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Abstract A kinetic model for the reaction sintering of

oxide ceramics in the system Al2O3–SiO2–ZrO2 using

mixtures of intermetallic compounds is presented. A 2D

finite-difference model is developed to describe the exo-

thermic gas-solid reactions taking place during the firing of

ZrAl3/ZrSi2 powder compacts. The model accounts for the

oxidation kinetics of the powder particles, as well as the

consumption and diffusion of gaseous oxygen through

the porous matrix. Additionally, possible changes in the

pore structure of the green body due to the oxidation

reactions and sintering effects are incorporated in the

model. The resulting differential equations are coupled

with a two-dimensional Fourier heat balance equation

leading to a system of nonlinear partial differential equa-

tions, which is solved by the numerical method of lines.

The influence of different processing parameters like

sample composition and heating cycle on the reaction

sintering process is investigated and the model-predicted

reaction behaviour is compared to experimental results.

Keywords Kinetics � Model fitting � Oxidation �
Thermogravimetric analysis � Simulation

Introduction

The fabrication of advanced ceramic materials by reaction

sintering techniques is an established ceramic processing

method which offers a number of advantages such as near-

net shape capability compared with conventional

processing routes [1]. Important engineering ceramics such

as SiC and Si3N4 in the case of non-oxide ceramics as well

as structural oxide ceramics like Al2O3 or mullite can be

reaction-formed. In general, reaction sintering processes

can be divided into gas–solid, solid–solid and liquid–gas

reactions. Heterogeneous gas–solid reactions involving the

reaction of a metal and a gaseous oxidant are usually

extremely exothermic and a large amount of heat can be

liberated during the oxidation reaction. As a result, local

overheating of the compacted green bodies, which can

amount to several hundred degrees Celsius, may be

observed. This uncontrolled reaction behaviour leads to

typical processing problems like sample cracking and

bloating and careful temperature control must be accom-

plished to assure the production of defect-free high quality

ceramics. The thermal response of the reactive sample is

governed by the interaction of the heat release due to the

exothermic oxidation reactions and the rate of heat loss

from the surface of the sample to the surroundings.

Therefore, the detailed knowledge of the oxidation kinetics

of the reactive solids is an essential prerequisite for pro-

cessing understanding, modeling and control.

The use of intermetallic compounds in the systems Zr–

Al and Zr–Si offers the advantage of a much higher volume

increase during oxidation compared to pure metals like

aluminum or zirconium and thus, the sintering shrinkage

can be completely compensated [2, 3]. This enables the

fabrication of net shape reaction bonded ceramic parts by

mechanical structuring in the green state [4]. Using a

combination of ZrAl3 and ZrSi2 as reactive precursor

materials leads to the formation of ceramics belonging to

the ternary phase diagram Al2O3–SiO2–ZrO2. By adjusting

the initial composition of the green body, i.e. the Zr/Al/Si

ratio, the phase composition of the final sintered ceramic

can be varied over a wide range. The overall oxidation
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reactions taking place during reaction sintering can be

summarised as follows:

ZrAl3ðsÞ þ 13=4O2ðgÞ ! ZrO2ðsÞ þ 3=2Al2O3ðsÞ ð1Þ

ZrSi2ðsÞ þ 3O2ðgÞ ! ZrO2ðsÞ þ 2SiO2ðsÞ ð2Þ

Because of the high mass changes involved in these oxidation

reactions, thermogravimetry is suited for the kinetic study

and the determination of the ‘‘kinetic triplet’’ (i.e. Arrhenius

parameters Ea and A and the reaction model f(a)). As was

shown recently by Burnham [5] isoconversional and model-

fitting approaches can yield comparable results if a combi-

nation of isothermal and constant heating rate data is used for

the derivation of the kinetic parameters. The advantage of the

model-fitting kinetic approach is that the determined kinetic

models which describe the oxidation reactions of the powder

particles can be readily incorporated in more detailed reac-

tion-diffusion models where the mass balances of the reacting

solids and gaseous oxidants are coupled with a transient

energy balance equation. A similar modelling approach was

already used for the advanced kinetic description of the

decomposition of energetic materials [6].

