JOURNAL OF MATERIALS SCIENCE 26 (1991) 145-154

Composite PTCR thermistors utilizing
conducting borides, silicides, and carbide

powders

T.R. SHROUT, D. MOFFATT, W. HUEBNER
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Ceramic—polymer composite thermistors using conducting boride, silicide, and carbide
powders that include TiB,, ZrB,, NbB,, NbSi,, WSi,, MoSi,, and TiC have been fabricated.
Percolation and subsequent PTCR effects were observed for all the powders in both semi-
crystalline (polyethylene) and amorphous (epoxy) polymer matrix materials, however, as
found for carbon black and metal fillers, both niobate powders did not exhibit a PTCR effect
in the amorphous polymer. Results indicate that percolation and PTCR behaviour are

related to the powder characteristics (size/distribution), composite microstructure and

ceramic—polymer interface.

Composite thermistors with room temperature resistivities as low as 1 Qcm and a nine-order
of magnitude change (Ap) at 1 kHz (12 Ap at d.c.) were achieved.

1. Introduction

Positive temperature coefficient of resistance (PTCR)
thermistors are commonly employed in a wide range
of applications including temperature sensors, pro-
tection circuits, flow meters, self-regulating heating
elements, etc. Typically, donor-doped BaTiO; ce-
ramics are used in thermistor applications, whereby a
large change in electrical resistivity (~ four to six
orders of magnitude) occurs near the Curie point, (7},)
as shown in Fig. la [1, 2], however, their relatively
large room temperature resistivity (~ 100 Qcm), in-
ability to easily vary the PTCR transition temperature
and high manufacturing costs have led to the develop-
ment of composite thermistors [3-10].

Based on the concept of percolation (Fig. 1b), at a
critical volume fraction (V) of conducting particles in
an insulating polymer matrix, the particles form a
continuous chain thereby drastically decreasing the
composite resistivity. The associated PTCR effect oc-
curs due to the elimination of this continuous chain by
the expansion of the polymer. This expansion occurs
near the melting point of semicrystalline polymers
(T,) and near the glass transition temperature (7;) of
amorphous polymers.

To date, most of the research and development of
composite thermistors has been on carbon filled poly-
ethylene (PE) though many others conducting fillers
including Cu, Fe, Ag, TiO, V,03,, and various types of
polymers have been investigated [11-217].

Composite thermistors comprised of highly con-
ducting carbon black and polyethylene have reported
room temperature resistivities of 1 to 100 Qcm, a
PTCR effect of six to eight orders of magnitude (at
about 130 °C the T, for PE), are easily fabricated and
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intrinsically low in cost. In addition it has been shown
for composite thermistors that the transition temper-
ature of the PTC effect can easily be adjusted through
choice of polymer and subsequent variation in their
associated 7.

Despite the obvious advantages of carbon-filled
polymer composite thermistors, some drawbacks exist
including: (1) the presence of high resistance surface
layer or “skin” effect on the carbon powder which
limits the room temperature resistance, (2) the in-
ability to easily modify the powder morphology, par-
ticle size and distribution in order to control the
percolation behaviour, and (3) the fact that a PTCR
effect is only demonstrated in semicrystalline polymer
materials and not in amorphous polymers. Amorph-
ous polymers have the advantage over semicrystalline
polymers in that the latter must be crosslinked by
irradiation [22-24] or by the addition of a third filler
[25] to provide mechanical stability above T, and
overall reproducibility.

It was the objective of this work to demonstrate that
PTC composite thermistors could be markedly im-
proved by utilizing conducting fillers that possessed
the following characteristics: (1) ultra low resistivities

< 10™* Qcm, (2) low susceptibility to surface oxida-

tion and thus reduced “skin” effect, (3) exhibit percola-
tion and subsequent PTCR behaviour in both semi-
crystalline and amorphous polymers, and (4) be
readily available and low in cost.

Based on these requirements, the following con-
ducting filler materials were proposed including TiB,,
ZrB,, TiC, NbSi,, WSi,, NbB,, and MoSi,. Logic-
ally, metal filler materials would be ideally suited for
composite thermistors due to their very low electrical
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Figure 1 (a) Variation of elec-
trical resistivity for BaTiO4 and
composite type PTCR thermis-
tors. (b) Composite resistivity
plotted against volume fraction
(V;) conducting filler illustrating
percolation behaviour.
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resistivities. However, composites comprised of metal
fillers generally do not exhibit a strong PTC effect,
though they do exhibit percolation.

