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Sintering study of calcium aluminate 
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Measurement of the initial sintering shrinkage of CaAI204 at temperatures of 1300, 1325 and 
1350~ are reported. The particle sizes chosen were - 5 3  + 45, - 6 3  + 53 and - 7 5  + 63 
microns and the soaking periods were from 15 to 360 min. A time dependence of the 
shrinkage has shown that volume diffusion is the dominant mechanism of sintering. At 
any given time and temperature, the per cent shrinkage was found to be a decreasing 
function of particle size. The activation energy for the sintering of CaAI204 was found to be 
766.38 KJ mo l -  1 

1. I n t r o d u c t i o n  
Calcium aluminates are important constituents of 
high alumina cement and refractory castables. They 
can be used for constructing flame detectors, for the 
inner walls of concrete pressure vessels serving as the 
radiation shield of nuclear reactors and for aircraft 
landing pads. A mix of calcium aluminate and fused 
silica aggregate is useful in casting rocket nozzles and 
a similar mix has been tested for infilling the stainless 
steel honeycomb acting as protection to missiles 
during atmospheric re-entry. Calcium aluminates 
offer a very good host lattice which can be doped 
with suitable ions to develop solid state lasers and 
high temperature ceramic sensors after proper den- 
sification. A literature survey reveals that very little 
work has been done towards understanding their 
sintering behaviour during firing. The present invest- 
igation has been conducted in order to study the 
sintering characteristics of CaA1204 with a view to 
developing dense polycrystalline calcium aluminate 
ceramics. 

Good  mechanical properties in pressed powder 
compacts are achieved by means of heat treatments. 
Particles which touch each other in the green state and 
are the only points of contact become closer and mass 
transfer takes place along the contact area. The sur- 
face curvature of particles varies from point to point 
within a powder compact and thus the chemical po- 
tential of atoms or ions may vary with their position. 
At higher temperatures, the chemical potential gradi- 
ents produce the diffusional fluxes necessary for ma- 
terial transport. The rate at which the process can take 
place is limited by the diffusion coefficient [1]. Materi- 
al transport from the region between particle centres 
causes the centres to move towards each other. If the 
centres of all the particles in the powder compact 
approach each other, gross shrinkage in sample oc- 
curs. The initial sintering shrinkage of a powder com- 
pact resulting from the formation of necks between the 
powder particles through diffusion is represented by 
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the relationship [1-5] 

AL /'Ka3D5 m rn 
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where AL/Lo is the fractional shrinkage after time t at 
temperature T, ? is the surface energy of solid, a 3 is the 
volume which is directly proportional to the molecu- 
lar volume of the solid, r is the particle radius, D is the 
diffusivity of the mobile species, k is the Boltzmann 
constant and K, m and p are numerical constants. If it 
is assumed that both the surface energy ? and particle 
radius r are independent of temperature then, if a 
given powder compact is sintered at constant temper- 
ature, the quantities in the bracket on the right hand 
side of Equation 1 should remain constant so that the 
equation assumes the simplified form 

AL 
- A t  m ( 2 )  

Lo 

The value of the power m has been predicted using 
models having various degrees of sophistication, but 
there is general agreement that it should have a value 
in the range of 0.40-0.50 for volume diffusion and in 
the range 0.31-0.33 for pure grain boundary diffusion 
[-1, 2, 6]. It has also been reported I-4] that the appar- 
ent value of the power m may vary if more than one 
transport mechanism operate simultaneously. In such 
an event it is likely that the relative contribution of the 
different mechanisms and hence the observed value of 
m will vary with temperature. No such variation was 
observed in the sintering of CaA1204 in the temper- 
ature range investigated in the present experiments. 

The theoretical models assume that a compact of 
smooth-surfaced particles in point contact is brought 
instantaneously to sintering temperature at time t = 0 
and, as such ideal conditions cannot be met in prac- 
tice, it is usual to apply time and shrinkage corrections 
to the measured data. It should be noted, however, 
that the correction might be needed even if it were 
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possible to bring the compact instantaneously to 
a uniform sintering temperature, since a compact of 
real powder is unlikely to initially behave like the 
idealized model for which the theory is derived. If the 
shrinkage data is to be analysed to determine the 
temperature dependence of sintering rate then, if it is 
assumed that both the surface energy 7 and the par- 
ticle radius r are constant, the Equation 1 may be 
transformed into 

