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this could be due to the fact that its amplitude is
comparable to the noise and so it would not be
visible. The same procedure was adopted to simu-
late the Cr®* spectra (Fig. 2b). The results are less
clear because the effect of other lines is much
larger in the Cr*" samples but the Cr®* spectra can
be easily identified both from the effective g values
and from the simulation procedure.

These experiments have opened the way for
an EPR examination of the behaviour of rutile
pigments rather than the single crystals. It has
been reported by several authors [7, 8] that the
method by which rutile is doped, and whether the
impurity is present initially when the crystal is
grown or subsequently doped, has an effect on the
preferred site for the impurity. Work is continuing
to identify the other observed features and also to
find spectra of other ions, for example nickel and
manganese, both of which can exist in different
sites with different charge states in rutile.
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Reaction sintering of ZnO—A[,0,
mixtures

In previous work, attention has been focussed
on reaction sintering [1], and more specifically
on the system ZrSiO,—Al,O; which has been
studied both by pressureless reaction sintering
[2] and by reaction hot-pressing [3]. It has
been shown that the ZrSiO;—Al,0; system
densifies during the reaction process and one
of the main results obtained has been that it is
possible to correlate the densification kinetics
with the reaction kinetics at least for the inter-
mediate stage of the overall process.

The present work reports the results obtained
by studying the pressureless reaction sintering of a
system which expands during the reaction process,
namely, the ZnO-Al,05 system, in which ZnO
and Al,O; react in the solid to form a unique
stable compound ZnAl,0, of a normal spinel
structure. An attempt is made to exploit the
information provided by the co-existence of the
solid-state chemical reaction and the expansion
of the material in order to develop a model in
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which the kinetics of the reaction and the kinetics
of the expansion are quantitatively correlated.

The kinetics of the solid-state reaction, as well
as the mechanism of formation of ZnAl,0,, have
been studied by various authors [4, 5]. From their
work it has been concluded that, firstly, by using
alumina grains with sizes larger than the ZnO
grains, classical diffusional (Valensi—Carter)
models can be applied to the results and, secondly,
that the formation of zinc aluminate spinel
proceeds through a three-step reaction sequence:

(a) the formation of a solid solution of zinc
oxide in alumina oxide;

(b) the formation of a disordered spinel
structure;

(c) the formation of the ordered spinel.

So it has been determined that the overall pro-
cess can be seen as a one-way transfer [4,6, 7]
of ZnO to alumina grains.

The raw materials used (greater than
99.5 wt% purity) were ZnO and Al,0; AlS5 SG,
obtained from UCB, Belgium and from Alcoa,
USA, respectively. The grainsize distributions
of ZnO and Al,O; were measured using a
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Micromeritics I1C sedigraph. Mean grain-size
diameters were determined to be 2.4um for
Zn0 and 3um for alumina, leading to a ratio
of the radi of 0.8. The surface areas were
measured by a modified BET method [8] -and
were 42m? g™ for ZnO and 6.0m? g~! for
Al, Q3. Equimolar quantities of ZnO and Al, O,
(about 183 g) were mixed in distilled water
(about 150ml) and dried according to normal
procedures (110° C, 24 h). Samples of weight
about 13 g of wet mixed powders (water 3 wt%)
were pressed in a cylindrical die under a pressure
of 500 kg cm ™ for 60 sec, dred at 110° C for
24 h and pre-heated at 500° C (at this temperature
if has been checked that no reaction occurs). The
pre-heated samples were sandwiched between two
alumina plates and placed in a platinum crucible
and then introduced into an electrical furnace at
one of the firing temperatures (900° C, 950° C and
1000° C) and held for times varying from 10 min
to 100h. The fired samples were then taken out
and placed in another electrical furnace at 500° C
and then allowed to cool down to room
temperature. The density of the fired material,
following expansion, was then measured using

Archimedes principle, using water as the displacing
agent. The progress of the chemical reaction
between ZnO and Al,O; was indicated by the
amount of ZnAl,0, formed as determined by
quantitative X-ray diffraction using a PW 1130
Phillips diffractometer. Each fired sample was
ground and screened to produce particles of size
less than 50 um. Quantitative estimation of the
amount of ZnAl,0; was made by comparing the
relative intensity of, respectively, cubic (101)
ZnO, trigonal (113) alumina and cubic (311)
ZnAl,04 X-ray lines, after calibration.