The percolation behaviour and subsequent PTCR
effect of composites comprised of the various borides,
silicides, and carbide powders in both semicrystalline
and amorphous type polymers were determined. The
importance of filler particle size and ceramic polymer
interface on percolation behaviour, and PTCR effect
were addressed. The results are presented in the
following.

2. Experimental procedure

2.1. Conducting filler

The conducting ceramic powders* utilized in this
study were titanium carbide (TiC), titanium boride
(TiB,), niobium silicide (NbSi,), tungsten silicide
(WSi,), niobium boride (NbB,), zirconium boride
(ZrB,), and molybdenum silicide (MoSi,). Basic ma-
terial parameters including electrical resistivity (p) and
resistance to oxidation [26,27] are contained in
Table I. For comparison, values for carbon are also
reported. As shown, the electrical resistivities are quite
comparable, if not superior, to that of carbon and for
most cases the ceramic powders have a greater resist-
ance to oxidation, which should decrease the overall

Volume fraction V¢

TABLE I Conducting materials characteristics [26, 27]

Material Electrical resistivity at Resistance to
room temperature (Q cm) oxidation®

TiB, 28 x 1076 2-3

TiC 180 x 107° 3

NbB, 6-30 x 1078 —

ZrB, 60-80 x 107° 2-3

NbSi, 6 x107° 4

WSi, 33 x 1078 1-2

MoSi, 21 x 1078 1

Carbon ~ 10731073 4

# Classed according to the temperature range in which the attack by
air would cause erosion or failure of the coated specimen within a
few hours. 1: above 1700°C, 2: 1400-1700°C, 3: 1100-1400°C, 4
800-1000 °C.

using a Micrometric Sedigraph (Model 5000) particle
size analyser. Specific surface areas were determined
using the BET nitrogen absorption method. The de-
gree of powder agglomeration, designated AAN(50),
was determined from the ratio of the median equival-
ent spherical volume (from the particle size technique)
to the average volume calculated from the specific
surface area. Results of the powder characterization

are reported in Table II.

composite thermistor resistivity in the low temper-

ature state.

It should be realized, however, that the resistivities

Fig. 2a to 2i contain scanning electron microscope
(SEM) photomicrographs of the various powders.
From these photos and as reported in Table II, the
TiB, (A), TiC (A), NbB,, and MoSi, had broad par-

reported in Table I are for dense ceramics and may not
be representative for powders with defined surface
chemistry; i.e., the presence of a resistive oxide “skin”.
The presence of such a layer would increase the low
temperature resistivity of the composite.

It is well known that the microstructural features of
the conducting filler play an important role on the
percolation threshold (level and “steepness™) and sub-
sequently, the PTCR effect, thus various sizes of TiB,
and TiC were obtained. Table 1T summarizes the data
collected on the conducting fillers. Powders were
characterized for their particle size and distribution

ticle size distributions. Along with a broad size dis-
tribution, the above powders were highly agglomer-
ated. Though the particle size distribution of the WSi,
powder was found to be narrow, the SEM micrograph
(Fig. 2h) indicated a broad distribution.

In terms of shape morphology, most of the powders
had quite irregular shapes (probably due to a grinding
step in their production), whereas the TiB, (B) powder
was somewhat spherical with smooth surfaces (see
Fig. 2b). The role of powder morphology on the over-
all thermistor behaviour has yet to be investigated.

* All powders were obtained from Aremco Products, Inc., Ossining, New York, USA, except for WSi, which was obtained from Johnson

Matthey, Inc., Seabrook, Ohio, USA.
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TABLE I1 Ceramic powder characteristics

Material Density (gcm™3)  Surface area Equivalent particle Median particle size ~ AAN (50) [28]
(m2g™) size (pm) (Sedigraph) (um)

TiB,

(A) 1-5p 4.52 0.85 1.6 10 224

(B} —325 mesh 0.21 6.3 7.2 1.5

TiC (A) 493 1.1t 1.1 7.4 304

TiC (B) 0.18 6.8

(100-200 mesh)