Aims of this work are to extend the already proposed

model [7] by including suitable oxidation kinetics of the

two different intermetallic compounds and possible chan-

ges in the pore-structure due to sintering effects. The model

can then be used to study the oxidation behaviour of

compacted powder samples of different sizes and compo-

sitions under any programmed temperature profiles and for

thermal process optimization, i.e. the reduction of the

processing time of the cost intensive thermal treatment.

This is an important issue for potential industrial applica-

tions of these reaction sintered oxide ceramics.

Model formulation

The model equations formulated here describe the oxidation

process of compacted powder mixtures of the intermetallic

compounds ZrAl3 and ZrSi2. The schematic representation

of the sample with the selected spatial reference system is

shown in Fig. 1. Inside the sample, reactions between the

gaseous oxidizer and the particles of the solid reactants

occur according to Eqs. 1 and 2. These reactions occur at

the particle level. Hence, one must use suitable models for

the oxidation kinetics of the powder particles. In addition

the effect of oxygen supply and consumption has to be

considered. Oxygen has to diffuse into the porous matrix of

the solids to be available for the reaction to proceed. The

oxidation kinetics of the intermetallics, microstructural

changes of the samples as well as additional assumptions

which have been made, are described in the following

paragraphs.

Oxidation kinetics

The rate of solid-state or heterogeneous processes can be

generally described by:

da
dt
¼ kðTÞf ðaÞ ¼ A exp �Ea

RT

� �
f ðaÞ ð3Þ

where f(a) is a function of the degree of conversion, t is the

time, T is the temperature, k(T) is the rate constant, A is the

pre-exponential factor, Ea is the apparent activation energy

and R is the gas constant. If gaseous reactants or products

are involved in the reaction, a function of their concen-

trations f2(Cg) is included in Eq. 3. The functions f(a) and

f2(Cg) originate from physico-geometric considerations

and/or the law of mass action. For examples of the most

common f(a) functions used in heterogeneous kinetics see

Brown et al. [8]. The oxidation kinetics of ZrAl3 and ZrSi2
powders were studied in detail in previous papers [9, 10].

In these studies care was taken to determine the intrinsic

oxidation kinetics unaffected by diffusional and mass

transfer effects. Table 1 summarises the experimentally

determined kinetic models and parameters for the two

oxidation reactions. The ZrAl3 oxidation can be well

described with a generalized n-dimensional Avrami type

rate equation (An) indicating a diffusion-limited process

where oxide nuclei are initially present and the growth

process is one-dimensional with diffusion-control [11]. The

oxidation process of ZrSi2 powders is a complex gas-solid

reaction with multi-step character. During ZrSi2 oxidation

two concurrent oxidation mechanisms with the formation

of intermediate reaction products occur. In one reaction

pathway ZrSi2 is selectively oxidized to ZrO2 and Si. The

other pathway is described by the non-selective oxidation

of ZrSi2 to ZrO2 and SiOx. At higher temperatures the

selectively formed Si is further oxidized in a third step.
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Fig. 1 Schematic representation of the reacting sample used for the

modelling
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According to this formal kinetic model following notation

for the ZrSi2 oxidation kinetics is used throughout this

paper:

• ZrSi2-A: oxidation educt (ZrSi2)

• ZrSi2-B: final oxidation product (ZrO2 and SiO2)

• ZrSi2-C: intermediate oxidation product (Si and SiOx)

Simultaneous energy and mass balance

Heat production and dissipation play an important role in

the reaction of a porous reactive solid and a gaseous oxi-

dant. In this study a two-dimensional cylindrical model for

heat-transfer, modified to allow for heat generation by

chemical reactions with specified kinetics is used to sim-

ulate the programmed heating of compacted ZrAl3/ZrSi2
powder mixtures in a conventional box furnace. The gen-

eralized transient two-dimensional energy balance coupled

with kinetic rate functions and reaction heat terms can be

written as:

ð1� emÞqmcp;m
oT

ot
¼ km

o2T

oz2
þ 1

r

oT

or
þ o2T

or2

� �

þ ð1� emÞ
X

i

wiqiQi
oCi

ot

ð4Þ

where t is the time variable, T is the temperature, r and z are

the spatial coordinates, Qi are the chemical heats generated

by the oxidation reactions, wi are the weight fractions of the

intermetallic compounds in the green body and qi are the

densities of the different species i (i.e. ZrAl3 and ZrSi2). It is

assumed that the heat transfer rate between the solid and the

gas is sufficiently large to adopt the same temperature field

for both. Material parameters are the thermal conductivity

km, specific heat cp,m, theoretical density qm and the porosity

em of the compacted powder mixture. The chemical rate

equations for the different oxidation reactions of the solid

reactants according to the experimentally determined

kinetic models as well as the mass balance for the

gaseous oxidant can be written as:

oCZrAl3

ot
¼ �kðTÞf ðCZrAl3

Þf2ðCgÞ ð5Þ

oCZrSi2�A

ot
¼ �k1ðTÞf ðCZrSi2�AÞf2ðCgÞ
� k2ðTÞf ðCZrSi2�AÞf2ðCgÞ ð6Þ

oCZrSi2�B

ot
¼ k1ðTÞf ðCZrSi2�AÞf2ðCgÞ
þ k3ðTÞf ðCZrSi2�CÞf2ðCgÞ ð7Þ

oCZrSi2�C

ot
¼ k2ðTÞf ðCZrSi2�AÞf2ðCgÞ
� k3ðTÞf ðCZrSi2�CÞf2ðCgÞ ð8Þ

oCg

ot
¼ De

o2Cg

oz2
þ 1

r

oCg

or
þ o2Cg

or2

� �

� wZrAl3
cZrAl3

kðTÞf ðCZrAl3
Þf2ðCgÞ

� wZrSi2
cZrSi2

k1ðTÞf ðCZrSi2�AÞf2ðCgÞ
�

þ k2ðTÞf ðCZrSi2�AÞf2ðCgÞ þ k3ðTÞf ðCZrSi2�CÞf2ðCgÞ
�
ð9Þ

where De is an effective diffusion coefficient and the

stoichiometric coefficients ci = (1 - em,0)qi/qg describe

the ratio of the densities of the solids i (i.e. ZrAl3 and

ZrSi2) and oxygen gas. CZrAl3 and Cg are the relative

concentrations of ZrAl3 and oxygen, respectively. CZrSi2-A,

CZrSi2-C and CZrSi2-B are, according to the formal oxidation

reaction scheme presented in Table 1, the relative

concentrations of the educt, intermediate reaction product

and final product of the ZrSi2 oxidation reaction. The

density of oxygen is given by the ideal gas law as pO2MO2/

RT, where MO2 and pO2 are the molecular mass and partial

pressure of oxygen, respectively. For atmospheric pressure

qg is 0.27 kg/m3 (assuming pO2 is 0.21 9 105 Pa). In

addition, the dependencies of the thermophysical properties

such as heat capacity and thermal conductivity on

temperature and compositions are taken as:

cp;mðTÞ ¼
X

i
micp;iðTÞ ð10Þ

kmðTÞ ¼
qm

qth

� �X
i
vikiðTÞ ð11Þ

where qm is the sample density, mi, vi are the mass and

volume fractions of the educts (ZrAl3, ZrSi2) and oxidation

products (Al2O3, SiO2, ZrO2), and qth is the theoretical

density of the sample. The theoretical density of the react-

ing sample at any instant is calculated by using the mass

fractions of the educts and products during the oxidation

Table 1 Kinetic models, schematic reaction schemes and kinetic

parameters for the oxidation of ZrAl3 and ZrSi2 powders [9, 10]. For

the definition of the kinetic parameters see [18]

Material Kinetic model, reaction types and kinetic parameters

ZrAl3 Single step oxidation model described by generalized

n-dimensional Avrami type rate equation (An) according

to a diffusion limited growth reaction: A �!1 B

f(a): An, lg(A/s-1) = 9.45, Ea = 244 kJ/mol, n = 0.34

ZrSi2 Complex gas–solid oxidation reaction. Best fit model

consists of three-step branching reaction model based on

3D diffusion (D3F) and fractal order reaction (Fn):

A �!1 B

A �!2 C�!3 B

Step 1: D3F, lg(A1/s-1) = 0.77, Ea1 = 125 kJ/mol

Step 2: D3F, lg(A2/s-1) = 8.36, Ea2 = 257 kJ/mol

Step 3: D3F, lg(A3/s-1) = 2.93, Ea3 = 170 kJ/mol,

n = 2.3
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process according to Eqs. 1 and 2 and the corresponding

kinetic rate laws. Values for the heat capacities of the educts

and products as a function of the temperature were taken

from the literature (http://webbook.nist.gov/chemistry)

otherwise the thermophysical parameters were estimated

and taken as constants.

