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Abstract

The studied material is an alumina ®bre acting as a
reinforcement in a NiAl/Al2O3 composite. The pro-
cessing of this composite involves a 1700�C heat
treatment. Grain growth phenomena taking place
within the ®bre during that step are investigated.
Above 1600�C, the size of the grains reach the ®bre
diameter for a 1 h heat treatment. Further morpho-
logical evolution is discussed using thermodynamic
calculations. Taking into account the presence of the
liquid alloy, a deepened grain boundary groove is
predicted and experimentally observed. The second
part of this work deals with grain growth modelling
during the heating and cooling steps. A cubic grain
growth kinetics law is found and is used to predict
®nal grain sizes as a function of heating and cooling
rates. # 1999 Elsevier Science Limited. All rights
reserved

Keywords: modelling, grain growth, ®bres, Al2O3,
composites.

1 Introduction

The need for high temperature materials destined
for aeronautic and aerospace applications has led
to many studies on intermetallic materials. For
example, �-NiAl phase is considered as a good
candidate for uses at elevated temperatures1

because of its high melting temperature (1640�C),
its excellent resistance to oxidation combined with
a low density (5.86 g cmÿ3) and a high elastic
constant (300GPa). However, this intermetallic
presents some disadvantages such as lack of room-
temperature ductility and toughness and a low

strength and creep resistance at high temperature
which limit its use as a thermostructural material.
Therefore, incorporation of a suitable reinforce-
ment such as alumina ®bres has been proposed to
overcome these disadvantages.2

The composite approach implies that the ®bres
should be thermally stable in the used temperature
range. Now, the liquid in®ltration route, which was
chosen to process the composite, requires a tem-
perature of &1700�C. Although very little chemi-
cal reaction was observed between the NiAl matrix
and the alumina ®bre,3 morphological evolution of
the ®bre must be considered. Indeed, from a ther-
modynamic point of view, lowering of the free
energy of the dense system can be obtained by a
decrease of the interfacial and grain boundary
areas, which is made possible by mass transport
occurring at these high temperatures. So, the aim
of this work was to characterise and model mor-
phological evolution of ®bres under these severe
conditions.
In the ®rst part of this work, grain growth within

alumina ®bres will be presented as a function of
temperature to highlight the in¯uence of the heat
treatment. Around 1700�C, the average size of the
grains reached the diameter of the ®bre leading to
the so-called `bamboo con®guration'. Further iso-
thermal evolution, i.e. grain boundary grooving,
will be discussed based on a thermodynamic
approach originally proposed by Lange and co-
workers.4 Thermodynamic calculations performed
on a idealised geometry will be detailed taking into
account the presence of the liquid alloy.
The second part of this work deals with a kinetic

study of grain growth in order to be able to de®ne
conditions that limit grain growth and avoid
undesirable grooving phenomena. Simulation of
the grain growth that occurs during heating and
cooling will be developed. First, the kinetic grain
growth law and the corresponding activation
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energy will be determined. Second, calculations
based on these values will be performed as a func-
tion of heating and cooling rates and the results
compared to experimental grain sizes in order to
validate our modelling. Finally, a processing
schedule will be proposed from the proposed
simulations.

2 Experimental

NiAl/Al2O3 composites were prepared using a
liquid in®ltration method.2 In a ®rst step, a carbon
crucible containing a ®bre alumina preform and
the NiAl powder set above the preform were
heated using a high frequency (H.F.) coil. Once the
melting temperature of the NiAl matrix was
reached, an argon gas pressure (30 bars) was
applied to promote the ¯ow of the liquid alloy.
Polycrystalline � alumina ®bres (purity >99.5%,

Almax, Mitsui Mining company) were the material
under investigation. A 900�C heat treatment was
performed on the yarns to remove the organic siz-
ing agent. The ®bre diameter, around 10�m, and
the initial roughness and grain size (�0.3�m) can
be seen in Fig. 1.
Two di�erent types of thermal treatments were

applied to the alumina ®bres. The ®rst one corre-
sponded to the study of grain size evolution versus
temperature. An Al2O3 ®bre yarn was heat treated
for 1 h at di�erent temperatures between 1300 and
1700�C. The second one was related to grain size
evolution as a function of heating and cooling rates
between 1400 and 1700�C. The high rates used,
comprised between 3 and 35�Csÿ1, are described in

more detail in Section 3.3.1. For the two proce-
dures, experimental conditions were identical and
related to the composite preparation process: car-
bon crucible, H.F. heating apparatus, argon atmo-
sphere. Temperature of the carbon crucible was
determined from optical pyrometer measurements
(accuracy �1%). Average grain sizes were calcu-
lated using the linear intercept technique5 on frac-
tured ®bres examined by scanning electron
microscopy (SEM).