NbB, 6.97 0.90 1.0 2.9 24

ZrB, 6.09 0.76 1.3 8.7 300

NbSi, 5.29 0.78 1.5 5.1 39

WSi, 94 0.25 2.6 29 14

MoSi, (—325 mesh) 6.4 0.723 13 9 20

2.2. Matrix phase—polymers

Properties of the matrix phase which play an import-
ant role in composite PTC phenomena include: (1)
clectrical resistivity, (2) thermal expansion behaviour,
(3) maximum use temperature without “failure”
(slumping), (4) processability, and (5) surface chem-
istry, i.e., does it “wet” the conducting filler. Two types
of polymers for the insulating matrix were invest-
igated: a semicrystalline polymer,* polyethylene, and
an amorphous epoxy,’ referred to as Spurrs. Poly-
ethylene and Spurrs epoxy polymers are good insu-
lators with reported resistivities of > 10'° Qcm and
> 1012 Qcm, respectively.

3. Composite fabrication and
characterization

To determine the percolation behaviour and sub-
sequent PTCR effect a wide range of filler—polymer
composites were fabricated. Composites with a poly-
ethylene matrix were prepared in a Brabender Inc.
high temperature shear mixer at 150 °C for 20 to 30
minutes. Resulting mixtures were then pressed into
discs at 200 °C in a stainless steel die. Composites with
a Spurrs epoxy matrix were mixed at room tem-
perature, cast, and cured for 24 h at 80 °C. In general,
composites with high filler content ( > 50 vol%) were
difficult to prepare as a result of poor wettability
between the polymer and ceramic powder. All pellets
were polished and then electroded with an air-dry
silver paint.

Characterization of the composites included geo-
metric density, and microstructural analyses the per-
colation behaviour and PTCR effect. The geometric
density was determined and compared to the expected
theoretical value in order to evaluate the amount of
porosity or perhaps preferential segregation of dense
particles due to settling. Microstructurally, the com-
posites were fractured (after cooling in liquid nitrogen)
and evaluated using SEM for the level of powder—
polymer and particle size segregation, powder ag-
glomeration, porosity, and polymer—ceramic bonding,
or lack thereof.

* Phillips Petroleum (Marlex EHM 6001)
t Polysciences, Inc.

As previously shown in Fig. 1b, the resistivity of a
composite as a function of volume fraction conducting
phase (V;) constitutes its “percolation behaviour”.
Parameters used to describe the behaviour for a given
ceramic—polymer system were the percolation thresh-
old (V,) and its “abruptness”.

The PTC effect, as shown in Fig. 1a is characterized
by measuring p against 7. Parameters used to describe
the effect include the order of magnitude change in
resistivity (A ) from the room temperature state to the
high temperature state, the temperature at which the
transition occurs, T, and “sharpness” of the transition.

Experimentally, the percolation behaviour and
PTCR effect were determined by measuring the low
field resistivity from room temperature to 150°C in a
Delta Design Box furnace using an HP 4274A multi-
frequency LCR meter at a frequency of 1 kHz To
examine dispersion behaviour additional frequencies
were used in the range of 100 Hz to 10 MHz. The
current voltage (I-V) characteristics were determined
for selected samples at temperatures above and below
the PTCR transition using a picoammeter (HP Model
4140B). Based on the above results, polyethylene com-
posite samples with the low room temperature res-
istivities and large PTC effect were selected and irra-
diated (exposure to gamma radiation ~ 20 Mrad) to
provide the necessary cross-linking and subsequent
high-temperature ( > 7,,) mechanical integrity.

4. Experimental results and discussion
4.1. Composite homogeneity

The entire concept of percolation and PTCR behavi-
our in composite thermistors is strongly dependent on
microstructure. Selected SEM photomicrographs of
several composites are shown in Fig. 3a to 3c. The
homogeneity of the composites, as determined by
geometric densities and SEM analysis, revealed that
most composites contained anywhere from 5 to 10%
porosity (see Fig. 3a). Low fraction volume filler com-
posites tended to have less porosity, but clearly indic-
ated inhomogeneity in terms of overall uniformity of
the polymer and ceramic regions as can be seen in
Fig. 3b and 3c. This problem was most severe in
highly ( > 50 vol%) filled composites where large re-
gions of polymer with no filler content were observed.
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Figure 2 a—{f

It has been found, only recently that using a slight
vacuum during warm pressing of the polyethylene
composites helped eliminate much of the porosity.
Composite inhomogeneity was most likely attrib-
uted to the fabrication technique. For instance, dens-
ity gradients could have resulted due to poor mixing,
porosity (trapped gases), or powder segregation due to
settling. The latter is a major problem for composites
with the Spurrs epoxy matrix; the low density and
viscosity of the epoxy matrix allows the dense ceramic
particles to partially settle during the curing stage.