As a first approximation the overall reaction rates are

assumed to be of first order in the oxygen concentration

(f2(Cg) = Cg). Thus, the oxidation reactions take place

whenever the concentration functions of the solids and

gaseous oxidant are different from zero. Within this

assumption the consumption of oxygen in the void space, is

taken into account, but it has to be mentioned that this

expression is empirical and does not attempt to describe the

exact influence of the oxygen partial pressure on the

reaction mechanism. Another simplification is that phase

formation reactions, i.e. the formation of zircon and/or

mullite, which may take place after the oxidation reactions

are not accounted for.

The boundary conditions, as shown in Fig. 1, for the

temperature and relative oxygen concentration are:

k
oT

or

����
r¼0

¼ 0;De
oCg

or

����
r¼0

¼ 0 ð12Þ

k
oT

oz

����
z¼0

¼ �½hðTa � TÞ þ reðT4
a � T4Þ�;

De
oCg

oz

����
z¼0

¼ �kg½ðCg;a � CgÞ�
ð13Þ

k
oT

oz

����
z¼H

¼ ½hðTa � TÞ þ reðT4
a � T4Þ�;

De
oCg

oz

����
z¼H

¼ kg½ðCg;a � CgÞ�
ð14Þ

k
oT

or

����
r¼R

¼ ½hðTa � TÞ þ reðT4
a � T4Þ�;

De
oCg

or

����
r¼R

¼ �kg½ðCg;a � CgÞ�
ð15Þ

with the initial conditions

CZrAl3
ðr; z; 0Þ ¼ 1:0; Cgðr; z; 0Þ ¼ 1:0; Tðr; z; 0Þ ¼ T0

ð16Þ
CZrSi2�Aðr; z; 0Þ ¼ 1:0 ð17Þ
CZrSi2�Bðr; z; 0Þ ¼ 0:0 ð18Þ
CZrSi2�Cðr; z; 0Þ ¼ 0:0 ð19Þ

h is the heat transfer coefficient, kg is an overall mass

transfer coefficient, e the emissivity of the sample, r is the

Stefan–Boltzmann constant and Ta and T0 are the ambient

and starting temperatures, respectively. Different heating

cycles and furnace temperatures can be investigated by

expressing the ambient temperature Ta = Ta(t).

Porosity changes due to chemical reactions and

sintering

During the course of the oxidation process the porosity of

the powder compact changes due to both chemical reaction

and sintering. The variation of porosity em due to volu-

metric changes caused by the oxidation reactions is

assumed as [12]:

em ¼ em;0 þ ð1� em;0Þð1� ZÞa ð20Þ

where em,0 is the initial porosity, Z is an expansion

coefficient for the oxidation reactions and a is the overall

conversion. The actual porosity change due to both

chemical reaction and sintering is [13]:

em ¼ ½em;0 þ ð1� em;0Þð1� ZÞa�ð1� /Þ ð21Þ

where / is the fraction of pores removed by sintering. The

removal of pores due to sintering is modelled as a first-

order process:

d/
dt
¼ ð1� /ÞAs exp �Es

RT

� �
ð22Þ

The Arrhenius parameters for sintering Es and As have to

be estimated by independent sintering experiments on the

solids and depend on the composition of the investigated

samples. According to a correlation given by

Ramachandran and Smith [14] the change in the effective

diffusion coefficient of the compact due to combined

effects of chemical reaction and sintering is:

De ¼
D

gð/Þe
2
m ¼ ½em;0 þ ð1� em;0Þð1� ZÞa�2ð1� /Þ ð23Þ

where the diffusion coefficient D accounts for Knudsen

diffusion. The fractional increase in tortuosity of pores,

g(/), is defined as follows [15]:

gð/Þ ¼ sf ð/Þ
sf ð0Þ

ð24Þ

where sf(/) is the tortuosity factor now defined when a

fraction / of the porosity is removed [13]. The correlation

for g(/) as a function of / is given by Ramachandran and

Smith [14] was encoded into the simulation program in

polynomial form.

