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Compaosite pellets were prepared from low-density polyethylene
(LDPE) and vanadium dioxide powders. The VO, pigments are
used for their insulating-to-metallic transition at 341 K in order
to obtain electrically variable composite materials. The volume
fractions of VO, powders vary from ¢ = 0 to ¢ = 0.55. The
composite samples are characterized by X-ray diffraction and scan-
ning electron microscopy. Complex impedance analysis in the fre-
quency range 10~! to 10% Hz is carried out at room temperature
and at T = 363 K, to observe the insulator—metal transition of
VO, pigments dispersed in the polymer host. The variation of the
complex impedance modulus |Z| with frequency and with VO,
volume fraction (¢) is discussed. A specific (R, C) impedance
madel permits interpretation of the experimental results in terms
of percolation; the observed variations can be accounted for. © 1994

Academic Press, Inc.

1. INTRODUCTION

The general aim of this study was to test composite
materials composed of organic polymer and oxide pig-
ments presenting a phase transition. The insulator-to-
metal transition (! to 6} at T, = 341 K vanadium dioxide
VO, can be used to realize an electrically switching com-
posite material having interesting elastic and mechanical
properties. In previous works (7-12), the various optical,
structural, and thermodynamic switching properties of
substituted samples V,_ W 0, (x = 0t0 0.02) were inves-
tigated. Here we deal with the variation of clectrical prop-
crties of a polycthylenal VO, composite material.

II. EXPERIMENTAL STUDY

I.1. Samples

The preparation of cylindrical pellets (D = 20 mm,
h = 3-7 mm) was carried out in order to perform direct
analyses of the final material.
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—1. A powdered VO, ceramic (Aldrich} was used: the
granularity is such that the maximum grain size is 38 um
(density = 4.68).

—2. The polymer host is obtained from powdered, low-
density polyethylene (Aldrich; notation LDPE) with den-
sity 0.91.

—3. The initial mixtures are obtained for various
weight fractions; see Table 1,

—4. The pellets are obtained by heating at 140°C (413
K) under hydrostatic pressure during a fixed ¢, duration
in air; the samples are then cooled at controlled cooling
rates.

Each sample, denoted P; (i = [ to 12), is characterized
by its effective volumic weight uq,, (Table 1) which in-
cludes three different volume fractions ¢ associated with
VO, pigments (¢vo,}. polyethylene host (both amorphous
and crystallized parts; ¢po; ), and cavities (¢). The in-
creasing $vo, values are referred to as ¢(P) (i = 1 to 12).
In Table 2 the calculated volumic weights (uy) are given
for specific ideal volume fractions denoted ¢, (i = 0 to 10).

In Fig. 1, the experimental volumic weights g, are
compared to the ideal values w4, which are linearly depen-
dent on ppg, and pyg,. A pellet made of pure VO, ceramic
was separately prepared: because of the residual inter-
stices the gy, value is only 0.91.

11.2. X-Ray Diffraction Analysis

Lach composite pellet was analyzed by X-ray diffrac- .
tionon a D 5000 Sicmens diffractometer, using SOCABIM
programs, and the changes in multiphase diffraction pat-
terns are observed: in Fig. 2, a typical X-ray diffraction
pattern is presented.

—1. The Bragg peaks of vanadium dioxide provide an
indication of the distribution of the pigments near both
plane faces of the cylindrical pellets (see Appendix).

—2. Two kinds of information are provided by the
Bragg peaks of the crystallized LDPE components (see
Appendix), dispersed in amorphous host:
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TABLE 1
Characteristics of the Pellets
P1 P2 P3 P4 PS5 P6
vo, 0.000 0017  0.040 0.063 0105  0.130
H0obs 0.885 0.923 0.949 0.975 1.226 1.245
(g em™)
P7 P8 P9 P10 Pil P12
‘bvoz 0.196 0.270 0.330 0.395 0.550 0.910
Fobs 1.520 1.813 1.948 2.178 2.575 4.273
{g cm™3)

—the intensities are proportional to the crystalline
fraction,

—the broadening of the (110) and (200) reflections are
related to the growth of crystallites (orthorhombic cell).