148

TI.Z 1-5UM

-“n&Enco T‘;c -325 HESI-.I:t "FILTERER

£ e > “

Non-uniform settling may also result in a distribution
of particle sizes across the composite thickness.

Another important feature brought out in the SEM
microstructures is that the polymer, whether poly-
ethylene or Spurrs epoxy, does not appear to signific-
antly wet the ceramic filler as indicated by the clean
fracture surfaces, however, in the case of the NbB, and
NbSi, samples, the fracture was transmatrix indicat-
ing 4 strong bond between the polymer and ceramic
particle as shown in Fig. 4 for the NbB,—polyethylene
composite.



4.2. Percolation and PTCR behaviour
Percolation behaviour, or a large drop in resistivity
with filler content, was observed for all the ceramic
polymer systems investigated in this study. Represent-
ative of the various powders used, percolation curves
for TiB,, (A and B) and NbSi, powders dispersed
in polyethylene are presented in Fig. 5a and 5b,
respectively.

Typically, the percolation threshold level (V) was
found to be in the range of 15 to 35 vol%, being
similar for both polyethylene and Spurrs composites.
In composite samples with lower fractions of filler, the
resistivity was relatively high and there was no evid-
ence of a significant PTC effect as shown in Fig. 6a to
6d. As the filler concentration was increased, a PTC
effect was observed. For composites comprised of
polyethylene the PTC effect was observed near 130 °C,
the MP of the polymer, whereas the PTC transition in
the composites comprised Spurrs epoxy typically oc-
curred near 80°C, the T, temperature, as shown in
Figs 7 and 8, however, a slight dependence of volume
fraction filler content on the PTCR transition was
apparent. With increasing filler content, the transition
temperature shifted higher. This behaviour indicates
that more volume expansion of the polymer, allowed
for by the increased temperature, was required to pull
the conducting particles apart. Increasing the filler
concentration, well past the percolation threshold,
tended to further decrease the room temperature res-
istivity and the magnitude in the PTC effect.

Figure 2 SEM photomicrographs of the various conducting filler
powders. (a) TiB, (A), (b) TiB, (B), (c) TiC (A), (d) TiC (B), () NbB,,
(f) ZrB,, (g) NbSi,, (h) WSi,, and (i) MoSi,.

Composites with sharp percolation transitions or
thresholds, such as shown in Fig. 5a for TiB, (A and B)
and for TiC (now shown) powders consequently had
sharp increases in resistivity with temperature or PTC
(Ap) as evident in Figs 6b, 6¢c, 6d, 7, and 8. Exhibiting
broad percolation behaviour, the niobate, NbSi,
(Fig. 5b) had expectedly a poor PTC effect as shown in
Fig. 6b. Similar percolation and PTCR behaviour was
also found for the NbB,-polyethylene composites.

For both polyethylene and Spurrs composites a
PTC effect was observed over a wide range in filler
concentration, however, for the NbSi, and NbB,-
Spurrs composites, little if any PTC effect was ob-
served. As mentioned earlier, no PTC effect is ob-
served for carbon—Spurrs composites as well. (Note: A
small PTC effect may occur but only for a very narrow
range in filler concentration.)

In contrast to the amorphous polymer composites
(Spurrs) the semicrystalline polyethylene composites
showed poor mechanical stability above the PTC
transition, as indicated by an NTC (negative temper-
ature coefficient) and overall erratic resistivity behavi-
our due to “slumping” of the polymer. Upon irradia-
tion, however, a drastic improvement in mechanical
stability was observed as shown in Fig. 9. It was found
that low temperature resistivities did not significantly
affect the irradiation.

Corresponding percolation threshold volume frac-
tions, room temperature resistivities, and PTCR figure
of merit (Ap) are contained in Table IIL. Only data for
composite samples with low room temperature res-
istivities are reported. As presented, composite ther-
mistors having room temperature resistivities as low
as 1 Qcm and Ap during the transition of nine orders
of magnitude were fabricated (see Figs 6d and 9). It is
clearly shown that all the powders evaluated are cap-
able of being utilized in PTC thermistors.

