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Abstract

The oxidation behavior of nitride ceramic under the conditions of different rate-controlling steps existing has been investigated from theoretical
aspect. A series of formulae have been introduced to express the oxidation weight gain and oxide layer thickness as a function of temperature,
time and the size of materials explicitly. They give an analytic solution, which simplifies the calculation and is convenient for theoretical analysis
and discussion. Available experimental data in literature for oxidation of nitride ceramic were used to evaluate the model. Good agreement was

obtained between theory and experimental data.
© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Compared with oxide material, nitride materials posses good
mechanical properties and have been widely developed in the
past two decades as structural and functional ceramic. For
example, silicon nitride (Si3zN4) ceramic possesses excellent
properties at both room temperature and high temperatures and
has been used in the structural members of gas turbine, engines
and other parts subjected to high-temperature conditions.'
Silicon carbonitride (SiCN) ceramic is a potentially useful can-
didate for next generation high-temperature structural material
because of its exceptional high-temperature creep resistance and
thermal stability.>® Aluminum nitride (AIN) finds wide appli-
cations as an electronic packing material, heat radiation fins and
refractory materials, etc. because of its high thermal conduc-
tivity, excellent electrical resistivity and comparable coefficient
of thermal expansion to silicon.”” SiAION-based ceramic is a
general name for a large family of the so-called ceramic alloys
based on silicon nitride. They have been developed actively since
initially discovered in the early 1970s especially used as blast
furnace refractories owing to their excellent high-temperature
strength. !0
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In view of their wide application, the high-temperature
chemical stability of these materials, especially their oxida-
tion behavior, is one of the most important properties to be
understood clearly before actual application. A lot of scientists
have been researching the oxidation behavior of these materi-
als using many techniques including X-ray diffraction, infrared
spectroscopy, thermogravimetric analysis, X-ray photoelectron
spectroscopy (XPS), scanning electron microscopy (SEM), and
transmission electron microscopy (TEM), etc. However, because
oxidation is affected by many parameters such as oxygen pres-
sure, temperature and character of the sample, etc., there are
wide variations, especially in the observed reaction rates, vari-
ous kinetics models have been proposed. Take the oxidation of
AIN for example, Kim and Moorhead reported that the oxida-
tion kinetics of sintered aluminum nitride followed linear rate
law while at higher temperature became parabolic.!! Sato et al.
found that at temperature of 1249.85 °C the oxidation kinetics
of hot-pressed AIN, without additives, followed a parabolic rate
law. This implies that the rate-controlling step in the oxidation
of AIN is the diffusion of the oxidizing species through a pro-
tective oxide layer.!> Same problems also exist in oxidation of
other nitride materials.

As mentioned above, because of the variety of oxidation
conditions, discussion and comparison of these oxidation data
directly is impossible. Although there are some models in lit-
erature, such as the well known Jander model,'? describing


mailto:kcc126@126.com
dx.doi.org/10.1016/j.jeurceramsoc.2008.06.015

518 X.-M. Hou, K.-C. Chou / Journal of the European Ceramic Society 29 (2009) 517-523

the oxidation behavior, while its expression is not an explicit
function of the oxidation fraction £ and time ¢, oxygen partial
pressure Po, and particle size, etc. It is not convenient for prac-
tical application. Other models reported in literature, such as
the model offered by Persson and Nygren,'* however, turn to
many complicated mathematic treatments and get an implicit
solution. Therefore, they cannot be accepted by most of the
researchers. Thus far, the understanding of the oxidation behav-
ior of the nitride material has been primarily qualitative. For
engineering application, a theoretical quantitative description
for oxidation process is required. In our previous paper,'>10 we
have developed a method to find an analytic solution to express
the oxidation fraction & as an explicit function of time #, oxygen
partial pressure Po,, particle size R or pellet size Hp under some
approximate but reasonable assumptions. This method works
well but it is only suitable for the case where oxygen diffusion
in the oxide layer is the controlling step. Nevertheless, in some
cases of oxidation reaction, the controlling step is not limited
in oxygen diffusion. Various kinds of situations are possible.
Therefore, the long-term objective of this work is to develop a
model that can describe the oxidation behavior where all kinds of
possible controlling steps exist. Since the formula are all analytic
solutions expressing the relationships of the reacted fraction of
oxidation & with time ¢, temperature 7 and other variables, they
are not only easy to use but also can predict the effect of various
factors such as temperature 7 and time ¢ on oxidation behavior.
This model gives a good theoretical guidance to nitride materials.