To monitor the preparation process and the final state
of the LDPE host, two quantities were systematically
measured:

—the R = (I, + L)/l ratio is characteristic of the
LDPE hest (7, is the LDPE Bragg peak intensity; Ir is
the total intensity due to both amorphous and crystailized
components);

—the broadening A of the (110) and (200) reflections
may be related to the size of crystallites through the classi-
cal relation (13)

A? = (A26(POLY) — (A26(VO,)),

where
A corresponds to the size effect,
A28(POL) is the anguiar broadening for polymer, and
A28(V(,) is taken as a standard to obtain the experi-
mental broadening (the (011) peak of monoclinic VO,
is used).

The (I} sizes are calculated using the classical rela-
tion (13)

L(hkl) = 0.9 M/(A cos 6),

where A is the CuKa wavelength (1.54 A), ¢ is the Bragg
angle of the peak (hkl), and LAk} is the mean dimension
of the crystallite along the direction parallel to the recipro-
cal vector (hkl).

TABLE 2
Volume Fractions and Calculated Volume Weights

0 ¢l $2 3 P4 33 6 &7 &8

¢v02 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
feg 0.9t5 1.291 1.668 2.044 2.42i 2797 3.174 3.550 3.927
(g cm™’) ’

- Uid

' 01.4 0'.6_'_ 0'.8 ‘ 1
dvo?

FIG. 1. Experimental and calculated volumic weights (u;y and pgys)
for the various composite pellets. ¢pgy is the volume fraction of polymer;
¢¢ is the volume fraction associated with cavities.

The principal resuits are reported in Table 3. The dimen-
sion of the LDPE crystallites slowly increases with in-
creasing volume fraction of VO,. However, in the (ab)
plane of the LLDPE crystal, it seems reasonable to assume
a nearly constant mean size, with

(L(hkO}) = 150 = 10 A.

Such a mean size is a result of the cooling or quenching
process and thus can be used to control the preparation
procedure. Such control is necessary because of the effect
of microstructure on electrical properties; the main fea-
ture probably involves the presence of pores and imper-
fect interfaces in the samples.

I1.3. Study of Microstructure

The pellets have been studied by scanning electron mi-
croscopy (SEM, JEOL JCM 35 C) linked to an EDS X-

TABLE 3
X-Ray Diffraction Study of Polyethylene
Crystal Components”

L+ b L L
Pi (%) i (&) (&)
0 0.28 146 110
6.3 0.43 124 112
10.5 0.43 152 128
13 0.37 165 152
19.6 0.66 167 142
27 — 158 —

“Ly = L(110); L; = L200).
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FIG. 2. Typical X-ray diffraction pattern of a composite pellet; the Bragg peaks of VO, and polyethylene (LDPE) are visible. The crystallinity
of LDPE is determined from the intensity ratio and width of Bragg peaks.

ray microanalysis system (TRACOR TN 524). To investi-
gate the bulk microstructure, we cut cross sections along
a diameter of the sample, using a diamond saw. X-ray
mapping (Ke: 4.94 KeV line) correlated to secondary elec-
tron micrographs enabled us to identify the VO, pigments
among the polymer host, at low magnification.

Next, high magnification micrographs have been ob-
tained inside the polymer zone. Typical results are shown
in Figs. 3a and 3b, where one can identify the polymer as
clongated low-contrast fibers and VO, as well-contrasted
roughly spherical grains. In Fig. 3a, the size of the VO,
grains is roughly 5 um. Furthermore, these grains are
linked together to form characteristic twisted chains. In
Fig. 3b afairly dispersed phase can be seen with microme-
ter- or ¢ven submicrometer-sized grains,

Another characteristic feature of the microstructure is
shown in Fig. 3¢: here the previous chains constitute small
bonds between bigger grains in the 30-um range. This
situation is schematized in Fig. 3d and indicates the possi-
bility of electrical continuity through the polymer along
the average direction of the bonds. This striking result is
analyzed further (Section III} through a percolation
model, allowing us to interpret the abnormally low value
of the VO, ¢y, volume fraction, above which the high
VO, conductivity appears in the sample; the transition of
VQ, can then be observed when the temperature in-
creases.