4.3. Microstructural effects

4.3.1. Particle size—distribution

If the particle size characteristics (Table II) and oxida-
tion susceptibility (Table I) are correlated with the
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data presented in Table III and corresponding figures,
it is clearly evident that composites comprised of
powders, such as NbSi, and NbB,, which are more
susceptible to surface oxidation and consist of many
relatively small particles resulted in the highest res-
istivities due to surface “skin” effects. It follows that
larger particle size fillers had the lowest resistivities,
whereby the larger TiB, (B) powder resulted in lower
resistivity composites than the finer TiB,(A) powder
as well as a lower percolation threshold V,. Overali,
composites containing large particles with narrow size
distributions and a low level of agglomeration, not
only had the lowest resistivities but the steepest per-
colation behaviour and subsequent PTC effect. It is
important to point out that if one also obtained large

Figure 4 SEM photomicrograph of fractured surface for NbB,-

Spurrs composite.
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Figure 3 SEM photomicrographs of fractured surfaces for selected
composites. (a) 60 vol% TiB, (A)-Spurrs, (b) 20 vol% TiB, (A)-PE,
and (c) 20 vol% TiC (B)-PE.

particle size, and narrow distribution powders of
WSi,, ZrB,, MoSi,, etc., improved composite proper-
ties would result.

4.3.2. Polymer—ceramic interface

As mentioned, the percolation and PTCR behaviour
may also be influenced by the overall composite in-
homogeneity. This was clearly evident in high volume
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Figure 5 Percolation curves for (a) TiB, A (M) and B (®} and (b}
NbSi, (@) polyethylene composites.
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Figure 7 PTCR behaviour for TiC (A)-Spurrs composites.

% filler composites where poor homogeneity resulted
in resistivities greater than that of lower vol% samples
and subsequently poorer PTC behaviour. In general,
using Spurrs epoxy, higher filler contents and lower
room temperature resistivities could be achieved. The
degree of dispersion, particle agglomeration, and wet-
ting in short mixing capability, all depend upon sur-
face chemistry aspects of the polymer matrix (poly-
ethylene or Spurrs) and conducting filler (i.e., their

8- 50%/SP

[)
T

50%/PE

rS
T

Log resistivity (R cm)

)
|

60%/SP

o 1 1 L1 1 1 L 1 1 1 1 1 L 1 1 | 1 1
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Temperature (°C)

Figure 8 PTCR behaviour for both TiB, (A)-Spurrs and poly-
ethylene composites.

respective surface energies). These parameters can in-
fluence thermistor properties in several ways. For
example, if the polymer completely wets the surface of
the powder, the high resistance “skin” will eliminate
the percolative connectivity and result in a high res-
istivity. Conversely, non-wettability may cause micro-
porosity or gaps between the polymer and powder
interface, which could result in high resistivity, a poor
PTCR effect, and a low electrical breakdown strength
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Figure 9 PTCR behaviour for irradiated and non-irradiated com-
posites (— 100 to 200 mesh powder). (60 vol% TiC-PE).

in the high temperature, “off” state. Modification of
the polymer—ceramic interface with the use of various
wetting agents (dispersants) did allow wettability and
thus improved mixing, but such composites resulted in
increased resistivities, perhaps due to a resistive sur-

TABLE III Percolation-PTC effects of composite thermistors

face layer (i.e., coating of polymer) or a variation in the
particle—particle contact geometry. Also, as discussed
earlier, the NbSi, and NbB, powders did not exhibit a
PTC effect in the Spurrs epoxy, perhaps being a result
indicative of wetting, see Fig. 4a and 4b.

4.4. Frequency characteristics

Equally important as the percolation and PTCR
characteristics, the dispersive behaviour of the resistiv-
ity was determined on selective samples. The selective
criteria of the samples studied, in general, was based
on: (1) a very low room temperature resistivity
(<10Qcm) and (2) a very large PTC effect (Ap > 7
orders or magnitude), both having been determined
at 1000 Hz.

