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A model for changes of electrical conductivity in the course of solid-state reaction has been
demonstrated; it describes well the changes in the electrical conductivity of the reacting mixture ZnSe
+ Cr,Se;. The measurement method, the experimental data and the results calculated from the
formulas derived in a previous publication have been presented. The experimental and theoretical
curves of the temperature dependence of the electrical conductivity have similar shape. The
theoretical values differ a little from the experimental ones. These differences allowed us to estimate
the character of the changes of the concentration of defects in the product in the course of the reaction.
Analysis of the assumptions and the application of the formulas previously presented was made.

Introduction

Measurements of electrical conductivity
of the powder mixture of different reactants
have been suggested many years ago as a
method for studies of the mechanism and
kinetics of solid-state reactions and applied
to investigate the synthesis of complex ox-
ides of the spinel type (/-6). In the sixties,
however, strong criticism was raised due to
complexity of parameters, determining the
observed changes of the electrical conduc-
tivity and difficulties in the interpretation of
the experimental data (7). More recently,
interest in this method has been revived
and it has been used to study the mecha-
nism of the synthesis of complex sulfides
and selenides (8-/3). A correlation was
established between the electrical conduc-
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tivity of the reacting mixture and the degree
of conversion. On the basis of the measure-
ments of electrical conductivity at different
rates of heating Lutz et al. (/0) found that
the characteristic points on different curves
correspond to approximately the same de-
gree of conversion. This enabled the ki-
netics of the reaction in this type of system
to be determined (/0-/2).

In an attempt to find a more rigorous
basis for the interpretation of these results
one of the present authors has derived
equations describing changes of the electri-
cal conductivity in the course of solid-state
reaction proceeding in a mixture of spheri-
cal partides of the reactants (/4). It seemed
of interest to check the validity of the
model. The ZnSe + Cr,Se, system was
chosen for this purpose, because the elec-
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Longitudinel section AA

FiG. 1. The measurements ampoule: A—capillary with the sample, B—electrodes, C—spring, D—
seals, E—quartz head, F—conductors, G—thermocouple, H—copper conductors, I—quartz ampoule,

J—ground joint, K—stop cock.

trical conductivity of the product ZnCr,Se,
differs considerably from that of the sub-
strate and large variations of the conductiv-
ity could be expected in the course of the
reaction,

Experimental

Materials. ZnSe, Cr,Se;, and ZnCr,Se,
were synthesized from the elements by
heating at 600-800°C in quartz ampoules,
which were outgassed and sealed. The
preparations were repeatedly heated and
ground in an agate mortar. X-Ray powder
analysis showed that all products contained
only the synthesized phase. Mixtures of
ZnSe and Cr,Se; in the molar ratio 1:1
were then prepared for studies of the elec-
trical conductivity in the course of the
reaction.

Apparatus. The preparations were
pressed into quartz capillaries (d = 0.65
mm, / = 25 mm), which were placed in the
apparatus shown in Fig. 1. Two Pt-Ir 20%
electrodes (B) of 0.5 mm diameter were
pressed to the preparation (A) by a spring
(C). Four Pt leads, as well as a Pt—PtRh10
thermocouple, were sealed through the
quartz head. The head was linked to the
quartz ampoule (I) by a ground joint (J).
The stop cock (K) enabled outgassing of the
ampoule, which was placed in a tubular
furnace, driven by a temperature program-
mer to obtain linear increase of temperature

at a given rate. Measurements of the elec-
trical conductivity of substrates ZnSe and
Cr,S;, product ZnCr,Se,, and the reacting
mixture were carried out by the current—
voltage method (Fig. 2). The XY,Y, re-
corder Riken—Denshi D72B plotted current
measured as a potential drop Y, on a stan-
dard resistance and potential drop ¥, on the
sample as functions of temperature, given
by the EMF of the thermocouple.

Results

Figure 3 shows the changes of the electri-
cal conductivity of the substrates ZnSe
(curve 1) and Cr,Se, (curve 2), the product
ZnCr,Se, (curve 3) as well as the reacting
mixture on heating with a linear program at
two different rates: 60°C/hr (curve 4) and

Recorder DHB,X,Y1,V2

[ 2v

{ accumulator

F16. 2. The measurement system.
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F1G. 3. The temperature dependence of the electri-
cal conductivity with the linear increase of tempera-
ture at a given rate: (1) ZnSe—240°C/hr (2) Cr,Se,—
240°C/br  (3) ZnCr,Se,—240°C/hr (4) ZnSe +
Cr,Se;—60°C/hr (5) ZnSe + Cr,Se;—420°C/hr.