Fig. 1 illustrates the variation of the porosity
(in vol%), deduced from density measurements
with firing times at temperatures of 900° C, 950° C
and 1000° C. It can be seen that the porosity
increases very rapidly for short firing times and
reaches a limit-value for each temperature. (Note
that the porosity for zero time of reaction, green
porosity, is of the order of 41%.) Under com-
parable conditions, the progress of the reaction
between ZnO and Al,O; can be also traced. In
Fig. 2, the degree of reaction is represented as a
function of firing time. One can see that the
reaction shows a similar evolution to the porosity,
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Figure 1 Variation of porosity with firing time at 900° C, 950° C and 1000° C for sintered ZnO—Al,0, materials.
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Figure 2 Variation of the amount of Zn—AL 0, product with time at 900° C, 950° C and 1000° C.

indicative of non-conventional diffusional be-

haviour. In fact, the obtained results show that the

porosity of the fired samples increases as a func-
tion of the advancement of the reaction. The
porosity, Py, (in vol%) can be described by

)

where V,, is the volume of pores and Vy is the
volume of matter, V' does not change gently as
the reaction proceeds; indeed, it can be calculated
that, when the reaction is completed, the greatest
change in the value of Vy; is only 0.3%.

Therefore, in order to fit the observed results,
a tentative model, in which chemical reaction
generates an increase in the volume of the pores, is
presented below. The following hypotheses were
taken into consideration:

(a) The equimolar ZnO—Al,O; mixtures are re-
presented by a packing of spheres of ZnO and
Al,O03 with a ratio of their radiis, R, and Ry4,
equal to that of mean grain-size diameters of the
used powders.

(b) It has been shown [9] that, for a random
packing of two kinds of spheres with a ratio of
their radiis close to 1, the most probable co-
ordination number is 6. So it can be considered
that each sphere of alumina is in close contact
with 6 spheres of ZnO, leading to a cubic array as
represented in Fig. 3 and leading to the following
condition:

Va

v,

NA% ‘lTR?A

2
NZ%WRg ( )

where N, and N, are the number of grains of
alumina and zinc oxide and V, and V, are the
molar volumes of Al,03; and ZnO, respectively.

(c) The zinc aluminate spinel forms as layers on
the alumina spheres at each point of contact
within an angle of aperature of 26 as shown in
Fig. 4. "

Taking into account the above hypotheses, if it
is considered that the number of moles, dns ¢, of
zinc aluminate spinel formed between times ¢ and
t +dz is distributed on the NV, spheres of alumina,
at the six points of contact, with a thickness dK,
and a surface area, A,, the following expression
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a: A[zOB
b:Zn0

Figure 3 Cubic array of grains of A1,0, and ZnO.

can be written:
M
6Np Ay dK, = dngy 7_s’ (3)
S

where Mg and g are the molar mass and the bulk
density of the zinc aluminate spinel, respectively
and the subscripts A and S designate alumina and
zinc aluminate spinel, respectively. A, which is
the spherical surface of angle of aperature 26 can
be expressed as

Ay = 2nR% 1 (1 —cos? ), “)
where,
Rat = Ra (1—x)"°, (5)

where R, 4 is the radius of the alumina sphere

{ Ay ]
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Figure 4 Geometrical arrangement showing the formation
of layers of zinc aluminate spinel on the alumina grains
within an angle of aperture of 26.
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after a time of reaction r, and x is the degree of
advancement of the reaction.
Moreover, from Equation 2,

My 3
Ny =— .
A YA 47TR3A

©)

By substituting for Equations 4—6 into Equation
3,
2 Ra Msys dx

K, = = A .
b T 27 (1 —cos?0) yg My (1—x)