3 Results and Discussion

3.1 Evolution of grain size as a function of the
temperature
SEM micrographs of heat treated ®bres are pre-
sented in Fig. 2. The size of the grains remains
almost unchanged (&0.3�m) after a 1300�C treat-
ment [Fig. 2(a)]. At 1400�C Fig. 2(b)], grain growth
begins and this phenomenon clearly goes on at
1500�C [Fig. 2(c)]: polygonisation of the grains can
be observed accompanied by a large increase of the
grain size. At 1600�C [Fig. 2(d)], sections of the
®bres reveal that the size of some grains reaches the
diameter of the ®bre. The grain growth behaviour
is summarised in Fig. 3 where the average grain
size is reported as a function of the temperature for
a 1 h heat treatment. A sharp increase in grain size
is observed above 1400�C and the average grain
size reaches the ®bre diameter between 1600 and
1700�C.

3.2 Evolution of ®bre morphology once grain size
reaches ®bre diameter
When the grain size equals the ®bre diameter, the
grain boundaries tend to form ¯at surfaces normal
to the axis of the ®bre. In that con®guration, the
driving force for boundary migration tends to zero
which does not favour subsequent grain growth.
Nevertheless, morphological changes can still
occur due to surface energy minimisation. This
further evolution is then considered using Lange's
thermodynamic approach.4 It needs a simpli®ed
representation of the material to calculate and
minimise its free energy.
The morphology of the ®bre at that point, can be

schematised by a `bamboo'-like con®guration: the
®bre, of diameter d, is constituted of cylindrical
grains of length L [Fig. 4(a)]. Geometrical
assumptions are (i) grain centres are ®xed (alumina
®bres constituted a preform, rigid enough to con-
strain and prevent shrinkage along their axis), (ii)
grains develop a barrel shape during grain bound-
ary grooving [Fig. 4(b)]. Moreover, it is assumed
that each grain retains its initial mass. The free
energy of each grain is given by:

Fig. 1. SEM micrograph of alumina ®bres after de-sizing
treatment at 900�C.
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E � 
s �As � 
b �Ab �1�

where As is the grain surface area, Ab is the grain
boundary area, 
s is the speci®c surface energy and

b is the speci®c grain boundary energy. The sur-
face and grain boundary area of each grain can
then be expressed as a function of d, L and  which
describes the deepening of the grain boundary
groove [Fig. 4(b)]. Calculation of the normalised
free energy of the barrel shape con®guration gives:
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where Eo is the energy of the initial bamboo con-
®guration, a � L=d, r is the radius of the grain

boundary, � � ��ÿ  �=2 and  e is the equilibrium
dihedral angle derived from Young's relation.
In fact, the expression (2) is valid only for values

of  higher than the dihedral angle corresponding
to the disappearance of the grain boundary (r � 0).
Beyond that point, separated grains can still
decrease their free energy by becoming spherical
[Fig. 4(c)].
Now, we propose to apply this simple approach

to the studied experiment. First of all, the pre-
paration of the NiAl/Al2O3 composite involves a
liquid in®ltration route. Therefore, the boundary
and surface energies will be de®ned respectively as
solid±solid (
ss) and solid-liquid (
sl) energies and
related according to Young's relation:

2 cos
 e

2

� �
� 
ss


sl
�3�

Fig. 2. SEM micrographs of sections of alumina ®bres heat treated for 1 h at (a) 1300�C, (b)1400�C, (c) 1500�C, (d) 1600�C.
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Second, these interface energies were explicitly
considered for the NiAl/Al2O3 couple at 1700�C
(temperature higher than the melting temperature
of NiAl and initially chosen for the processing of
the composite).
The solid±solid energy was determined by Niko-

poulos6 and expressed as:


ss � 1�913ÿ 0�611� 10ÿ3T�J mÿ2 and T in K�;
leading to : 
1700

�C
ss � 0�71 J mÿ2

The solid±liquid energy was calculated from the
usual wetting equation:


sv � 
sl � 
lv �cos � �4�

Liquid±vapour and solid±vapour energies were
obtained from literature data. NiAl liquid±vapour
energy was estimated to be: 
lv � 1�45 J mÿ2.7

Nikopoulos also gave the expression of solid±
vapour energy in alumina6


sv � 2�559ÿ 0�784� 10ÿ3T�J mÿ2 and T in K�;
leading to : 
1700

�C
sv � 1�01 J mÿ2

The value of � was determined at T � 1700�C by a
Sessile drop experiment where a liquid NiAl droplet
was set on a ¯at alumina substrate under Argon
atmosphere. The contact angle was found to be equal
to � � 80�.2 The value of the solid±liquid energy
deduced from eqn (4) is then: 
1700

�C
sl � 0�76 J mÿ2.

Finally, using relation eqn (3) and the above
energies, the equilibrium dihedral angle is
calculated: e � 125�.
From this value and relation eqn (2), it is possi-

ble to follow the morphological evolution of the
alumina ®bre immersed in liquid NiAl. For that
purpose, evolution of the normalised energy of a
grain (E=Eo) is plotted as a function of  (Fig. 5).

Fig. 3. Evolution of average grain size as a function of the
temperature for a 1 h treatment.

Fig. 4. Scheme of the evolution of the ®bre grain morphology: (a) bamboo con®guration, (b) barrel con®guration, (c) spherical grains.

Fig. 5. Evolution of the normalised grain energy as a function
of  and initial grain aspect ratio a � L=d.
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As the thermal treatment is proceeding at 1700�C,
mass transport occurs which allows the dihedral
angle,  , to decrease from 180� (initial bamboo like
con®guration) to a given value corresponding to a
lower free energy. Four initial grain aspect ratio
were considered in this calculation (L=d � 1, 1.5, 2
and 2.5).
For the ®rst two initial con®gurations (L=d � 1

and 1.5), a minimum of free energy is observed
around  � 125� which means that grooving is
expected while the ®bre is still continuous.
For L=d � 2, a metastable energy con®guration

is observed around  � 125�. The ®nal con®gura-
tion ( � 0) is lower in energy but metastably
attainable.
For the L=D � 2�5 condition, a continuous

decrease of the grain energy takes place up to the
separation of the grains and can continue until
grains become spherical. This case leads to a
complete break up of the ®bre into isolated spheres.
This calculation shows that the breaking up of

the ®bre needs a high initial value of the grain
aspect ratio, when the size of the grains reaches the
®bre diameter. This con®guration is unlikely for
these alumina ®bres since isotropic grain growth is
expected and has been actually observed.8 An
experimental con®rmation was obtained from
microstructure characterisation of a yarn of alu-
mina in®ltrated by the liquid NiAl matrix after
composite processing at 1750�C for 15min. After
matrix dissolution, the SEM micrograph (Fig. 6)
shows continuous ®bres, highly grooved and pre-
ferentially made of spheroidal grains. This mor-
phology corresponded well to the theoretical model
with L=d < 2 and an equilibrium dihedral angle
( e) close to 125�.

3.3 Grain growth during heating and cooling of the
®bres
The above results showed that the alumina ®bre,
heat treated at high temperature, spontaneously
evolves towards a spheroidal grain string con®g-
uration which drastically lowers its mechanical
properties and prevents its use as reinforcement.9

In order to avoid that undesirable evolution, a
control of the growth of the grains has to be
obtained so that the initial bamboo con®guration
is not reached. The temperature being imposed by
the processing method (melting temperature of
NiAl is 1640�C), the only parameters that can be
changed are heating and cooling schedules.