420°C/hr (curve 5). In some runs the mea-
surements were stopped at certain tempera-
tures and the composition of the samples
was determined by X-ray analysis. The
degree of conversion of the reacting mix-
ture, corresponding to the characteristic
points of the conductivity vs temperature
curves, is given on Fig. 3. It may be seen
that with the heating rate at 420°C/hr the
degree of conversion at 400°C is still negli-
gible, but at 470°C it amounts already to
about 5%. The reaction starts at about
460°C. With increasing degree of conver-
sion the intensity of the diffraction lines of
the substrates decreases without noticeable
changes of the relative intensities of ZnSe
and Cr,Se;, whereas the intensity of the
diffraction lines of the product increases.
No other phases could be detected. Inde-
pendent of the rate of heating of the react-
ing mixture, the degree of conversion cor-
responding to the maximum on the
conductivity vs temperature curve amounts

to 12%, whereas at the point of the mini-
mum of this curve the reaction is practically
complete, the degree of conversion
amounting to 95%. Using the formulas de-
rived by Lutz et al. (/0), the activation
energy was calculated from the shift of the
maxima as being 62 kcal mole~! and, from
the shift of the minima, 56 kcal mole™!. The
rate constant is K = 1.1 x 10° sec™'.

The differential thermal analysis of the
reacting mixture, carried out with the help
of Linseis L-62 Thermoanalyser showed an
exothermic peak (Fig. 4) corresponding to
the maximum of the electrical conductivity.
The enthalpy of formation of ZnCr,Se, is
very small and was estimated to be less
than 3 kcal mole™!.

Discussion of the Results

The temperature dependence of the con-
ductivity of the reacting mixture of sel-
enides may be divided into three ranges. In
the first range, at temperatures below about
450°C, no reactions take place in the system
and the conductivity of the reacting mixture
is proportional to the conductivity of
Cr,Se;. This follows from the general for-
mula derived in (/4), Eq. (34) taken for a
nonreacting mixture, wherea = 0, x = y =

aT
g
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Fi1G. 4. The DTA diagram of the mixture: ZnSe +
Cr,Se;.



CONDUCTIVITY AND SOLID-STATE REACTION 25

u=w-=1
o=+ b)?

los + 4b(ox' + o)™ + oub® (1)
Taking into account that the conductivity of
Cr,Se,; is about five orders of magnitude
greater than the conductivity of ZnSe, o, <
oy, formula (1) simplifies to

o=+ b)?s,

where b is the ratio of the molar volumes of
ZnSe and Cr,Se; and amounts to 0.436.

The second temperature range corre-
sponds to the progressing reaction. With
increasing degree of conversion the con-
ductivity decreases due to formation of the
layer of spinel, which has much lower con-
ductivity. Taking the conductivity of spinel
as given by curve 3 in Fig. 3, the value of
the rate constant K = 1.1 x 10° sec™! and
activation energy E, = 62 kcal mole™!, the
theoretical dependence of the electrical
conductivity of the reacting mixture on
temperature was calculated on the basis of
the formula [(/4), Eq. (34)]
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Fi16. 5. The temperature dependence of the elec-
trical conductivity (rate: 60°C/Hr) of ZnSe + Cr,Ses,
@, the experimental data; X, the theoretical curve
without taking into account the ‘‘defect function’’;
O, the theoretical curve taking into account the
*‘defect function.”
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Fi1G. 6. The temperature dependence of the elec-
trical conductivity (rate: 420°C/hr) of ZnSe +
Cr,Se; @, the experimental data: X, the theoretical
curve without taking into account the ‘‘defect func-
tion”’; O, the theoretical curve taking into account
the *'defect function.”

1 —
ola, q, T) =£(('iz—:%c;)

< 1 + 2b + b )
B(a, q, T Cla, q, n Ala, q, T) ’
(2

where ¢ is the rate of heating, A, B, C
describe the conductivities of the sub-
strates and the product as defined in (/4),
and results of the calculations are com-
pared with the experimental data in Figs. 5—
7. It may be seen that the maxima of the
conductivity appear on the theoretical
curve at much smaller degrees of conver-
sion than found experimentally. This may
be due to the fact that the product formed at
the interface in the course of the reaction
contains a much greater concentration of
defects and thus shows much higher con-
ductivity than the well-crystallized product
obtained from fully reacted mixture. In
order to account for this difference a ‘‘de-
fect function” f(o,, T, q) was introduced
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Fi1G. 7. The temperature dependence of the *‘calcu-
lated”” degree of conversion: (1) ZnSe + Cr,Se;—
60°C/hr, (2) ZnSe + Cr,Se;—420°C/hr. The tempera-
ture dependence of the ‘‘defect function’; (3) ZnSe +
Cr,Se;—60°C/hr, (4) ZnSe + Cr,Se;—420°C/hr.

into formula (2) and calculated by numeri-
cal adjustment. Results of these calcula-
tions are shown in Fig. 7.