A L  I/KCD"~ m m 
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so that 

log K'D = (l/m)log(AL/Lo) - log t + log T (3) 

where K' is a new constant which is independent of 
temperature. Thus the activation energy Q can be 
obtained by plotting log (K'D) as a function of 1/T, 
where AL/Lo and t may be determined at a given 
temperature from any point chosen on the shrinkage 
plot. In a sintering experiment the shrinkage is mea- 
sured as a function of time; therefore, the data yields 
a sintering rate at different values of shrinkage, mak- 
ing it possible to obtain Arrhenius plots at a fixed 
value of shrinkage. In order to make the data more 
meaningful, the activation energy has been determined 
at a 3.0% volume shrinkage at different temperatures 
for - 7 5  + 63, - 6 3  + 53 and - 5 3  + 45 micron pow- 
der compacts of mono-calcium aluminate. 

2. Experimental procedure 
Monocalcium aluminate was prepared by heating 
a 1 : 1 molar mix of analytical reagent quality calcium 
carbonate and aluminium oxide at 1350~ for 2 h. 
The fired material was powdered to - 7 5  micron size 
and retired at 1350 ~ for 2 h so that the reactants and 
reaction intermediates had Completely disappeared 
[7]. The phase analysis [8] was done by X-ray diffrac- 
tion study (JCPDS: 23-1036). The CA (C = CaO, A = 
A1203) so obtained was ground to - 7 5  micron fine- 
ness in an agate ball mill and graded as 
- 7 5 + 6 3 ,  - 6 3 + 5 3 ,  - 5 3 + 4 5  and - 4 5  micron 

powders. 
The true density of the material was 2.98 gcm-3.  

The effect of forming pressure was studied by pressing 
the - 45 micron powders at 75, 150, 225, 300, 375 and 
450 MPa. For  the measurement of initial sintering 
shrinkage, samples having different particle sizes were 
pressed separately under a hydraulic press at 150 MPa 
in the form of pellets of 12.5 mm diameter using a steel 
die. Pellets were compacted with a small addition of 
rectified spirit under a constant rate of loading and 
held for 30 s at 150 MPa. They were prefired at 900 ~ 
for 10 min and their bulk volume was determined by 
the mercury displacement method. Sintering was per- 
formed in a two zone silicon carbide resistance heating 
furnace at 1300, 1325 and 1350~ for 10-360min. 
Prefired samples kept in platinum dishes were placed 
in the preheating zone of the furnace maintained at 
900 ~ and were kept at this temperature for 10 min. 
Preheated pellets were then pushed into the sintering 
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zone maintained at the set sintering temperature and 
kept there for the desired sintering time. A Pt-13 % 
Rh-Pt  thermocouple tip was placed close to the pel- 
lets in the sintering zone of the furnace. The thermo- 
couple emf was measured with the help of a poten- 
tiometer. After the desired sintering time pellets were 
taken back into the preheating zone and kept there for 
10 rain. Samples were taken out of the furnace and 
stored in a desiccator. The volume of pellet after firing 
was again determined by means of a mercury densito- 
meter. 

3. Results 
3.1. E v a l u a t i o n  o f  t h e  p o w e r  m 
Pressed powder pellets exhibit an irreversible expan- 
sion [3, 9] because of the release of elastic strain within 
the powder particles when first heated to a temper- 
ature just below that required to produce sintering 
shrinkage. The strain is locked into the pressed par- 
ticles at room temperature which requires a substan- 
tial temperature increase before it can be released. If 
it is desired to obtain shrinkage measurements of 
sufficient quality to justify comparison with predic- 
tions derived from theoretical models of the sintering 
process, it is necessary to measure the initial dimen- 
sions of the powder compacts after the initial expan- 
sion has been triggered. The change in initial dimen- 
sions is relatively insignificant because specimen 
shrinkage can arise only because of the growth of 
established necks between the particles. Any error in 
the measurement of initial volume could be expected 
to cause substantial variations in the measured value 
of m. By plotting and replotting the model data, it has 
been shown [3] that a 0.5 % error in the assumed 
initial volume could cause the apparent value of m to 
be reduced from 0.45 to 0.37. In the present work 
a reproducible value of m was obtained by prefiring 
the samples at 900 ~ for 10 min. Some of the calcium 
aluminate pellets showed a lack of reproducibility in 
the initial expansion during prefiring but it was found 
that greatly improved reproducibility could be ob- 
tained by drying the pressed pellets at 110~ over- 
night in an air oven before heating them to 900 ~ 