2. Mechanism of oxidation reaction and the expression
of reaction rate for various kinds of steps

A general mechanism of oxidation reaction for pellet can be
described as the following steps, they are:

(1) Oxygen in the bulk gas phase transfer to the surface of
nitride ceramic.
(i) Oxygen diffusion through the boundary layer between gas
phase and solid phase.
(iii) Physisorption of oxygen molecules.
(iv) Dissociation of oxygen molecules and chemisorption.
(v) Surface penetration of oxygen atoms.
(vi) Diffusion of oxygen through the oxide product layer to the
oxide/nitride interface.
(vii) Nucleus formation and chemical reaction producing oxide
product and gas.
(viii) Gas diffusion through oxide product to the surface of nitride
ceramic.
(ix) Gas diffusion through the gas/pellet boundary to the gas
bulk.

Of course, if needed, one may give more intermediate steps,
however, the above nine steps are basically enough to describe
this kind of mechanism. In most cases, the steps (vi) and (vii)
will be the rate-controlling step. It is because the chemical reac-
tion and the diffusion of oxygen through oxide layer are slower.
At present let us mainly treat oxidation kinetics under these two
cases. Fig. 1 shows a schematic diagram of mechanism of oxi-
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Fig. 1. A schematic diagram of mechanism of oxidation between oxygen and
nitride material.

dation between oxygen and nitride material (o). The shape of
nitride material is cuboid with the size of My x Ly x Ho (Mg, Lo
and Hy represent length, width and height, respectively). When
this cuboid is placed on a backstop and exposed to oxygen atmo-
sphere, the five faces of it would react with oxygen to produce
a oxide layer (3 represents oxide phase with thickness of x). To
proceed to the oxidation reaction continuously, the oxygen in
the surface will get into the inner of cuboid through diffusion
and react with substance materials to generate oxide. However,
the complex oxidation mechanism makes it necessary to start
with a model for simpler systems and conditions, where reliable
and well-defined experimental data are available. According to
experimental results in literature, 141719 the height, Hy, is usu-
ally much smaller. Thus the oxidation of the four sides of the
cuboid can be neglected. Based on this, the oxidation model can
be simplified as shown in Fig. 2, in which, a represents nitride
with thickness of Hy, 3 is oxide layer with thickness of x. Based
on this, the formulae of oxidation of pellet can be derived as
follows. A more comprehensive treatment when the height, Hy,
cannot be ignored will be done and the results will be reported
in another paper.

The transferred (or reacted) fraction of oxide & at thickness x
and time ¢ can be calculated in the light of the following equation:

X
- (2)

Differentiating Eq. (1) with respect to time #, one obtains,

d¢ 1 dx
dr = Hp dt
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Fig. 2. Schematic plot of the oxidation of a pellet in an oxygen environment.
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On the other hand, the time derivative of thickness x is propor-
tional to the rate of oxidation reaction, i.e.,

dx Vv 3)
dr vy

where V is the reaction rate and v, is a coefficient that is related
to the density of reactant and product. Combining Eqgs. (1)—(3)
and rearranging it, one obtains

TV @)
t Hy vy

Substituting different kinds of reaction rate at various controlling
steps in Eq. (4), one may find the expressions of the reacted
fraction and time ¢, integrating Eq. (4) with the initial condition,
t=0, £=0, one obtains