Numerical solution

The coupled system of partial differential equations was

solved with the numerical method of lines (MOL). The

governing partial differential equations with boundary

conditions were transformed into a system of ordinary dif-

ferential equations (ODEs) using centered finite differences

for the spatial derivatives [16]. The resulting set of ordinary

36 H. Geßwein et al.
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differential equations was solved in FORTRAN using the

ODE solver package LSODES [17]. In the calculations the

number of grid points was 81 9 81. Higher values of the

internal node points did not cause any change in the results.

Results and discussion

Effect of sample composition on the reaction behaviour

The variation of the initial composition of the reactive green

body, i.e. the ZrAl3/ZrSi2 mass ratio, leads to different

phase compositions of the final sintered ceramic. Three

starting compositions, which result in the formation of (i)

Al2O3–ZrO2 ceramics (ZrAl3/ZrSi2 = 100/0 mass%), (ii)

Al2O3-mullite-ZrO2 ceramics (ZrAl3/ZrSi2 = 80/20

mass%) and (iii) ZrSiO4-based ceramics (ZrAl3/ZrSi2 =

0/100 mass%), were chosen to investigate the effects of

sample composition on the reaction behaviour. The model

parameters used in the calculations are summarised in

Table 2. Unless otherwise stated, samples sizes of 3 mm in

radius and 6 mm in height were used and the physical

parameters assume the values given in Table 2. The

expansion coefficient Z was estimated from porosity mea-

surements of samples which were oxidized at different

temperatures. The sintering parameters Es and As were

estimated from independent dilatometry measurements of

pre-oxidized ZrSi2 samples. The sintering parameters and

the expansion coefficient were taken constant for all sample

compositions to get comparable results. The effects of

different sintering parameters on the reaction behaviour are

studied in a following section.

Figure 2a–c show simulated TG and DTA, i.e. temper-

ature difference curves (DT = Taverage - Tfurnace), for the

three initial compositions with a heating rate of 2 �C/min

Table 2 Values for model parameters used in the calculations

Quantity Symbol Value

Heat of reaction (ZrAl3) QZrAl3 19.76 9 106 J/kg

Heat of reaction (ZrSi2) QZrSi2 18.99 9 106 J/kg

Gas constant R 8314 J/kmolK

Density ZrAl3 qZrAl3 4120 kg/m3

Density ZrSi2 qZrSi2 4870 kg/m3

Density O2 qO2 0.27 kg/m3

Stefan-Boltzmann coefficient r 5.67 9 10-8 W

(m2 K4)-1

Emissivity e 0.99

Heat transfer coefficient h 40 W/m2 K

Molecular mass of O2 MO2 32 g/mol

Pore radius rpore 100 9 10-9 m

Initial porosity em 0.40

Mass transfer coefficient kg 0.006 m/s

Expansion coefficient Z 1.1

Activation energy for sintering Es 423 kJ/mol

Pre-exponential factor

for sintering

As 10 9 1010.26 s-1
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Fig. 2 Simulated TG/DTA curves for different sample compositions

of ZrAl3/ZrSi2 green bodies (R = 3 mm, H = 6 mm, heating rate:

2�C/min). a ZrAl3/ZrSi2: 100/0 mass%, b ZrAl3/ZrSi2: 80/20 mass%,

c ZrAl3/ZrSi2: 0/100 mass%
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up to a temperature of 1,400 �C. The oxidation of the pure

ZrAl3 sample leads to a sharp exothermic peak located at

approximately 620 �C. The high temperature increase of

about 180 �C in the sample is caused by the chemical heat

generated from the oxidation reaction which exceeds the

heat losses to the surroundings and results in an increased

reaction rate. Due to the depletion of oxygen in the void

space the reaction slows down and the oxidation proceeds

kinetically controlled up to temperatures of 1,000 �C where

the reaction is finally completed. When 20 mass% ZrSi2
are added to the pure ZrAl3 powder, the TG and DTA

