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Kinetics and mechanism of the oxidation of ZrC 
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Abstract 

The oxidation behaviour of sintered ZrC powder was studied under iso- and non-isothermal heating conditions 
under varied oxygen pressures from 5 to 50 kPa and the weight changes during the reaction were followed by 
thermogravimetry. The sample ignited under an oxygen pressure of 101.3 kPa when heated non-isothermally at 
5 K min-1. The end product was identified by X-ray diffraction as cubic ZrO2 at temperatures below 1073 K 
and monoclinic above that. The rate of the reaction was found to be diffusion controlled. The mechanism of 
the reaction was discussed in terms of the diffusion of oxygen through the product layer. 

1. Introduction 

Zirconium is one of the high yielding fission products 
during the fission of 23su and 239pu. In a mixed carbide 
fuel it is found to be monophasic, soluble in UC [1]. 
The oxidation behaviour of ZrC and (U, Zr)C needs 
to be understood if oxidation is to be considered as 
a head-end step during reprocessing. The oxidation 
reaction of zirconium carbide to oxide was reported 
to proceed through zirconium oxycarbide as an inter- 
mediate phase [2-5]. Barnier and Thevenot [2] studied 
the oxidation under 13 kPa oxygen pressure in the 
temperature range 673-1273 K. Afomin et al. [3] carried 
out the oxidation on sintered ZrC under 3-2660 Pa of 
oxygen pressure in the range 973-1773 K. Shimada and 
Ishii [4] varied the oxygen pressure from 0.66 to 39.5 
K Pa under static conditions in the temperature range 
653-823 K. Bartlett et al. [5] suggested a rapid surface 
reaction under 101.3 kPa of oxygen pressure above 723 
K. Zhilyaev and Askarova [6] studied the oxidation 
reaction under the oxygen pressures obtained from NiO 
but formation of oxycarbide was not reported. Shev- 
chenko et al. [7] oxidized ZrC powder in the range 
773-1073 K and proposed the mechanism as that of 
oxygen diffusion controlled with oxycarbide as the in- 
termediate product. Kuriakose and Margrave [8] pro- 
posed a linear rate for the oxidation of ZrC powder 
in the range 827-925 K under 99.2 kPa oxygen pressure. 
The pressure variation in the published work under 
isothermal heating conditions ranged from 0.66 to 101.3 
kPa with corresponding variation in mechanism from 
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diffusion-controlled to linear reaction. The activation 
energies reported recently by Shimada and Ishii [4] 
did not match those reported earlier [2, 5] under similar 
oxygen pressures. The present work is aimed at the 
study of the mechanism of the non-isothermal oxidation 
reaction on sintered ZrC powder under varying oxygen 
pressure from 5 to 50 kPa and we propose a mechanistic 
model to explain the stabilization of cubic ZrO2 phase 
at room temperature. 

2. Theory 

2.1. Mechanism 
2.1.1. Oxidation 
Shimada and Ishii [4] studied the oxidation under 

isothermal conditions and suggested that the conversion 
of ZrC to ZrOE proceeded according to the equation 

ZrC(s) + 202(g) , ZrO2(s) + CO2(g) (1) 

The atomic oxygen displaces carbon in the interstitial 
vacancies of the ZrC lattice, forming Zr(Q, Oy). The 
initial weight increase is due to the formation of such 
an intermediate with oxygen up toy = 0.6. The formation 
was very rapid in the initial stages and was controlled 
by a diffusion process. The rate-governing process was 
described by Jander's diffusion model with a rate- 
governing equation 

kt  = [1 - (1 - a)'/312 (2) 

where a is the reacted fraction, k the rate constant 
and t the reaction time. 

In this study it was assumed that (1) nucleation, 
followed by surface diffusion, occurs at lower temper- 
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atures resulting in the formation of a coherent product 
layer, (2) the surface of the substrate is covered and 
(3) bulk diffusion is unidirectional and the volume ratios 
of the product and the reactant do not change. 

2.1.2. Isothermal and non-isothermal kinetics 
Attempts were made to fit the data obtained during 

the isothermal heating conditions into various kinetic 
equations with the help of a computer program. Ac- 
tivation energies and pre-exponential factors were cal- 
culated from the log k vs. 1/T plots. The data on non- 
isothermal oxidation were evaluated by the method 
suggested by Zsako [9] using a computer program 
developed by Ravindran [10]. The basic equation for 
the integral methods of analysis of thermoanalytical 
curves proposed by Doyle [11] for non-isothermal studies 
is given by 

g(ot) = ZEp(x)/qR (3) 

where g(a) is a function of a, the fraction reacted, and 
p(x) is a function of x defined as x =E/RT. Z, E, R, q 
and T are respectively the pre-exponential factor of 
the Arrhenius equation, the activation energy, the gas 
constant, the heating rate and the absolute temperature. 