I1.4. Electrical Measurements

The electrical measurements are carried out using po-
tentiostat/galvanostat equipment connected to a high-fre-

quency response analyzer. The frequency range is vari-
able from 10~ ' to 10® Hz. The frequency is denoted w and
is expressed in Hz. The pellets are pressed between gold
electrodes, first at room temperature, then heated above
the transition temperature of VO, (T = 363 K > T.).
Interface effects due to heating were climinated by ther-
mal cycling.

Each sample is characterized by

—its constant section § = wD*4

—its thickness & (3 to 7 mm)

—its three volume fractions ¢vp,, dpor, dc-

Then, each observed impedance modulus |Z| has to be
corrected according to the relation

1Z] = z (hiS);
le., R = p hi§ or C = &S/h, p and ¢ being the resistivity
and the dielectric constant.

However, due to imperfect electrode~sample inter-
faces, only the relative change of |Z] as a function of
frequency and volume fraction can yield information
about the associated complex impedance function.

In Fig. 4 the experimental complex impedance moduli
are shown as a function of w for P, (pure LDPE host), P,
(intermediate composition), and P,, (pure VO, pellet), at
two temperatures (T < T_and T > T,). They are repre-
sented using logarithmic values:

log|lZ| = Yy(w) = fy(log w), (¢ fixed, o variable).

In the insulating phase (¢ = 0), the phase angle is
uncertain (¢ ~ —w/2}; in the metallic (resistive) phase
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FIG. 3. {(a)-(c) Scanning electron microscopy on a composite pellet: VO, grains are clearly observed with dimensions ranging from 1 to 40
um. Between the biggest grains, irregular bridges made of smaller grains are observed. (d) Schematic drawing illustrating such a typical observation.

COLD HOT
10 . 10 .
8 7 SJ
L L
o 6‘{ 0 54
g g
WA 4J ]Z|4J
1 |
27 2 7
o P12
— o
370 7 4 & & VI~ 7 4 &
Log @ Log @

FiG. 4. (a) Experimental complex impedance moduli (logarithmic values) of the samples P1 (pure LDPE host), P6 {intermediate), and P12

(pure VO, pellet), as a function of [og w (w {requency Hz) and at 300 K. (b) Same experiment but at 363 K (90°C) above the transition temperature
(T. = 341 K).
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(¢ = 0.9!; pure VO,) the phase angle is found to be about
¢ =0

The change in electrical property is clearly apparent
for volume fractions greater than ¢ = 0.20. Above this
approximate concentration, pure resistive behavior of the
pellets P; is observed at room temperature (T < 7,): the
log|Z| vatues are found to be constant in a wide frequency
range (o = 107! to wy,,)-

In Fig. 5 the results are reported using the relation

log|Z| = Y, (¢) = f.,(¢), (w fixed, ¢ variable).

The following results are found:

—for low w values the log|Z| experimental function,
obtained by “*smoothing™’ the distribution of experimental
values, exhibits a strong variation when ¢ increases be-
yond a certain value ¢,, (for o = 10° Hz, ¢, = 0.29)
such that ¥, (¢) = log|Z| is given by

Y(bip) = (Y(¢ = 0) + Y (¢ = 1))2.

—for high w values, log|Z| does not exhibjt such a
strong variation.

As a first approach, the ¢, values might be defined as
‘““percolation compositions.™

The Y, (¢) experimental functions strongly vary in their
profile with w: for low w, the (R, C) type of behavior by
pellets is clearly indicated while for higher @ values (10*
to 10° Hz), the R regime prevails.

The main feature observed here is the percolative (but
progressive) electrical behavior with abnormally low
¢, values. In ideal single-sized spheres, vartous regular
packings can be expected for volume fractions such as

¢ = 0.34 for diamond type packing
¢ = 0.68 for body centered cubic packing
¢ = 0.74 for compact packing.

In order to interpret the present results, it was neces-
sary to propose various models using complex imped-
ance calculations.

II1. DISCUSSION

To understand the abnormal properties of the experi-
mental functions Y, (w) and Y,(d), it was necessary to
consider various models that represent the composite
structures, i.e., the distribution of VO, pigments in the
polyethylene host.