1 Vt
_HOUm

&)

2.1. Diffusion of oxygen in oxide

2.1.1. Derivation of formulae
According to Fick’s diffusion law, the diffusion rate of oxygen
Vin the 3 phase can be expressed as

C//B _ C/B
V= g=_0g<0x 0 O

where Jg, Dg and Cg represent the flux, diffusion coefficient

and concentration of oxygen in [3 phase, respectively. x is the
distance along the direction of oxygen flux, i.e., the distance
from the surface of gas/oxide to the interface of o/ (Fig. 2).
ol g, the concentration of oxygen in the 3 phase at the gas/f3

side and C” B, the concentration of oxygen in the (3 phase at
the /P side. They will keep constant when the reaction is in a
steady state.

Combining Egs. (4) and (6) yields

de __DG(C"6 = C'o) -
dr Hg Umé&
where v, is a coefficient that is related to the density of reac-
tant and product. Integrating the above equation with the initial
condition of £ =0 when =0, we obtain

2Df(C'B — C//E,)t
Hg VUm

®)

C’ g is in equilibrium with oxygen partial pressure in the bulk
gas phase, which can be expressed as

c® = k\/Po, )

where K is an equilibrium constant. C” g is also in equilibrium
with oxide.

It is well known that the effect of temperature 7 on diffusion
B

coefficient Dy obeys the Arrhenius law, i.e.,
B 0B Aé‘d

D = D e 10
o= "o P < RT > (10)

Since K is the equilibrium constant for the reaction of oxygen
gas dissolving into the oxide (3 phase). This is a thermody-
namic property, the relation of which with temperature can be
expressed as

0 AH
K=Ky exp( - (11)

Combining Eqgs. (8)—(11) yields

eq
2kF DP (\/Poz—\/ Poz) ( Asd—i-AH)
exp| ——

Um H RT

g:

12)

vag
0B /0B %
2k D (\/Po; — 1/ PSY)

Eq. (12) becomes

1 Aeq+ AH
= — _R&T AR, 14
§ \/@T eXp( RT ) a4

Here we define the apparent activation energy as

define O = (13)

AE = Aeg+ AH (15)

Thus we have

_ 1 AE 16
&= @TGXP(—RT)I (16)

It means that the calculated energy based on the above equa-
tion is apparent activation energy not normal activation energy.

2.1.2. Effect of T, Po, and Hy on oxidation

From Eq. (16), we can see only the parameter @7 is related to
the factors such as temperature 7, oxygen partial pressure Po,
and pellet size Hy. Therefore, it might be the starting point to
derive the formulae describing the influence of temperature 7T,
oxygen partial pressure Po, and pellet size Hy on oxidation.

Um
Define ®@ = ————— (17
2k DY

Substituting Eq. (17) into Eq. (12) yields

! (m_\/@) exp <—AE> t (18)

=le H? RT

This is the formula describing the effect of temperature 7, oxy-
gen partial pressure Po, and pellet size Hy on oxidation under
the controlling step of oxygen diffusion in oxide.
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2.2. Chemical reaction

2.2.1. Derivation of formulae
For a chemical reaction, the oxidation reaction between oxy-
gen and nitride material can be described as

Kt
O(a/B) + M(c)=MO(a/B) + N (19)
KP

The chemical reaction rate for forward V| and backward V? as
well as the total reaction rate V;, can be expressed as

Vi = KiCo(Bla) (20)

VP = KPCOn(Blar) 21

Ve = Vi — VP = KfCo(Bla) — KPOn(Bl)
~ KiCo(Bla) — KPCRl(B/a) (22)

Since the equilibrium constant K; for the reaction (19) is equal
to

Kf o
K, =L =-1 23
TR T g @)

where C, gq and C Ie\? represents the equilibrium composition of
oxygen and nitrogen in oxide as oxidation reaction reaches equi-
librium, respectively, thus,