At temperatures below the PTC transition
(T < T,,), the low resistivity state, the p was non-
dispersive and a linear I-V response was obtained
(slope oc resistivity). At temperatures above the PTC
transition (7 > 7,,), however, the p becomes very dis-
persive and the I-V" behaviour non-linear. Regardless
of filler type of polymer matrix, the resistivity (p)

™ Percolation threshold

Material Resistivity Figure of merit
(V, ) shape (at RT) (Qcm) A,)
TiB, (A) polyethylene ~ 40%/broad 1 x 10? 6
Spurrs 5 x 10!
(B) polyethylene ~ 15%/sharp 1-5 x 10° 9
Spurrs 1 x 10! 7
TiC (A) polyethylene ~ 35%/sharp 5 x 101 7
Spurrs 5 x 10° 7
(B) polyethylene ~ 25%/sharp 5-10 x 107! 8, 9%
Spurrs
NbB, polyethylene ~ 30%/broad 5 x 102 7
Spurrs — . (no PTC effect)
ZrB, polyethylene ~ 35%/broad 1 x 10? 7
Spurrs 5 x 103 5
NbSi, polyethylene ~ 30%;/broad 1 x 10* 3
Spurrs — (no PTC effect)
WSi, polyethylene ~ 25%/sharp 1 x 102 7
Spurrs 1 x 101 7
MoSi, polyethylene ~ 35%/broad 5 x 10? 7
Spurrs — —
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above the PTC transition was found to be very fre-
quency dependent or dispersive (see Fig. 10). Disper-
sive behaviour has also been observed in other PTC
composite (types) and can be understood by equival-
ent RC circuit analysis and resultant Maxwell inter-
facial polarization as discussed previously by numer-
ous investigators [14, 29-31]. The importance from
this dispersion values of the resistivity of all the vari-
ous composites prepared in this study were measured
at 1000 Hz and as such d.c. measurements show the
resistivity at 7> T, to be ~ three orders of magni-
tude greater thus giving a total Ap of up to twelve
orders of magnitude for particular composites, being
significantly higher than that previously measured.

5. Summary

The following is a summarization of the results
presented on the development of novel composite
thermistors.

(1) The feasibility of utilizing highly conducting
ceramic powders including TiB,, TiC, NbB,,
ZrB,, NbSi,, WbSi,, and MoSi, to prepare
PTCR thermistor composites was demon-
strated.

(2) Percolation behaviour and subsequent PTC ef-
fect was observed for all the materials for both
semicrystalline (polyethylene) and amorphous
polymers (Spurrs epoxy). As found for the filler
material carbon, however, both NbB, and
NbSi, did not exhibit a PTC effect in an
amorphous polymer.

(3) Though not fully understood, the entire concept
of percolation and PTCR behaviour in the com-
posite thermistors was found to be strongly
dependent on microstructure, which was influ-
enced by (a) particle characteristics, including
size—distribution and level of agglomeration and
(b) ceramic—polymer surface chemistry, includ-
ing wettability and overall mixing capability
resulting in composite inhomogeneity.

(4) Composites comprised of relatively large par-
ticles and thus less resistive “skin” effects of TiB,
and TiC in either polyethylene or Spurrs epoxy
matrices, resulted in room temperature resistiv-
ities as low as ~1 Qcm and a nine-order mag-
nitude (Ap) (measured at 1kHz) resistance
change at the T, ~ 130°C for polyethylene or
T, ~ 90°C for Spurrs epoxy. The nine-order of
magnitude change in resistivity observed is
larger than that reported for carbon—polyethyl-
ene composite thermistors. Further, the elec-
trical resistivity above the PTCR transition tem-
perature, being dispersive reflects that the actual
Ap at d.c. measurement in actuality is twelve
orders of magnitude.

6. Future work

Although an extensive amount of research has been
presented on the use of highly conducting ceramic
borides, carbides, and silicides for use in composite

thermistors, many questions remain to be answered. A
brief outline of our proposed objectives are as follows:

(1) Optimize composite homogeneity and micro-
structure through (a) understanding the surface
chemistry of the polymer and powder systems;
(b) advanced fabrication techniques; and (c) de-
velopment of procedures for powder classifica-
tion techniques and agglomeration control.

(2) Further study of the mechanism(s) responsible
for the PTC effect observed in composites, in
particular for amorphous polymers. This will
also entail determining why carbon, NbSi,,
NbB,, and metal powders in general, do
not result in a PTC effect in various polymer
composites.

(3) Investigate other polymer systems for the matrix
phase in order to provide flexibility with respect
to operating temperature range, and percola-
tion—PTCR behaviour.

(4) Quantify the resistive “skin effect” of powders
and explore possibilities of thermal and perhaps
chemical treatments to eliminate or reduce the
effect.