Since the pellets had been formed by uniaxial press- 
ing in a steel die, the dilation was expected to be 
anisotropic. It was observed that pellets pressed at 
different pressures exhibited approximately the same 
difference in percentage dilation between the axial and 
diametrical dimensions. This indicates that the extent 
to which the dilation was anisotropic was insensitive 
to forming pressure. Fig. 1 shows the sintering shrink- 
age of - 4 5  micron particle size CA powder compacts 
pressed at 75, 150, 225, 300, 375, 450 MPa and fired at 
1300 ~ for 1 h after prefiring. The per cent dilation on 
prefiring along the diameter was almost the same as 
that obtained in the thickness measurements by 
a screw gauge. Hence an average effective pressure of 
150MPa was chosen for pressing the - 7 5  +63, 
- 63 + 53 and - 53 + 45 micron CA powders which 

is expected to produce point contacts in the compact. 
The sintering shrinkage was measured as a volume 
shrinkage by mercury displacement in order to avoid 
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Figure 1 Effect of forming pressure (--45 gm CaA1204 compacts). 
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Figure 3 Logarithmic shrinkage plot of (--63 +53) ~m CaA1204 
compacts. 
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Figure 2 Logarithmic shrinkage plot of (-53 +45) gm CaA1204 
compacts. 

being misled by any anomalous shrinkage behaviour 
in a particular dimension. Linear shrinkage L/Lo was 
taken to be one third of the volume shrinkage V/Vo. 
The initial volume Vo was measured after prefiring the 
pellets at 900 ~ for 10 min. The initial dilation could 
not be correlated and hence it was ignored. 

The time to reach the sintering temperature and the 
accompanying shrinkage can seriously affect the ap- 
parent shrinkage-time dependence [10]. The time er- 
ror can be determined empirically as the correction 
that must be applied to the time of sintering of a given 
isotherm in order to straighten the log shrinkage ver- 
sus log time curve. In the present study, the powder 
compacts were first preheated in the two zone silicon 
carbide furnace at 900 ~ the temperature up to which 
the initial dilation was determined. The preheated 
pellets at 900 ~ were pushed into the sintering zone 
maintained at the sintering temperature and the actual 
sintering is assumed to begin 15 s after the pellets are 
introduced into the sintering chamber. The corrected 
initial hot length Lo and/or final hot length L of the 
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Figure 4 Logarithmic shrinkage plot of (-75 +63) gm CaAl20 ~ 
compacts. 

shrinkage compact is the cold length corrected for the 
thermal expansion of CA. Keeping in view the initial 
dilation and other factors, the initial and final volumes 
of the pellets were determined at room temperature by 
the displacement method. The effect of thermal expan- 
sion of CaA1204 was assumed to be the same for both 
Lo and L values. 

Figs 2-4 show linear plots obtained after applying 
suitable corrections for dilation and time. If the data 
for samples without the prefiring at 900 ~ was plot- 
ted, there were some deviations especially at the begin- 
ning. It is apparent from Figs 2-4 that a change in the 
firing-time duration at different temperatures causes 
no significant change in the measured value of the 
gradient m in the chosen soaking period. The value of 
gradient rn is ,~ 0.40 which means that the sintering 
rate is dependent on the temperature and also that the 
sintering is controlled by a volume diffusion mecha- 
nism of material transport [1, 2]. 

3.2. Temperature and particle size 
dependence 

The true value of the sintering rate for - 70 + 63, 
- 6 3  +53 and - 5 3  +45 micron CA powder com- 

pacts has been determined by firing their compacts at 
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different temperatures. The method adopted involved 
firing a series of pellets for different times under identi- 
cal conditions, at each of a series of temperatures. The 
data might be expected to exhibit a certain amount of 
scatter because of minor differences in behaviour 
amongst the pellets. However the prefiring performed 
to account for dilation and time corrections arising 
because of the initial behaviour of the pellets during 
heating to the sintering temperature should be able to 
fix the point for each of the pellets fired at a given 
temperature. 

Compacts of the above three particle sizes were 
fired at 1300, 1325 and 1350~ for firing times be- 
tween 10 and 360 min. It was found that by consider- 
ing dilation and a small time correction for each of the 
plots a set of parallel lines with gradient m and accept- 
able linearity was obtained. Under these experimental 
conditions, no correction for initial shrinkage was 
necessary. The plots which passed through the aver- 
age values of the shrinkage data are shown in 
Figs 2M. Though the actual values of shrinkage for 
the three particle sizes at the three temperatures are 
different, the value of the gradient m was found to be 

0.40 for all the lines, irrespective of temperature and 
particle size. It was possible to correlate the sintering 
time of one particle size with the other particle sizes 
which could give an equal shrinkage by considering 
a pair of particles (clusters) at a time by the following 
equation [11], 

At2 = X" At1 (4) 

where tl and l;2 are the times necessary to accomplish 
a given fractional shrinkage or other proportional 
geometric change in the two respective particle sizes 
whose radii rl and r 2 are related by r2 = %rl. The 
value of n is equal to 3 for the diffusion mechanism of 
material transport. 