Zsako [9] and Skvara and Satava [12] used eqn. (3) 
in logarithmic form: 

In g(a) - In p(x) = In ZE/qR (4) 

which implies that the plots of In g(a) vs. T and In 
p(x) vs. T should be identical in shape, provided that 
the assumed mechanism for the calculation ofg(a)  and 
the activation energy for the calculation of p(x) are 
correct. The probable mechanism is that for which the 
standard deviation is at a minimum for a particular 
combination of activation energy and a reaction mech- 
anism. 

4. Results and discussion 

The possible reactions that occur during the con- 
version of ZrC to ZrO2 are given as 

ZrC(s) + ~(1 -x)O2(g) ; ZrC~Ol_x + (1 -x)CO2 

(5) 

ZrCxOl_x+[(l+3x)/2]O2(g) , ZrO2+xCO2(g) (6) 

The product at various stages of the reaction was 
analysed for carbon and was found to have been as- 
sociated with free carbon. The colour of the product 
was also black. The plot of sample mass variation with 
temperature for the non-isothermal heating of the 
sample with respect to the variation in oxygen pressure 
is given in Fig. 1. The total mass gain observed at the 
end of the experiment was larger than would be expected 
if the reaction proceeded according to eqn. (1). However, 
the product obtained by igniting the sample under an 
oxygen pressure of 101.3 kPa did not contain carbon 
and the final mass agrees with the calculated value 
based on eqn. (1). The excess mass gain is thus attributed 
to the precipitation of carbon as represented in 

ZrCxOy+ [ (4 -  Y)/2]O2 , ZrO2 + ( X -  1)C+CO2 

(7) 
The masses read at each temperature for the cal- 

culation of the reacted fraction a were corrected for 
the excess carbon. The excess mass, however, was lost 
on subsequent heating. The initial excess mass gain 
could be due to the dissolution of oxygen in ZrC leading 
to the formation of oxycarbide. ZrC could accommodate 
oxygen up to 60% of the interstitial positions without 
changing its permanent structure [4]. 

The change in oxygen pressure from 5 to 50 kPa 
caused a significant rise in the rate of reaction as seen 

3. Experimental details 

Sintered ZrC powder (99%; surface area, 0.7 m 2 g-1, 
density, 6.73 g cm -3) was obtained from Aldrich Chem- 
ical Company. The thermogravimetric runs were re- 
corded on a Sinku Rico thermal analyser with an IR 
gold image furnace at 10 /.~g sensitivity. The sample 
mass for each experiment was around 25 rag. The partial 
pressure of oxygen was maintained at 5, 20 and 50 kPa 
by mixing with argon under flowing conditions. The 
heating rate for non-isothermal conditions was varied 
from 5 to 15 K min-1 in the temperature range 550-1300 
K. In the case of isothermal experiments, the sample 
was heated in argon atmosphere to the desired tem- 
perature and the reacting gas was introduced. The 
isothermal experiments were carried out at 20 kPa 
oxygen pressure in the temperature range 750-810 K. 
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Fig. 1. M~ss vs. temperature  during the oxidation of ZrC under  
varying oxygen pressures: curve a, 50 kPa; curve b, 20 kPa; curve 
c, 5 kPa. 
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Fig. 2. D e p e n d e n c e  o f  r eac ted  fract ion a on  t e m p e r a t u r e  with 
the  var ia t ion in hea t ing  rate  u n d e r  20 kPa  oxygen pressure :  curve 
a, O, 5 K; curve b, A ,  10 K; curve  c, [], 15 K. 

T A B L E  1. Kinet ic  da t a  on  the  oxidat ion o f  Z r C  u n d e r  non-  
i so the rmal  hea t ing  condi t ions  ( a = 0 . 2 - 0 . 9 )  

Oxygen Heating g( a) Ea Z 
pressure rate (kJ mo1-1) (s -1) 
(kPa) (K m i n -  z) 

5.0 5 1 - (2/3)ct-  (1 - a)  ~ 142.3 5.6 × 1012 
20.0 5 1 - ( 2 / 3 ) a -  (1 - a) w3 126.7 1.2 × 10 ~° 
20.0 10 1 - ( 2 ~ 3 ) a - ( I - a )  ~3 114.9 1.8×109 
20.0 15 1 - ( 2 / 3 ) a -  (1 - a) 2r3 109.1 1.3 × 109 
50.0 5 1 - ( 2 / 3 ) a -  (1 - ct) 2/3 99.8 2.7 × 108 