(5) Fully characterize and model the electrical
characteristics of the composite PTC thermis-
tors, including: I-V behaviour, the dispersive
behaviour of the resistivity (p), switching charac-
teristics, power handling capabilities (current
density), and high field breakdown mechanisms.

The aim of these objectives is to better understand
the underlying basic science of composite PTC ther-
mistor operation. Only through this approach will
composite thermistors be developed to meet the needs
of the wide variety of applications.

Acknowledgements

The authors would like to thank Matronix, Inc. and
the DARPA (Grant No. DAAHO01-87-C-0940) for
support of this work.

References

1. W.HEYWANG, J. Amer. Ceram. Soc. 47 (1964) 484.

2. RELVA C. BUCHANAN, “Ceramic Materials for Elec-

tronics” (Marcel Dekker, New York 1986) p. 326.

K. OHE and Y. NAITO, Jpn. J. Appl. Phys. 10 (1971) 99.

F. BUECHE, J. Appl. Phys. 43 (1972) 4837.

Idem, ibid. 54 (1973) 532.

J. MEYER, Polym. Eng. Sci. 14 (1973) 462.

M. NARKINS, A. RAM and F. FLASHNER, ibid. 18 (1978)

649.

A. VOET, Rubber Chem. Tech. 54 (1980) 42.

P. V. van KONYNENBURG, A. AU, C. RAUWENDAAL

and A.J. GOTCHER, US Patent 4237441, December (1980).

10. F. A. DOLJACK, IEEE Trans. Hyb. Manyf. Tech. 4 (1981)
372.

11. R.MUKHOPADHYAY, SADHAN K. DE and S. BASU, J.
Appl. Polym. Sci. 20 (1976) 2575.

12. 8. LITTLEWOOD and B. F. N. BRIGGS, J. Phys. D 11
(1978) 1457.

13. A.J. LOVINGER, J. Adhesion 10 (1979) 21.

14. S. K. BHATTACHARYA, S. BASU and S. K. DE, J. Appl.
Polym. Sci. 25 (1980) 111.

N O W

© o

153



16.

17.

18.
19.

20.

21.

22

23.
24.

25.

S. K. BHATTACHARYA and A. C. D. CHAKKLADER,
Polym.-Plast. Tech. Eng. 19 (1982) 21.
K.HU,J.RUNT,A.SAFARI and R. E. NEWNHAM, Mater.
Sci. Res. 20 (1986) 475.

K. HU, J. RUNT, A. SAFARI and R. E. NEWNHAM, Fer-
roelectrics 68 (1986) 115.

Idem., Phase Trans. 7 (1986) 1.

K. HU, D. MOFFATT, J. RUNT, A. SAFAR! and R. E.
NEWNHAM, J. Amer. Ceram. Soc. 70 (1987) 583.

P. H. van KONYNENBURG, B. J. LYONS, R. SMITH-
JOHANNSEN and W. W. MEYER, US Patent 4534889
August (1985).

L. NICODEMO, L. NICOLAIS, G. ROMEO and E.
SCEFORA, Polym. Eng. Sci. 18 (1978) 293.

M. NARKIS, A. RAM and Z. STEIN, J. Appl. Polym. Sci. 25
(1980) 1515.

Idem., Polym. Eng. Sci. 21 (1981) 1049.

L. BENGUIGUI, J. YACUBOWICZ and M. NARKIS, J.
Polym. Sci. 25 (1987) 127.

L. ROHLFING, Master’s Thesis, The Pennsylvania State
Unijversity (1987).

154

26.

27.

28.

29.

30.

31

R. C. WEAST, (ed), “CRC Handbook of Chemistry and
Physics”, 65th edn (CRC Press, Boca Raton, Florida, 1984)
D38.

J. E. HOVE and W. C. RILEY, (ed.), “Modern Ceramics:
Some Principles and Concepts” (John Wiley and Sons, New
York, 1968).

J.H. ADAIR, A. J. ROSE and L. G. McCOY, “Particle Size
Analysis of Ceramic Powders”, Proc. Processing for Improved
Productivity (American Ceramic Society, Ohio, 1983).

K. T. CHUNG, A. SABO, and A. P. PICA, J. Appl. Phys. 53
(1980) 6867.

R.E. CARLEY READ and C. D. STOW, J. Phys. D 2 (1969)
567.

E. O. FORSTER, IEEE Trans. Power Appar. Syst. 90 (1987)
913.

Received 25 May
and accepted 23 October 1989