The sintering times necessary to produce a 3.0% 
volume shrinkage in - 5 3  +45 micron powder com- 
pacts at 1350, 1325 and 1300~ are 20.0, 62.0 and 
166.0 min whilst for - 6 3  +53 and - 7 5  +63 micron 
powder compacts the same shrinkage is obtained in 
34.0, 107.0 and 286.0 and 54.0, 170.0 and 457.0 (ex- 
trapolated) rain at the above mentioned temperatures 
respectively. If it is assumed that - 5 3  +45~-49 mi- 
crons, - 63 + 53-~ 59 microns and - 75 + 63_~ 69 

microns so that ;%-~(-63 +53) / ( -53  +45) ---59/49 
---1.2 )~2 = 69/49-~1.4 and X3 =69/59---1.169; and 
n = 3 for volume diffusion; the values of X~ = 1.723, 
k~ = 2.744 and X33 = 1.5975 are obtained. As 
Atl = 20.0 min at 1350 ~ for the - 53 + 45 micron 
powder compact to shrink by 3%, At2 for the 
- 6 3  + 53 micron compact at 1350 ~ to give the same 

shrinkage is equal to X~, At 1 = 1.723 x 20 = 34.5 min 
and At3 for the - 7 5  +63 micron compact at same 
temperature is equal to ;L~ x At1 = 2.744 x 20 = 54.8 
min, or X~ x Atz = 1.5975 x 34.0 = 54.3 min. The fir- 
ing time required to produce a 3% shrinkage in the 
compacts, as obtained from the shrinkage plots are 
given in the top half of Table I and those obtained 
using Equation 4 are given in the bottom half. It can 
be seen that the calculated values of At are close to the 
values obtained by the shrinkage measurements where 
t is equal to the sintering time, t after applying neces- 
sary corrections. 

It should be noted that Equations 1-4 are applic- 
able if the initial particles used for the sintering are 
dense and single grains. Fig. 5a shows the grains of 
a twice fired CaA120r sample which showed an X-ray 
diffraction pattern identical to that expected from the 
literature (JCPDS: 23-1036) for CA. The lumps when 
reduced to - 7 5  +63, - 6 3  +53, - 5 3  +45 and 
- 4 5  micron powders are expected to behave like 

dense grains, the true density of which was found to be 
2.98 gcm -3 i.e., the theoretical density of CaA1204. 
Fig. 6 shows a plot of bulk density versus sintering 
time for - 5 3  +45 micron powder compacts at 1350 
and 1325 ~ The bulk density of the compacts in- 
creased with the sintering time at each temperature. 
An increase in temperature was more effective than an 
increase in sintering time in increasing the bulk den- 
sity. At 1350 ~ a 240 min soaking produced a bulk 
density of 2.3 g cm -3. There was no liquid phase 
formation (Fig. 5b) and thus the shrinkage was due to 
solid-solid sintering of CaA1204 grains. 

3.3. E v a l u a t i o n  of  t h e  a c t i v a t i o n  e n e r g y  
In Equation 3 the diffusion coefficient D = 
D o e x p ( - Q / R T )  where Do is a pre-exponential con- 
stant and R is the gas constant. The activation energy 
can be obtained by plotting logK'D as a function of 

T A B L E  I Measured and calculated values of sintering time for 3.0% shrinkage at different temperatures for the three particle sizes 

Temperature (~ Measured t (min) 

- 5 3  + 45 pm - 6 3  + 53 p.m - 75 + 63 p,m - 7 5  + 63 ~m 
(Ate) (At2) (At3). (At3)~ 

1350 20.0 34.0 53.7 
1325 63.0 107.0 169.8 
1300 166.0 286.0 457.0 

Calculated t (rain) 
1350 34.5 54.8 54.3 
1325 106.8 170.1 170.9 
t300 286.0 455.5 456.8 

%1 = 1.2, %2 = 1.4, ;% = 1.169 

At2 = )~ At1, (At3)a = )~ At1, (At3)b = ;L~ A t2 
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Figure 5 (a) SEM of CaAlzO 4 particles and (b) SEM of sintered 
CaAlzO 4 compacts fired at 1350 ~ for 2 h (fractured surface). 
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Figure 6 Densification of (--53 +45) ~tm CaA1204 compacts. 