3.3.1 Heating and cooling kinetics
In a ®rst step, heating and cooling rates which
could be experimentally performed using our H.F.
furnace equipment were determined. Evolutions of
the sample temperature as a function of time are
presented in Fig. 7. A short heating stage could be
reached (less than 1min) while the cooling stage
was imposed by our experimental device and was
almost the same whatever the previous heating
treatment. These processing kinetics were mathe-
matically ®tted in order to be used in simulations.
Heating and cooling experimental values were best
described using exponential or power laws.
The heating stage is correctly ®tted by the relation:

T � a�tb �T in �C� �5�
a and b are terms that can be related to the elec-
trical power used. Figure 7 also reports calculated
heating curves, using the values of a and b given
in Table 1. The cooling stage is expressed by the
relation:

T � c�eÿd�t �T in �C� �6�
c depends on the time needed to reach the max-
imum temperature (Tmax) while d is a constant for

Fig. 7. Evolution of temperature of carbon crucible (within
the H. F. furnace) according to di�erent heating and cooling
rates. Heating stages are ®tted using the power law: T � a:tb,

with parameters as reported in Table 1.
Fig. 6. SEM micrograph of alumina ®bres taken from a com-

posite prepared at 1750�C for 15min.

Grain growth in alumina ®bres heat treated at 1700�C 1763



all experiments (d � 2�4� 10ÿ3 sÿ1). For example,
the time needed to cool the sample from 1700 to
1400�C was about 81 s.
For some of these experiments, average grain

size was measured and is reported in Fig. 8 versus
`processing time' at temperature above 1400�C.
The `processing time' parameter corresponds to the
sum of the times needed ®rst to heat the sample
from 1400 to 1700�C and then to cool it from 1700
to 1400�C assuming no soaking time. It is related
to heating and cooling rates through the above
relations. In all cases, the average grain size is
higher than 1.16�m, and is equal to 1.75�m for a
215 s heat treatment above 1400�C.

3.3.2 Determination of the grain growth law of
alumina ®bres
Classic models express the grain growth rate in
ceramics as:10

dG

dt
� K

Gmÿ1 �7�

where G is the grain size, m is an exponent related
to the di�usion mechanism and K is a constant at a
given temperature including characteristics of the
studied material such as molar volume, surface
energy, di�usion coe�cient. For a given tempera-
ture, integration of relation eqn (7) gives rise to the
well known equation:

Gm ÿ Gm
o � K� t �8�

whereGo is the initial grain size.K can be detailed as:

K � ko �

T
�exp ÿ Q

RT

� �
�9�

where ko is another constant, 
 is the speci®c grain
boundary energy, T is the temperature, Q is the

Fig. 9. Arhenius plot of grain growth evolution as a function
of 1=T where f�G;T� � �G3 ÿ G3

o��T=
 �t which corresponds to
relation eqn (10):�Gm ÿ Gm

o ��T=
 �t � ko �exp�ÿQ=RT�. Results
from other works11±16 dealing with alumina grain growth are

reported in the same manner.

Fig. 8. Average grain size measured on samples heat treated
according to processing schedules such as those given in Fig. 7.
Total time includes heating and cooling times. Calculated
grain sizes determined from relation eqn (11) with a maximum
temperature of 1685�C are also reported. The � point corre-
sponds to the ®ctitious end point experiment where the sample
would be instantaneously heated at 1685�C (heating time =

0 s) and cooled in the furnace (cooling time=77 s).

Table 1. Calculated and experimental values derived from the study of grain growth during heating and cooling of the ®bresa

a b c 1400<T<1685�C �ttotal
exp �s� Gexp (�m) 1400<T<1700�C

�theat
1685�s� t1685 (s) �ttotal

1685 (s) Gcalc
1685 (�m) �ttotal

1700 (s) Gcalc
1700 (�m)