As a first step, an elementary model {(model 1) was
considered. Single-sized cubic particles were assumed to
be regularly distributed, as indicated in Figs. 6a and 6b,
The alternate zones of VO, pigments and polymer host

can be represented as electrical complex impedances (re-
sistance R, capacitance C): see Fig. 6¢. From the simple
model I and using cubic pigments, it was possible to obtain
the linear VO, fraction as

X = (dvo)"

In the case of noncubic symmetry, the model can be
easily modified by taking into account shape factors
KKK, with

Xl = Kx()bla

(X, = K, ¢!, X, = K.¢'%; x, y, z are associated with the
three space directions).
Each Z impedance can be described by the relation

Z, = z;* X/X* (ie.,R = pL/LY.

The global impedance Z(w, ¢) is a function of « and
&, or X,

/Z(w, ) = UZ, + WZ, + Z,),

where Z, and Z,, are the impedances of the two polymer
components electrically in series (POLY 1) or in parallel
(POLY 2), and Z, is the corresponding one for the VO, pig-
ments.

Each Z impedance is assumed to be of an (R, C) type:

Z ' = 1/R + jCw.

Taking into account the various Z components of VO,
pigments and of POLY 1 (intermediate zones) and POLY
2 polymer parts, the general expression is found to be a
function of the linear fraction X = ¢':

Z7 = XHRXI((1 + jRyC,w)
+ R, (1 — X)/(1 + jR, C, )
+ (1 — XH(1 + JR,,C ).

In principle, all the samples might be characterized by
only one set of values: R,.C, . R, ,Cp. Ry, Cy. How-
ever, each set depends on a preparation process. Thus it
can vary with X within some limits,

In model I, the (R, C) values are assumed to be con-
stant, independent of the volume fraction: however, such
a model was found to be quite insufficient to explain our
experimental results. To improve the initial electrical
characterization, it was necessary to take into-account the
percolation effects via adjusted composition-dependent
impedance functions. Such critical behaviors in compos-
ites were previously described by Coniglio et al. (14) and
Bergman and co-workers (15).
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w = 107% (b)Y wy = 1, (€) wy = 10, (d) wy = 10, () w5 = 105, () wg = 104, (g) wy = 10°.
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FIG, 6. Schematic representation of the composite pellets. Elec-
trodes are represented to justify the present (R, C) model. {(a) The
symbols (O, ©, Q) represent different pigments. (b) Definition of the
various domains: POLY 1 is for polyethyiene affected by VO, pigments.
POLY 2 is for polyethylene with properties independent of VO,. {c)
Electrical model: (R, C,) are for VO, pigments. (R, C,) are for POLY
1 {in series). (R, Cp) are for POLY 2 (in parallel}.

To take into account percolation effects, model II was
adapted with the following features:

—1. Insome regions between VO, pigments, a percola-
tion distance between grains is assumed to exist: the asso-
ciated percolation composition is denoted by ¢y, and
taken as equal to 0.30. In the case of single-sized spherical
grains the ¢, value should be directly related to the
classical compactness of sphere assemblies.

-2, Due to the presence of variable grain sizes dis-
persed through the LDPE host, the (R, C) values of poly-
mer between VO, grains (POLY 1) are assumed to be a
function of the volume fraction ¢yq,. As the fraction ¢
increases the ceramic behavior becomes more prominent,
An empirical function is postulated.

For 0 < ¢ < ¢y, the variation is described by

me

= Z,exp — A" (n > 1);
ie,forg =0,2, =2,

For ¢ > ¢,,,, the variation is taken to be

Z,, = Z,, () exp(—Ble — &),

withZ, = Z, for¢ =

The A and B parameters are constants calculated for
¢ = ¢y and ¢ = 1 as boundary conditions: they express
the increasing percolation effect due to the distribution
of grains. Among the various values of n tested to obtain
a unique good fit for all the experimental results, # = 2
was chosen: this corresponds to Gaussian-like behavior.
The second function was chosen to express two effects:
while the biggest grains are assumed to be subject to
compact packing, the population of the smallest grains
can occupy the residual interstices and provide a contribu-
tion to the electrical properties.

In Fig. 7, the functions resulting of Model 11 are repre-
sented. Figure 7a shows the variation of Z, as a function
of the volume fraction ¢ and for fixed w values Figures
7b and 7¢ respectively represent (i) the values of log (Z)
calculated for fixed volume fractions as a function of log
w, and (ii) the values of log (Z) calculated for fixed
frequencies (denoted 1 to 7) as a function of the volume
fraction .