T A B L E  2. Oxida t ion  of  Z r C  u n d e r  i so the rmal  condi t ions:  ra te  
cons tan ts ,  act ivation energy  a n d  p re -exponen t ia l  fac tor  for  the  
A r r h e n i u s  express ion  k = Z e x p ( -  E J R T )  

T e m p e r a t u r e  k )< 103 
(X) 

in Fig. 1. In all the cases the product oxide contained 
free carbon at the completion of the reaction but the 
amount decreased with the increase in the oxygen partial 
pressure. The temperature for the completion of the 
reaction also depended on the partial pressure. As seen 
in Fig. 1, the reaction under all the partial pressures 
initiated at the same temperature but terminated at 
different temperatures. The variation in heating rate 
did not influence the rate of the reaction and the 
inception temperature in each case was the same as 
seen in Fig. 2. The results of kinetic evaluation of the 
data are given in Tables 1 and 2. The data under 103 
kPa oxygen pressure were not evaluated for kinetic 
parameters because the sample ignited. 

The mass gain curves obtained in this work obey 
the following equation as proposed by Ginstling and 
Brounshtein [13]: 

g(,~) = 1 - (2/3)a-  (1 - ,~)2,3 (8) 

This equation corresponds to a diffusion-controlled 
mechanism taking into account the volumes of both 
the reactant and the product independently. 

The activation energies of the reaction under iso- 
thermal and non-isothermal heating conditions were 
evaluated as 131.8 kJ mo1-1 and 116.7 kJ mo1-1 re- 
spectively. These values are in reasonable agreement 
with 125 kJ mo1-1 for the parabolic oxidation of Zr 
metal where oxygen diffuses through the oxide layer 
[14]. This suggests that oxygen diffusion into the matrix 
is predominantly rate determining in the present study. 
A higher activation energy of 292 kJ mol- 1 was reported 
by Barnier and Thevenot [2] for an oxygen pressure 
of 13 kPa in the temperature range 673-1273 K for a 
diffusion-controlled mechanism. They observed the / 
mechanism to change to phase boundary controlled 
during the later part of the reaction with an activation 

758 8.06 
773 12.03 
788 17.77 
803 25.99 

Act ivat ion energy  E , = 1 3 1 . 8  kJ m o l - l ;  p re -exponen t i a l  factor  
Z = 8 . 5 x l & .  

energy of 186 kJ mol-1. They found that the reaction 
was pressure dependent. Bartlett et al. [5] studied the 
oxidation reaction under 1 atm oxygen pressure on the 
assumption that the reactant particles are spherical and 
proposed two different mechanisms to explain the com- 
plete reaction. The initial stages of the reaction were 
controlled by the phase boundary rate equation with 
an activation energy of 192.5 kJ mo1-1 followed by a 
diffusion-controlled rate equation with an activation 
energy of 221.7 kJ mo1-1. However, these values are 
higher than the data of Shimada and Ishii [4] as well 
as the values obtained in the present study. Shimada 
and Ishii [4] observed two different rates for the reaction 
at different temperatures. They observed the precipi- 
tation of carbon at the end of the reaction and proposed 
a diffusion-controlled mechanism followed by surface 
reaction as the two rate-controlling processes at different 
stages of reaction. They evaluated two activation ener- 
gies: 138 kJ mol-1 for the reaction below 743 K and 
180 kJ mo1-1 above 743 K. This change in the rate 
was attributed to the temperature of crystallization of 
cubic ZrO2 at 743 K. For the diffusion model they [2, 
4, 5] used Jander's rate equation for fitting of kinetic 
data apparently with the assumption that the volume 
ratio of the product and the reactant is unity. This 
equation was derived from the parabolic rate equation 
kt = a 2, which was applicable for the reactions occurring 
on planar surfaces whose area remains constant through- 
out the progress of the reaction. 
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Fig. 3. Mechanis t ic  mode l  for the  oxidation o f  Z r C  to ZrO2. 