(M
At each point of contact, the thickness of the con-
sumed reactant products, d¢¢, removed between ¢
and ¢ + dr reaction time can be expressed as

2 _
dgy = ~3-(};»A +R)(A—x)"%dx. (8)

The total variation of distance dr, between the
centres of one grain of Al,0; and one grain of
ZnO between time ¢ and ¢ + dr is equal to

drt = th "“dft

2 Ra x
== 2 58 (RA+R)T
(27 1—cos®0 yg My 1g Ra Z))(l —Xx)

Integration of Equation 9 gives

x dx
e = 3Af gy = 34 |1 - 1—x)”3)
t o (1 _x)1/3 ( (

where

A is an expression depending only on 6 for a given
system in which the radii of the two reacting
powders are fixed. It is assumed that & is not a
function of x, A being then considered as a
constant.

After a time of reaction, ¢, a geometrical situ-
ation is obtained as iflustrated in Fig. 5, in which
the cell parameter of the cubic array is given by
Ra .t + Rzt +ri. The increase of the volume of
the pores resulting from the reaction may then be
expressed as

AVp.t = N[3(Ra +R2)rt
+3 R +RIE+E], (12)



JOURNAL OF MATERIALS SCIENCE 16 (1981) - LETTERS

T

N

R
a b /

P W

D Q
N /4

Figure 5 Geometrical arrangement after a time, ¢, of re-
action leading to a new cubic array with a cell parameter
equal to R ¢ + Rp ¢ + 7t.
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and the total variation of the volume then is

AVy = AVp ¢ + AV, where AVy is the variation
of the volume of matter due to the reaction, where
Mg My M,
AV = x — =
(75 Ya Yz (13)

and where x is the degree of advancement of the -

reaction, see the Appendix. The density, d;, of a
sample after a time of reaction, ¢, is equal to

1
= 14
d AV, +d, (14

where d, is the green density of the material and

the porosity, Py, is
= 100 (1 ,iii) (135)
dy

where dy, is the bulk density of the material after
a time ¢ of reaction.

From the Equations 12 to 15, variation of
volume porosity with the degree of advancement
of the reaction can be calculated for all values of
26. The best theoretical values fitting the experi-
mental results are represented by Figs 6 to 8.
Values of fitting the proposed model with experi-
mental data are very close (from 24.38 to 24.45°).
It can be observed that these values could corres-
pond to the value of the angle (24°) from which a
sphere of ZnO can be seen from the centre of the
sphere of alumina (see Fig. 4). One can think that
6 1epresents a physical meaning in relation to the

_radii of the reactant particles Ry and R for this

o
S0 900°C

xx
i

4154

Porosity (vol %)

025 050 s«
Figure 6 Variation of porosity with the molar fraction of
the formed spinel phase at 900° C, as calculated from the
proposed model (the best fit being obtained with ¢ =
24.46°).

particular system. In order to confirm this point,
it appears necessary to generalize the proposed
model by taking into account not only the radii
but also the actual number of particles in the
system.
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Figure 7 Variation of porosity with the molar fraction of
the formed spinel phase at 950° C, as calculated from the
proposed model (the best fit being obtained with 6=
24.38°%).
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Figure 8 Variation of porosity with the molar fraction of
the formed spinel phase at 1000° C, as calculated from
the proposed model (the best fit being obtained with
0 = 24.45°).

Appendix
. Equations 12 to 15 are established using the de-
gree of advancement of the reaction x, which can

be defined as:
ns ns
x = = b
ng Max. Ha tHs

(A1)

where n, and ng are the molar number of Al,0,
and spinel, respectively, in the sample, and rgpax
is the molar number of spinel when the reaction is
complete. In Figs 6 to 8 the porosity volume
is plotted against  which can be defined as the
molar fraction of the formed spinel phase, defined
by
ng _ ng

np +n, +ng - 2np + ng ’

(A2)

where n, is the molar number of ZnO in the
sample. The relation between « and x is

(A3)
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