The various functions represented on the figures were
obtained using only one set of (R, C) values to obtain a
qualitative agreement with the experimental results at
25°C:

R,=Ry=10°Q C,=Cy=1002F
R, = 10°Q C, =10°9F
Dl = 0.30

At 353 K (80°C; i.e., T > T,) the electrical resistance
of VO, pigments is assumed to be that observed in pure
VO, pellets. In Fig. 8 a simulation of the transition is
presented for the frequency w, = 10° Hz: the electrical
transition is ciearly observable for ¢ > 0.25.

Under this assumption, it is possible to simulate the
log Z = f,(¢) functions, leading to acceptable agreement
with the present experimental data. Obviously, model II
could be improved by adjusting the individual R and C
values of cach sample. In fact the main result of this
modeling is the determination of a percolation composi-
tion denoted ¢, in model II. Experimentally, the ¢,,
values vary with frequency from about 0.25 to (.33, so
these values cannot directly yield the percolation compo-
sition, However, they are not far from the adjusted
uniquely modeled ¢, value,
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FIG. 7. Complex impedance modulii in the case of percolation. (a) Variation of the logarithm of Zpm (impedance modulus of the POLY 1
component) according to model 11: log(Zpm) is affected by the presence of VO, pigments (it varies with ¢ for fixed « values). The function is
calculated using a percolation limit with ¢y, = 0.30. The w; values lead to log(Zpm) curves that increase from 10~! to 10" Hz (see text); i.e.,
for ¢ = 0, this Zpm impedance modulus decreases with @, (b) Calculated log/Z| curves as a function of log w, using the percolation hypothesis
(model II): for fixed ¢ values the varous calculated log|Z| functions are quite different and exhibit resistive—capacitive characteristic changes
when log @ varies. Two volume fractions 0.2 and 0.3 are indicated. (¢) Calculated log|Z| curves as a function of volume fraction ¢ in the case of
model II; the percolation is well simulated with ¢, varying from 0.25 to about 0.33; such a result is obtained using the adjusted ¢, = 0.30
value. The fixed w; are denoted from 1 to 7 (10" to 10*° Hz as indicated in Fig. 5).
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FIG. 8. Simulation of the transition: the log(Z) calculated functions are represented as a function of ¢, using the percolation hypothesis of
model II for two temperatures (T < 7. and T > 7,) and at a fixed @ = 107 Hz {w,} value. The transition is observable for ¢ > 0.20. Some
experimental points are reported (empty squares).
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Iv. CONCLUSION

In this study it was clearly shown that composite materi-
als, prepared from mixed polymer and ceramic pigments,
can be characterized by percolative electrical properties.
A critical composition ¢, can be defined, which varies
with frequency. At @ = 10% or 10* Hz the ¢,, value is
about 0.25.

The insulator—metal transition of VO, can be observed
in impedance measurements when the volume fraction is
greater than ¢,

Such a result can be explained in terms of progressive
electrical contacts due to the presence of a wide variety
of grain sizes irregularly distributed in the polymer host.
A percolation model allowed us to interpret all the experi-
mental Z values: a unique ¢y, parameter (close to the
variable ¢, values) was introduced in the model to simu-
late all the impedance functions.

SEM observations seem to confirm such a description
of percolation in these composite materials,

APPENDIX

The crystallographic data for LDPE and the VO, ce-
ramic are as follows;

—1. for LDPE the space group is P2,/n2,/a2,/m and
the cell parameters are ¢ = 7.40 Ab=493A,¢c=253
A; the melting point is about 120°C;

—2. for the insulating phase of VO, the space group
is P2,/c and the cell parameters (10) at 298 K are a =
5754 A, b = 4525 A, c = 5.386 A, B = 122.60° the
transition temperature is T, = 341 K (68°C) for pure VO,;
the conductivity is characterized close to T, by a ratio
a{up)/olow) = 10 in polycrystals.

—3. for the VO, metallic phase (10) the structure is
that of tetragonal rutile with @ = 4.556 A, ¢ = 2.851 A,
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