As the volume ratio of the product to reactant is 
more than unity in the present study Jander's eqn. (2) 
is not applicable for the treatment of data. Physical 
examination of the product did not reveal any unreacted 
substrate as a separate layer and hence bulk diffusion 

of the gas was assumed to be faster and the solid-gas 
reaction on each particle thus became important. If 
the reaction is considered to occur on each particle of 
spherical geometry with a monotonically decreasing 
surface area, as the reaction advances, any rate equation 
based on a parabolic rate law such as eqn. (2), as 
suggested by previous workers [4, 5], cannot be used 
to fit the data. This rate equation was discarded in the 
present study in favour of an equation relating the 
growth of a product layer having a different radius to 
that of the reactant. The progress of the reaction at 
various stages during bulk diffusion is shown in the 
form of a model (Fig. 3, stages A-C). The progress of 
the reaction occurring on each particle is also repre- 
sented in Fig. 3 (stages a--c). The mechanistic models 
are based on the physical examination of the product, 
carbon content and X-ray diffraction (XRD) of the 
products during the course of reaction as well as the 
final products. The XRD patterns recorded at various 
reaction temperatures corresponding to different re- 
acted fractions a are shown in Fig. 4. The growth in 
the intensity of the lines belonging to cubic ZrO2 is 
clearly seen. 

Although oxycarbide was reported to form as an 
intermediate species it could not be characterized in 
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Fig. 5. XRD patterns of the products during the conversion of 
ZrC to ZrO 2 (monoclinic): spectrum a, ZrC (298 K); spectrum 
b, ZrO 2 (cubic, below 923 K); spectra c and d, ZrO 2 (cubic) + ZrO 2 
(monoclinic) at above 923 K; spectrum e, ZrO 2 (monoclinic, 
above 1073 K). 

the present study. The XRD patterns recorded on the 
samples collected at various fractions reacted did not 
exhibit any additional peak other than those belonging 
to ZrC or ZrO2 as seen in Fig. 5. The conversion of 
ZrC to cubic ZrO2 and then to monoclinic phase is 
seen in the XRD pattern recorded on samples heated 
at various temperatures. However, the precipitation of 
free carbon, a part of which was retained until the 
complete conversion of ZrC to ZrO2 occurred, gives 
credence to the theory that the slow diffusion of oxygen 
into the matrix could lead to the formation of free 
carbon. The oxidation of carbon, being an altogether 
independent process, does not influence the diffusion 
of oxygen as the rate governing process. 

As given in Section 2.1.1, transport of atomic oxygen 
into ZrC lattice appears to be a plausible explanation 
for the diffusion process but the rate of reaction is 
governed by eqn. (7). Since carbon was observed in 

ZrO2 as a separate phase and its diffusion in the oxide 
matrix was negligible, the counterdiffusion of solid 
carbon or gaseous CO2 cannot become the rate-dictating 
processes. 

At the oxidation temperatures used in this study the 
stable phase of pure Z r O  2 is expected to have a 
monoclinic structure. However, the XRD patterns as 
given in Fig. 4 indicated that the product has a cubic 
zirconia phase which otherwise is stable above 2173 K 
[5]. ZrO2 was reported to be monoclinic at room 
temperature with a transition to tetragonal at 1443 5:20 
K and from tetragonal to cubic at 25585:15 K [15]. 
Blumenthal [16] has attributed the stabilization of the 
cubic structure to the presence of small amounts of 
residual carbon as impurity. It was observed in the 
present work that the stabilization of the cubic structure 
by carbon was limited to a temperature of 1023 K. 
The transformation of cubic to monoclinic phase as a 
consequence of the decrease in carbon content is in- 
dicated in the XRD study of the samples collected at 
various temperatures as shown in Fig. 5. 

The presence of carbon was found to be essential 
for the stabilization of Z r O  2 cubic phase. This was 
confirmed from the experiments by heating the mixtures 
of ZrOE(cubic) + C samples in oxygen-free atmosphere. 
The products were XRD analysed. Above 1073 K, the 
ZrO2 monoclinic phase appeared together with the 
cubic phase in spite of the presence of carbon. Lattice 
parameters were calculated as 5.123_+0.006/~ for the 
cubic phase. 

5. Conclusions 

(1) the conversion of ZrC to Z r O  2 is controlled by 
diffusion of oxygen through the formation of oxycarbide 
as the intermediate. 

(2) Free carbon was found to have been associated 
with ZrO2 during the course of reaction which ultimately 
escaped as CO2 when the reaction temperature exceeded 
1073 K. 

(3) The cubic ZrO2 phase was observed below 1073 
K and changed to monoclinic thereafter on further 
heating. 

(4) A kinetic model based on a non-parabolic mech- 
anism was used to fit the data and to evaluate the 
kinetic parameters. 

(5) A mechanistic model was proposed to explain 
the progress of the reaction. 
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