1/T. In the present instance, the value of sintering time 
for a 3% shrinkage was determined at each temper- 
ature for the three particle sizes. The value of K'D was 
calculated using Equation 3 for the three particle sizes 
at different temperatures. It should be noted that the 
value of K'D is also influenced by the value of the 
power m and as the gradient m is nearly the same for 
the three particle sizes at different temperatures, it was 
considered fit for evaluating the value of the activation 
energy from the plots. The gradient of the plots (Fig. 7) 
for - 7 5  +63, - 6 3  +53 and - 5 3  +45 was found to 
be the same which was equal to (0.5/0.125) x 104. This 
gradient equals -Q/2 .303R so that the activation 
energy for the sintering process is deduced as having 
the value Q = 2.303R x 4 x 104 = 183.04 Kcalmo1-1 
(766.38 KJ mol -  1). 

4. Discussion 
The calculation of the activation energy El2] in the 
present work involved two assumptions. The first is 
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Figure 7 Arrhenius diagram for the sintering of CaA1204. The 
sintered compacts are; (@) - 53 + 45 gm, (| -63 +53 gm and 
(o) -75 +63 gm. 

that the surface energy " / remains essentially constant 
with temperature. There is very little information in 
the literature about any variation of the surface energy 
with temperature. However it may be reasonable to 
expect it to be reduced by about one third on passing 
from room temperature to the melting temperature. 
This would cause the value of Q to be only about 
4.18 KJmo1-1 lower than the calculated values [3]. 
The second assumption is for the average particle sizes 
in the different compacts, for example - 5 3  +45 49, 
- 6 3  +53 59 and - 7 5  +63 69. These particle sizes 

are close to the particle size of refi'actory cements of 
which CaAI204 is a constituent. The rate of sintering 
or the gradient m is nearly 0.40 for all of the three 
particle sizes which means that a volume diffusion 
mechanism is operative in each case. Although Q may 
vary with the particle size [13] of the compact if the 
variation in the particle size is great, the activation 
energy calculated (766.38 KJ mol -  1) from the gradient 
of the Arrhenius plot in the present study is the same 
for the three particle sizes studied. 

There was no phase separation or new phase forma- 
tion (Fig. 5b) during the sintering process and these 
points were confirmed by the X-ray diffraction pat- 
terns of the CaA1204 samples taken both before and 
after sintering. The X-ray diffraction pattern of cal- 
cium aluminate obtained by twice firing a 1 : 1 molar 
mixture of CaO and A120 3 was identical to the dif- 
fraction pattern obtained for sintered samples and 
showed the samples to be monocalcium aluminate. In 
the system CaO-A1203, only the C12A7 phase is affec- 
ted by H 2 0  at higher temperature [14]. It can absorb 
moisture at temperatures up to 1350~ The other 
known stable calcium aluminates, e.g. C3A, CA, CA2 
& CA6 in this system are not affected by moisture at 
higher temperature. Thus at 1300, 1325 and 1350~ 
any effect of moisture on CA can be ignored. In 
addition there are no data available on any possible 
effect of CO2 on CA in the temperature range of the 
present study. The powders are dense grains and 
as shrinkage has taken place without any liquid 
phase, the volume diffusion mechanism is expected to 
operate. 

The activation energy for the sintering of CaA1204 
is 5 times higher than the activation energy for its 
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formation [-7] (152.3 KJmo1-1) by the counter diffu- 
sion in a 1 : 1 CaO and A1203 powder mix. The three 
s p e c i e s  C a  2 +, A13 + and 02  - must diffuse for sintering 
to occur in CaA1204 and the slowest diffusing species 
controls the sintering rate. The possibilities are the 
diffusion of 0 2 -  ions or the calcium aluminate 
(CaA1204) molecule, for which a high activation en- 
ergy would be anticipated but to date there is insuffi- 
cient data to enable this point to be clarified. 

5. Conclusions 
The initial stage sintering studies at various temper- 
atures on CaAlzO4 powders of - 7 5  + 63, - 6 3  + 53 
and - 5 3  +45 microns particle sizes are in accord- 
ance with a volume diffusion sintering mechanism 
with an activation energy of 766.38 KJmo1-1. The 
sintering time of one particle size has been correlated 
with the other particle sizes which could give an 
equal shrinkage by considering a pair of particles at 
a time. 
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