Ve = Vi - vP = kfco — kicy = kf(Co — Ci) (24)
Combining Egs. (5), (9) and (24) yields

ko . AE
£ = — (MPO2 — ./Po‘;> exp (—RT> t (25)

where

ko = kY Ko;

AE = Ag; + AH

vmHo

ko (v/Po, = \/P5Y)

Substituting Eq. (26) into Eq. (25) yields

_ 1 AE ; 7
S_BTeXp<_RT> 27

2.2.2. Effect of T, Po, and Hy on oxidation

In an analogical way, the formula describing the influence of
temperature 7, oxygen partial pressure Po, and pellet size Ho
on oxidation is as follows:

Define Bt =

(26)

Define B= -2 (28)
Ko

1 = AE
g:B—HO <\/P02—\/P02> exp <_RT>I (29)

This is the formula describing the effect of temperature 7, oxy-
gen partial pressure Po, and pellet size Hp on oxidation under
the controlling step of chemical reaction. How accuracy of this

kind of treatment can be judged from the application of this
model to the practical examples that would be given in the latter
sections.

3. Validity of the new model

In this section, the model was testified by the experimental
data of oxidation of Si3N,4 ceramic synthesized from chemical
vapor deposition (CVD) method,'” fully dense SiCN ceramic,’
B-SiAION ceramic with various z value!* and AIN ceramic.!®
Their oxidation behaviors with all kinds of possible controlling
steps are quantitatively investigated.

3.1. Diffusion-controlled reaction

3.1.1. Si3Ny4 ceramic synthesized from chemical vapor
deposition (CVD) method

Ogbuji et al. had studied the oxidation kinetics of CVD
SizNy from 1199.85 to 1499.85°C with 100°C intervals in
1 atm oxygen.!” The experiment was carried out in quartz tubes
to ensure a clean oxidation environment because it had been
reported that impurities in alumina tubes influenced both the oxi-
dation kinetics and the oxide scale phase and microstructure. '8
The size of the samples were cut into 8 mm x S mm x 1 mm
and the oxidation time was 5h (18,000s), 10h (36,000s),
25h (90,0005s), 50h (180,0005s), 75h (270,000s) and 100h
(360,000 s), respectively. After oxidation, the microstructure and
the oxide thickness were measured, respectively. The oxidation
behavior at different temperature is shown in Fig. 2. The experi-
ment showed that the oxidation rate was limited by permeation of
oxygen through oxide layer and the oxidation activation energy
was determined to be 363 kJ/mol. At present, let us use our model
to fit these data. According to Eq. (16), there are two parame-
ters @ and AE that are required to be determined by fitting the
experimental data. Based on the experimental data, these two
parameters are easily extracted by regression to be 325.56 kJ/mol
and 8.5, respectively. Substituting the above AE and @7 datainto
Eq. (16), the model describing isothermal oxidation behavior of
SizNy is as follows:

T (30)

¢ =0.343/ exp (- 195189)
For comparison the theoretical predicted lines are also presented
in Fig. 3. It may be seen that the experimental data and theo-
retical prediction are in good agreement, validating the present
theoretical approach. Please note that, the ordinate of Fig. 3
is using thickness ¢ in stead of reacted fraction &. We should
make a transformation when using Eq. (16). Eq. (30) can also
predict the oxidation behavior of Si3N4 within the same oxida-
tion mechanism. The black lines of 1349.85 and 1449.85°C in
Fig. 3 are completely theoretical predicted based on our limited

information.

3.1.2. Fully dense SiCN ceramic

Fig. 4 shows a typical plot of oxide thickness (mm) vs.
oxidation time (s) for SICN ceramic pellet in air at tempera-
tures of 899.85°C, 999.85°C, 1099.85°C and 1199.85°C for
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Fig.3. A comparison of plots from diffusion-controlled model and experimental
data for isothermal oxidation of CVD Si3Ny in 1 atm oxygen.