curves shown in Fig. 2b are obtained. A broad DT peak

centered at 670 �C with a maximum value of approxi-

mately 40 �C can be observed. At 1,400 �C the oxidation

of the 80/20 sample is nearly completed and no excessive

self-heating occurs during the course of reaction. This is

due to the lower heat release because of the slower oxi-

dation kinetics of the silicide. The simulated TG curve for

the pure ZrSi2 powder compact reproduces the typical

multi-step oxidation behaviour of this intermetallic com-

pound. Compared to the ZrAl3 sample no thermal runaway

occurs because the heat generated by the oxidation reaction

can be transferred rapidly enough to the surroundings. Two

DT peaks corresponding to the two main oxidation steps of

the ZrSi2 oxidation reaction at 730 and 1,030 �C can be

observed in DTA curve. The second oxidation step is

associated with the oxidation of the intermediate oxidation

product and at 1,400 �C oxidation of the sample is not

completed, which is due to the onset of sintering retarding

the oxidation reaction. For complete conversion of the

silicide to the corresponding oxides higher temperatures

and/or isothermal hold times at elevated temperatures are

necessary.

Effect of the heating rate

The effects of different linear heating rates on the predicted

reaction behaviour of powder compacts with composition

(i), (ii) and (iii) (see last paragraph) are shown in Fig. 3.

Different heating rates ranging from 1 and 5 �C/min were

used in the calculations. As can be seen from Fig. 3a–b, the

oxidation behaviour of ZrAl3 compacts is very sensitive to

the applied heating rate. To high a heating rate causes self-

accelerated oxidation behaviour with steep increases in the

TG curves associated with high temperature excursions.

Similar reaction behaviour can be observed for the ZrAl3/

ZrSi2 mixture. A heating rate of 5 �C/min leads to an

uncontrolled intense oxidation with steep temperature

excursions. Lower heating rates show no excessive self-

heating of the samples. The oxidation behaviour of the

zirconium silicide powder compact is less violent compared

to that of the zirconium aluminide. The silicide sample

shows no self-acceleration. Only an increased sample

temperature due to the heat release during the oxidation

reaction can be noticed.

These results demonstrate that the heating rate has to be

carefully adjusted to avoid runaway reactions and oxygen-

limited reaction behaviour which lead to the formation of

steep composition gradients, which in turn may result in

sample cracking and bloating. Figure 4 shows a calculated

TG curve for a ZrSi2 sample with a modified heating

schedule leading to a kinetically controlled uniform reac-

tion of the sample with an almost constant weight gain rate

and low temperature excursions. Up to a temperature of

600 �C a relatively high heating rate of 6 �C/min is used. A

low heating rate of 0.9 �C/min in the temperature range

where the reaction rate has its maximum, i.e. 600–800 �C,

allows the reaction to proceed in a controlled manner and

only slight temperature difference are predicted. Finally a

high heating rate of 10 �C/min up to 1,300 �C accelerates

the reaction and after the hold time of 4 h the oxidation of

the sample is completed. With this modified heating cycle

the reaction occurs at low temperatures and there is suffi-

cient time for completion of the reaction prior to sintering.

Effects of sintering

The sintering behaviour of ceramics can be modified by

using suitable sintering additives. With the help of these

additives the required sintering temperature for full densi-

fication can be effectively lowered. This is of practical

importance particularly for the fabrication of net shape

reaction bonded ceramic parts as described in [4], where

sintering additives such as SiO2, Al2O3 and MgO are typ-

ically used in combination with reactive ZrSi2 to modify

the sintering behaviour of the product phase and lower the

required sintering temperature. The effect of lowering the

onset of sintering and therefore decreasing the temperature

required for full densification can be assessed by decreas-

ing the activation energy or increasing the pre-exponential

factor for sintering. When the single change of the pre-

exponential factor from lg(As/s
-1) = 10.23 to lg(As/

s-1) = 11.0 or lg(As/s
-1) = 12.0 is introduced to the

parameters in Table 2, TG curves shown in Fig. 5 are

obtained. The calculations were made for ZrSiO4-based

ceramics (composition (iii)) because in this case higher

oxidation temperatures are necessary for complete oxida-

tion and therefore, the effect of sintering on the reaction

behaviour will be more evident. The increase of the pre-

exponential factor leads to a slowdown of the oxidation

reaction and a decrease in the overall conversion. Incom-

plete oxidation of the samples is due to a decrease of the

effective diffusion coefficient during the course of the

reaction and finally to complete pore closure at elevated

temperatures. For a value of the pre-exponential factor of

lg(As/s
-1) = 12.0 complete pore closure takes place at a
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temperature of approximately 1,200 �C, which results in a