Formula (2) describing the changes of
conductivity in the course of a solid-state
reaction was derived under the following
assumptions:

1. Reaction in the powder mixture pro-
ceeds by counter diffuston of ions through
the product layer formed at intergranular
contacts. Only one product is formed.

2. The grains are spheres flattened at
contacts.

3. The volume and shape of grains re-
main unchanged in the course of the reac-
tion.

4. The distribution of the grains of the
two reactants is statistical.

5. The electrical field within the grains is
homogeneous. Surface conductivity, con-
tact resistances, and the influence of var-
ious capacitances in the system are ne-
glected.

6. The temperature increase is linear.

Formula (34) in (/4) depends only on four
parameters: average number of contacts
per grain (J), the ratio of the height of the
flattening part of the grain to its radius (c),
rate constant of the reaction K,, and its
activation energy E,, by formulas (17),
(18), (19), in Ref. (/4).

Assumption (1) is related to the type of
reaction. Many results indicate that coun-

terdiffusion is operating in the reactions of
oxides (/5), sulfides (9, /0), and selenides
(/6). The remaining assumptions are due to
approximations necessary in order to solve
the problem analytically. In real systems,
the grains have different shapes depending
on the method of preparation. However, as
the product of the reaction in the powder
mixture is always isotropic, the best ap-
proximation seems to be spherical shape of
reacting grains with intergranular contacts
approximated by small flat surfaces. When
the volume of the product formed on one
type of grains is equal to that on the other
type, the shape and volume of grains re-
main unchanged in the course of the reac-
tion. When this condition is not fulfilled,
the grains of one substrate increase and
those of the other decrease. In the case of
reactions of the type: aA,X,, + tB,X, —
ApnaBpX s+ the electroneutrality condition
leads by counterdiffusion to equality of the
ratio of the volumes of products formed on
grains B, X, and A, X,, to (b r t/m s), where
b is the ratio of the specific volumes of the
substrates A, X, and B,X,. For ZnSe +
Cr,Se; — ZnCr,Se, the ratio of the volume
of product formed on the Cr,Se; grain to
that on the ZnSe grain 1s equal to 1.308.
Thus, if before the reaction the grains of
both substrates had the same size, the ratio
of their radii after the reaction would have
been 1.09.

The changes of the shape and size of
grains may be also caused by recrystalliza-
tion of both the substrates (5, 9, /0) and the
product. However, the resulting changes of
conductivity would not contribute to a
more serious deviation from the value given
by formula (2) because

—the formula does not contain any func-
tion of the grain radii;

—the values of conductivities of sub-
strates and product used for calculations
are taken from experiment, i.e., include the
recrystallization effects;

—although the recrystallization effects
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are accounted for in excess by taking for
calculation the value of the well-crystal-
lized product instead of highly defected
layer formed in the course of the reaction,
this is compensated by the ‘‘defect func-
tion’’;

—on heating the reaction mixture with a
linear program the recrystallization pro-
cesses can usually be neglected in compari-
son with the reaction itself.

Although in the model the additional con-
tact resistances and surface conductivity of
grains are not directly considered, they are
indirectly included through the experimen-
tal values of the conductivities of substrates
and product. The capacitances do not play
any role in case of dc measurements (9-/3),
and in the frequency range of 50-10° Hz
their influence is negligible (2) and only a
slight increase of conductivity is observed
without any change of its temperature de-
pendence.

The number of intergranular contacts (J)
appears only in the kinetic equation (/4). It
is difficult to estimate and may vary from 6
in loosely packed powder to 12 in a closed-
packed arrangement. It follows from the
derived equations that the number of grains
N in a unit volume and their radius r have
no influence on the electrical conductivity
of the mixture when the latter has the same
degree of compression as the substrates
and the product, conductivities of which
have been used for calculation. For grains
with shape of cut spheres the degree of
compression may change for J = 6 from
0.52 to 0.965 when ¢ varies from 0 to 0.293,
and for J = 12 from 0.74 to 0.964 on
variation of ¢ in the range 0-0.134. In the
case of larger ¢ the equations are no longer
applicable.

As seen from Fig. 7, the concentration of
defects in the product layer at first rapidly
increases, passes through a maximum and
then decreases. Thus, the assumption made
in many studies (/7) that the concentrations
of defects at both interfaces of the product

layer are fixed and their gradient in the
layer is decreasing, is not always valid in
the description of the electric conductivity,
although it may lead to adequate kinetic
results (/7). The appearance of new inter-
faces in the first stage of the formation of
the product phase may result in great
changes of the conductivity. This highly
defected region may constitute the main
path for the current and determine the
conductivity of the mixture. The compact
layer of product is formed only after a
certain degree of conversion had been at-
tained. Ordering of the lattice is taking
place as is reflected in the decrease of the
“‘defect function’ resulting in decrease of
the conductivity.
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