20h (180,0005s), 50h (180,0005s), 100h (360,000s) and 200 h
(720,000 s) each.® The size of the samples was 12.7 mm in diam-
eter and 2-3 mm in thickness. The oxide thickness was measured
using SEM. The experimental results showed that the oxide layer
fitted a typical parabolic kinetics and the calculated activation
energy was 120kJ/mol. Similarly, we apply Eq. (16) to fit the
experimental data and the results are also shown in the same fig-
ure for comparison. We can see that the theoretical results and
the experimental data reach a good agreement. In addition, the
oxidation behavior at 949.85, 1049.85 and 1149.85 °C is also
completely predicted using Eq. (31) (shown in Fig. 4)
7213.74 )

T (€29}

¢ =0.0032/1 exp (-
3.1.3. B-SiAION ceramics

Persson and Nygren comprehensively researched the oxida-
tion behavior of single (3-SiAION (Si¢—;Al,O;Ng_.) ceramic
with z values of 0.5, 1, 2.5 and 3.8.14 Pieces of an approxi-
mate 15 mm x Smm x 1 mm size were used for the oxidation
experiments. The samples were oxidized isothermally in flow-
ing oxygen for 20 h at the temperatures ranging from 1199.85
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Fig.4. A comparison of plots from diffusion-controlled model and experimental
data for isothermal oxidation of fully dense SiCN.
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Fig.5. A comparison of plots from diffusion-controlled model and experimental
data for isothermal oxidation of 3-SiAlION ceramic with various z value. (a)
z=2.5and (b) z=3.8.

to 1449.85 °C in the TG unit SETARAM TAG 24. Fig. Saand b
are oxidation results for 3-SiAlION (Si¢—,Al,O,;Ng_,) ceramic
with z values of 2.5 and 3.8 prepared with Si3sN4 powder from
UBE (Japan, grade SN-10E). It revealed that both 3-SiAION
ceramic with z value of 2.5 and 3.8 fitted parabolic rate law.
While 3-SiAION ceramic with z value of 3.8 was more oxida-
tion resistant. We also apply Eq. (16) to describe their oxidation
behavior and their equations are as follows:

3-SiAION ceramic with z value of 2.5

18772.55
¢ =0.657/1 exp (—T) (32)
B-SiAION ceramic with z value of 3.8

20636.5
¢ =2.015y1 exp (—T) (33)

The lines calculated from the above equations are shown in the
same figure (Fig. 5a and b). It can be seen that the equations
fit the experimental data very well. In addition, the oxidation
activation energy obtained from the equations showed that [3-
SiAION ceramic with z values of 3.8 possesses higher value
(343.14 kJ/mol) than that of B-SiAION ceramic with z values of
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Table 1

Comparison of oxidation parameters calculated by the new model and reported in literature

Sample AE (kJ/mol)

Calculated from the new model

Reported in literature

Si3Ny ceramic (CVD) 324.56
SiCN ceramic 119.95
B-SiAION ceramic (z=2.5) 312.15
B-SiAION ceramic (z=3.8) 343.14
AIN ceramic 243.85

363 (offered by Ogbuji et al.)

120 (offered by Bharadwaj et al.)
330 (offered by Persson and Nygren)
360 (offered by Persson and Nygren)

2.5 (312.15kJ/mol). This could explain the experimental fact
that 3-SiAION ceramic with z value of 3.8 is more oxidation
resistant.

3.2. Chemical reaction

The effects of atmosphere and humidity on the oxidation
behavior of AIN ceramic were investigated by Xu et al.'” The
results showed that the oxidation behavior was greatly affected
by the humidity and the oxidation in dry air followed a lin-
ear rate law between 1099.85 and 1299.85 °C with the apparent
activation energy of 233 kJ/mol (Fig. 6). Here, we use Eq. (27)
to describe the oxidation behavior at 1199.85 and 1299.85 °C,
respectively and the equation is as follows:

A 29330.1
2 649.4x exp (—) (34)
A T

The results calculated from the above equation are shown in the
same figure and also get a very good agreement.