plateau in the overall conversion curve at about 0.8, as can

be seen in Fig. 5. This incomplete oxidation behaviour can

be visualized by the evolution of the concentration profiles

of the final reaction product of the ZrSi2 oxidation (ZrSi2-

B). This is shown in Fig. 6 for a value of the pre-expo-

nential factor lg(As/s
-1) = 12.0 and a heating rate of 5 �C/

min. Up to temperatures of approximately 860 �C reaction

takes place throughout the sample and only slight con-

centration gradients can be observed. With increasing

temperature oxygen is quickly consumed and locally

depleted because oxygen supply is hindered by the onset of

sintering. As can be seen from the contour plots in Fig. 6,

steep concentration gradients are developed and finally

oxidation is confined to the outer regions of the sample. At

a temperature of approximately 1,200 �C all pores are

removed and there is no more oxygen available in the

sample for the oxidation to proceed. At the end of the

heating cycle the sample consists of two distinct regions: a

partially oxidized core consisting of the intermediate and

final oxidation products and a fully oxidized thin outer

shell.
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Fig. 3 Effect of different linear heating rates on the reaction behaviour of ZrSi2 green bodies (R = 3 mm, H = 6 mm)
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During reaction-sintering two competing processes with

different Arrhenius-type temperature dependence take

place simultaneously: (a) the oxidation of the intermetallic

powder particles and (b) sintering of the reacting green

body. Therefore, for homogeneous and complete oxidation

throughout the sample, it is necessary that the oxidation

takes place at a temperature range where the sintering

rate of the compact is much slower than the oxidation rate

of the powder particles. Then, there is enough void space

for oxygen diffusion and the diffusion through the

pore structure is fast compared to the chemical oxidation

reaction of the intermetallics. Thus, an oxygen-limited

reaction with the formation of steep concentration gradi-

ents and typical shrinking-core reaction behaviour with

possible pore closure prior to complete oxidation can be

avoided.

Comparison with experiments

To compare the predictions of the 2D finite difference

model with the reaction behaviour of real ZrAl3/ZrSi2
compacts, we performed thermogravimetric experiments

with cylindrical samples. For the setup of the thermo-

gravimetric experiments see [7]. Samples with about 6 mm

in diameter and 8 mm height were investigated. A sample

composition of ZrAl3/ZrSi2 = 80/20 mass% was chosen

for validation of the model. The results of the thermo-

gravimetric measurements together with the simulated data

for heating rates of 2 and 5 �C/min are presented in Fig. 7.

As can be seen, the experimental data can be reproduced

very well by the 2D reaction-diffusion model. However,

in the calculated temperature difference curves, which

were scaled by a constant factor to match the measured

DTA curves, the first sharp temperature peak is located

approximately 50 �C lower than the measured DTA

peak. This can be due to the simplifications of the model

Fig. 6 Contours of the final

oxidation product at different

time steps corresponding to

Fig. 5 (lg(A1/s-1) = 12.0).

Only one half of the cylindrical

sample is shown. a
t = 227 min, T = 860 �C,

b t = 240 min, T = 927 �C,

c t = 253 min, T = 994 �C
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und the unknown heat transfer parameters in the thermal

analyzer.

Conclusions

A two-dimensional kinetic model for reaction-sintered

oxide ceramics based on exothermic gas-solid reactions of

the intermetallics ZrAl3 and ZrSi2 is developed, which

enables the prediction of the progress of reaction and

temperature distributions in the reactive green bodies.

Complex multi-stage kinetics for the description of the

oxidation reactions of the powder particles as well as a

simple model for the evolution of the pore structure during

the oxidation are incorporated in the model. The effects of

sample composition and sintering parameters on the oxi-

dation behaviour of the reacting green bodies are investi-

gated. It is shown that the onset of sintering can result in

shrinking-core type reaction behaviour with oxygen trans-

port through the porous matrix as the rate determining step.

This reaction behaviour is likely to result in an incomplete

oxidation of the sample due to pore closure. The model is

validated by comparing the simulation results with exper-

imental thermogravimetric data of the oxidation of ZrSi2
powder compacts. The model is able to predict the reaction

behaviour of the reactive green bodies and can therefore be

used as a tool for thermal process optimization for the

fabrication of reaction-bonded oxide ceramics in the sys-

tem Al2O3–SiO2–ZrO2.
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