Ð Ð 1685 0 0 77.2 1.15 80.9 1.3
223.6 0.5579 1843 8.2 37.3 87.7 1.21 87 1.16 92.4 1.37
203.7 0.5337 1911 15.4 52.4 92.5 1.24 97.2 1.39
185.5 0.5115 2016 22.7 74.7 99.9 1.27 93 104.9 1.43
169.9 0.4924 2171 33.1 105.6 110.3 1.33 111 118.3 1.5
161.8 0.4825 2293 40.9 128.4 118.2 120 1.49
158.2 0.4782 2362 45.2 140.7 122.4 1.37
149.1 0.4671 2594 58.8 179.7 136.0 1.42 130 1.37
140.0 0.4560 2955 78.2 234.1 155.4 1.49 143.2 1.60
130.9 0.4449 3562 106.3 311.9 183.4 1.58 193.3 1.79
121.9 0.4338 4675 147.8 425.2 225.0 1.7 215 1.75
112.8 0.4227 7125 213.2 600.8 290.4 1.86 306.5 2.11

aa and b are the parameters used to ®t experimental heating stages according to relation eqn (5): Theat � a�tb��C�. c is the parameter
used to ®t experimental cooling schedule according to relation eqn (6): Tcool � c�exp�ÿd�t���C� where d � 0�0024 sÿ1. �theat

1685
represents the time needed to heat a sample from 1400 to 1685�C, t1685 the time needed to reach a 1685�C maximum temperature
and �ttotal

1685 the total processing time (heating and cooling stages) for temperatures between 1400 and 1685�C. Gcalc
1685is the calculated

average grain size obtained from relation eqn (11) and previous a, b and c values, assuming that the maximum temperature was
Tmax � 1685�C. �ttotal

exp �1400 < T < 1685�C� and Gexp are experimental values. �ttotal
1700 and Gcalc

1700 reported in the last columns are
values calculated with a maximum temperature: Tmax � 1700�C.
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activation energy corresponding to the pre-
dominant di�usion mechanism and R is the gas
constant.10 Rewriting relation eqn (8) with
expression eqn (9) gives:

�Gm ÿ Gm
o ��T


 �t � ko �exp�ÿQ=RT� �10�

Provided ko remains constant over the studied
range, the representation of experimental points
�G�t;T�� in an Arrhenius plot must give a straight
line for the �m;Q� couple, characteristic of the
preponderant di�usion mechanism controlling
grain growth. In order to determine values ofm and
Q for the studied ®bres, the alumina boundary
energy was taken from the Nikopoulos relation for

SS

6 and the initial grain size measured as
Go � 0:3 �m. A least square ®t analysis on relation
eqn (10), using isothermal grain size measurements
performed at di�erent temperatures, allowed us to
deduce the corresponding mechanism and activa-
tion energy. Figure 9 shows the Arrhenius repre-
sentation withm � 3 which gives the best alignment
of our data. This cubic grain growth kinetics is in
good agreement with other works dealing with alu-
mina11±16 and is attributed to impurity drag limited
grain growth10. Values calculated from Bennison14

and Zhao15 who measured grain size on dense sam-
ples, lie well on our ®t which gives an activation
energyQ � 800 kJ molÿ1. A slight di�erence can be
observed with the value of the energy obtained from
other data which could easily be attributed to dif-
ferences in MgO impurity levels existing between
these alumina samples.

3.3.3 Modelling of grain growth as a function of
the heating and cooling kinetics
As previously mentioned, grain growth within
®bres really started for annealing temperatures
higher than 1300�C (Fig. 3). Therefore, the study
was focused on the 1400±1700�C temperature
range. Knowing the value of the activation energy,

Q, grain growth evolution can be calculated from
integration of relation eqn (7) where temperature is
related to time through the mathematical functions
eqn (5) and eqn (6), describing heating and cooling
steps. ko is assumed to remain constant over the
considered temperature range and is deduced from
the y intercept at 1=T � 0 on Fig. 9 (ko � 1:2
�106 m3 K sÿ1). The expression of surface energy
is taken from Nikopoulos6. Then, G can be written
as a function of t:

G3 ÿ G3
o �

�tTmax

t1400�C

ko �

a�tb � 273

�exp
Q=R

a�tb � 273

� �
�dt

�
�t1400�C

tTmax

ko �

c�eÿdt � 273

�exp
Q=R

c�eÿdt � 273

� �
�dt

�11�

In fact, the only adjustable parameter remaining in
relation eqn (11) is the maximum temperature
reached during the experiment, Tmax. Di�erent
Tmax values, close to 1700�C, were tested to calcu-
late grain sizes; these sizes were then compared to
the experimental ones obtained when the max-
imum temperature of the furnace was aimed to be
1700�C. Figure 8 reports these calculated values
with Tmax � 1685�C, versus total time (T >
1400�C), i.e. for di�erent heating kinetics. A rather
good agreement is observed between experimental
and calculated grain size. The result of this calcu-
lation appears signi®cant and consistent: ®rst, the
real temperature of ®bres cannot be higher than
that of the crucible (aimed to be 1700�C) and sec-
ond, a 15�C temperature di�erence seems quite
reasonable considering the used heating device.
It is now possible to determine the best para-

meters of the preparation process that would limit
grain growth within the alumina ®bre and there-
fore that will allow this reinforcement to play its
role in the mechanical properties of the composite.

Fig. 11. Calculation of grain size assuming that the maximum
temperature is 1685�C and that times needed to heat and cool

the samples from 1400 to 1685�C are identical.
Fig. 10. In¯uence of the maximum temperature on calculated

grain size for di�erent heating and cooling rates.
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According to manufacturer's data, a large decrease
of the ®bre failure strength is observed when the
grain size is higher than 0.6�m. Nevertheless,
Fig. 8 shows that, for a 1685�C heat treatment, the
grain size will always be higher than one micron
using the experimental device as designed. Accord-
ing to our calculation, the smallest grain size that is
possible to obtain is 1.16�m (point �) and even
this corresponds to a ®ctitious experiment where
the in®ltration of the liquid alloy would be instan-
taneous (theating � 0 s), the cooling stage (tcooling

� 77 s) only being responsible for grain growth.
In¯uence of Tmax on ®nal grain size was also
investigated considering di�erent processing kinet-
ics. A � 50% variation in size is observed over a
50�C temperature range and, as expected, grain
size evolution is larger for slower heating and
cooling rates (Fig. 10). But, even at 1650�C for the
shortest heat treatment, the grain size remains
higher than 0.8�m. Therefore, the only way to
control this liquid in®ltration process relies on a
large increase of the cooling rate. A simulation was
carried out assuming identical heating and cooling
times and a maximum temperature of 1685�C.
Heating rate was still described by a power law
such as relation eqn (5), while the cooling stage
followed an exponential law such as relation eqn
(6). Very short thermal heat treatments were con-
sidered and the results are presented in Fig. 11. The
0.6�m critical grain size is reached as soon as the
total processing time (when T>1400�C) exceeds
10 s. Such a short heating step is feasible using high
frequency apparatus. On the other hand, the cool-
ing step requires a quenching operation more than
the usual cooling stage, a change which is certainly
much more complicated to deal with due to the
working atmosphere.

4 Conclusion

Grain growth phenomena within alumina ®bres
during high temperature processing of a NiAl/
Al2O3 composite were studied. Experiments con-
ducted as a function of the temperature for 1 h,
showed that the grain size reached the diameter of
the ®bre between 1600 and 1700�C. Further heat-
ing led to a so-called `bamboo con®guration' and
then to grain boundary grooving. Thermodynamic
calculations, taking into account the presence of
the liquid alloy, predicted a deepened grain
boundary groove which was experimentally
observed.
The kinetic modelling of grain growth during the

heating and cooling steps was also investigated. A
cubic grain growth law was observed and the acti-
vation energy of the process was estimated to be

800 kJmolÿ1. Calculation of grain sizes as a func-
tion of heating and cooling rates was performed
and successfully compared to experimental values.
Such a modelling allowed us to study and deter-

mine the conditions of preparation of the NiAl/
Al2O3 composite according to the liquid in®ltration
method which implies high temperature treatments
and consequently growth of the grains in the ®bres.
For applications, grain sizes within the alumina
®bres should remain less than �0.6�m to avoid
drastic degradation of the mechanical properties.2,9

Our modelling shows, ®rst, that at 1685�C this
condition cannot be ful®lled even for an instanta-
neous heating step. Second, even a decrease of the
maximum temperature down to 1650�C is not su�-
cient to limit grain growth to an acceptable value, due
to the length of the cooling stage. Therefore, the
only way to process the material is to consider
much more rapid processing treatments above
1400�C (<10 s) which almost require a quenching
of the material for the cooling step.
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