4. Parametric reliability studies

It is well known that the activation energy, AE, is a very
useful parameter to evaluate the property of oxidation resistance
of nitride materials. The value of AE calculated from our new
model and reported in literature is summarized in Table 1 for
comparison.

From the table, we can see that some deviation exists between
the results obtained from the new model and the literature. This
is possibly caused by the mathematical calculation when we use
these models. We can directly obtain the value by regression
method when using the new model. While the models used by
many researchers, such as, Jander model, need many times of
regression to get the value since its expression is not an explicit
function. This will possibly cause larger errors. Therefore, as
viewed from mathematical treatment, the value of AE obtained
from our new model is more precise than that using the tradi-
tional models.

A series of equations for oxidation under the conditions where
all kinds of possible controlling steps exist have been developed.
They quantitatively express the relation of the reacted fraction
of oxidation with various variables, such as time ¢, temperature
T, oxygen partial pressure Po,, pellet size Hy, etc. They are all
explicit analytic function. Therefore, it is convenient to be used
as a tool of theoretical analysis.
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& 1299.85°C
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Fig. 6. A comparison of plots from chemical reaction-controlled model and
experimental data for isothermal oxidation of AIN ceramic.

Besides describing the oxidation behavior reasonably, the
new model can also predict the oxidation behavior within the
same oxidation mechanism using limited experimental data. The
curves of 1349.85 and 1449.85 °C in Fig. 3 and 949.85, 1049.85
and 1149.85°C in Fig. 4 are completely predicted by the new
model.

In the derivation of our formulae, the variable used is the
“reacted fraction” or “transferred fraction”, &; however, many
researchers prefer to use the variables “increment of the reac-
tion”, Am, or “thickness of oxide layer”, ¢, instead of £. We
can carry out a transformation of the variables prior to using the
formulae since there exists a proportional relation between the
variables. In addition, the application of this new model actu-
ally is not limited in the treatment of the oxidation of nitride
materials, but in dealing with problems of other materials, such
as the kinetics of hydriding/dehydriding reactions in alloys®’
because these equations are the general form in dealing with the
solid—gas reaction. Therefore, it should have a more promising
future in the material field.

5. Conclusion

Systematic formulae concerning the oxidation behavior of
nitride materials where various kinds of rate-controlling steps
exist have been presented in our work. These formulae express
the reacted fraction of oxidation &, oxide thickness ¢, or oxi-
dation mass increment Am as an explicit function of time ¢,
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temperature 7, oxygen partial pressure P, and pellet thickness
Ly. They are greatly convenient for both calculation and discus-
sion. The application of the new model to the practical system
shows that it is feasible. The new model can also predict the
oxidation behavior within the same reaction mechanism. Since
most of oxidation processes of inorganic non-metallic materials
had very similar mechanism, it might be expected that this new
model would be suitable for the oxidation process of many other
inorganic non-metallic systems.
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Appendix A. Nomenclature

ng the equilibrium composition of oxygen in oxide

Cle\]q the equilibrium composition of nitrogen in oxide

D(())B diffusion coefficient of oxygen in oxide phase

AE apparent activation energy of oxidation

Hy height of the cuboid of nitride material

K: equilibrium constant

K (O)B reaction equilibrium constant coefficient

Lo width of the cuboid of nitride material

Am the increment of sample weight

My length of the cuboid of nitride material

Po, partial pressure of oxygen in gas phase

Pg‘; oxygen partial pressure in equilibrium with oxide
gas constant

t time in s

T absolute temperature with K

Um a coefficient that is related to the density of reactant
and product

X the thickness of oxide layer

Greek symbols

o original nitride material

B nitride material after oxidation
¢ thickness of the oxide layer
& reacted fraction of oxidation
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