struct an auxiliary function like �T (see Eq. (15)) that can be found
through curve fitting.

Eq. (14) is employed to deal with the oxidation behavior of ZrC
pellet and the isothermal oxidation equation is given as follows:

�m

A
= 0.379 exp

(
−9965.12

T

)
t (16)

Based on the above formulae, a set of theoretical oxidation curves
for ZrC pellet is also plotted in Fig. 3 for comparison. A fair agree-
ment has been gotten and the corresponding activation energy is
82.9 kJ/mol.

3.2.3. Comparison with previous oxidation studies of ZrC
The experimental data offered by Shimada and Ishii [7] and
Kuriakose et al. [11] showed that the oxidation mechanism of ZrC
powder seems not a simple one. The effects of temperature and
oxygen pressure on the oxidation behavior of ZrC were evident.

As mentioned above, the oxidation reaction of ZrC is a kind of
complicated heterogenous reaction. Most researchers studied the
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Table 1
Comparison of the calculation error from the model used in the literature and the new model.

Data � (average relative error)

Calculated from the models used in the literature (%) Calculated from Chou model (%)

Oxidation of ZrC offered by Shimada and Ishii [7]
Oxidized with the oxygen pressure of 1.3 × 10−3 MPa 13.9 6.7
Oxidized with the oxygen pressure of 2.6 × 10−3 MPa

663–743 K 15.8 8.1
758–803 K 22.9 7.6
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Oxidized with the oxygen pressure of 7.9 × 10 MPa
652–743 K 12.5
753–800 K 24.0

Oxidation of ZrC pellet offered by Kuriakose and Margrave [11] 9.5

xidation kinetics of ZrC materials using the linear rate law or Jan-
er’s equation. The major difference between Chou’s model and
he models used in the literatures is that, firstly, Chou’s model
an express the relation between reacted fraction and tempera-
ure, oxygen partial pressure and many other variables explicitly.
econdly, Chou’s model has revealed the physical meaning of the
arameter “k” of the models used in the literature, which can be
xpressed as a function of temperature T, particle size R0, oxygen
ressure PO2 , etc. All these parameters appearing in Chou’s model
ave clear physical meaning because the model has been derived
ased on a real physical picture without vagueness assumption.
herefore, it is impossible to assign an arbitrary value to them if
hat does not meet the requirement of physical meaning. Then from
he view of mathematical treatment, Chou’s model is much better
han the models used in the literatures in extracting the activation
nergy because it only needs to perform regression just once. There-
ore, the calculated error from Chou’s model should be smaller. The
alculated error from the new model and the model used in the
iteratures can be obtained by the following equation:

= 1
N

N∑
i=1

|(�i)mea − (�i)cal|
|(�i)mea|

× 100% (17)

here � is the average relative error, (�i)mea is experimental data,
�i)cal is the value calculated from the model and N is the number
f experimental points. Table 1 shows the calculation results from
he model used in the literatures and the new model presented
ere in treating the oxidation of ZrC materials from which it can be
een that the error calculated by Chou’s model is smaller than that
alculated by the model used in the literatures. Therefore it makes
s feel more comfortable to add some predicted lines within the
ame reaction mechanism that might be interested in application.

. Conclusion

The effects of temperature and oxygen pressure on oxidation
ehavior of ZrC materials have been studied from theoretical aspect
ased on the experimental data. The experimental results showed

hat the effect of temperature and oxygen pressure on the oxidation
ehavior of ZrC was evident.

Two sets of experimental data were used in this analysis: Shi-
ada et al. and Kuriakose et al. For Shimada’s data, although the

xidation kinetics was diffusion controlled during the whole exper-

[
[
[
[
[
[

7.3
10.7

7.2

imental temperature range, the activation energy was different
because of the phase transition. The oxidation behavior should be
described by different equations, i.e., Eqs. (4)–(8).

In view of the effect of oxygen pressure on oxidation behavior
under non-isothermal and isothermal conditions, we also deduced
two quantitative formulae, Eqs. (12) and (13) and got a good agree-
ment with experimental data.

Concerning the oxidation of ZrC pellet investigated by Kuriakose
et al., the oxidation behavior followed a linear rate law and the
oxidation kinetics can be expressed as follows:

�m

A
= 0.379 exp

(
−9965.12

T

)
t

Based on the error analysis, it is clear that Chou’s model can give
more accurate results than that offered by the traditional models
used in the literature.
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