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ABSTRACT:

A phenomenon of positive temperature coefficient (PTC) of electrical resistivity has been studied for an

epoxy resin filled with carbon fibers (CF). An upper limit temperature of the PTC region was found to depend strongly on
CF content. The greater CF content is, the higher upper limit temperature of PTC region is observed. A phenomenological
model was proposed to explain the PTC effect. Cure temperature was shown to have a great influence on upper limit temperature
of PTC region and resistivity value at room temperature. The current-voltage characteristics of the composites are not Ohmic
in high-voltage range, implying non-graphitic mechanism of conduction. Tunneling mechanism of the conduction is supposed.
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Carbon blacks (CB) and carbon fibers (CF) are widely
used for a manufacture of electrically conductive polymer
composites. A variety of applications of such composites
are rather wide. They are used as antistatic materials,
shields, resistors! and heaters.? Materials possessing
positive temperature coefficient (PTC) effect are one of
them. PTC effect means that electrical resistivity of a
material increases during heating. This effect was exten-
sively studied mostly for thermoplastic polymers filled
with carbon blacks.3 ! A maximum of resistivity of
such composites was found to take place in the vicinity
of polymer melting point. However, a sharp decrease of
resistivity (so called NTC effect) happens at once after
the maximum. Moreover, a reproducibility of PTC effect
strongly deteriorates throughout successive temperature
cycles. In order to avoid NTC effect and improve re-
producibility a radiation crosslinking of polymer matrix
was successfully used.®® Thus, crosslinked polymers
seem to be the most attractive ones for a manufacture
of PTC composites.

A mechanism of PTC effect is not fully understood.
Generally speaking, the resistivity (or conductivity) of
polymer composites filled with the conductive particles
strongly depends on filler content and can be explained
in terms of percolation theory!?~ 1“4 as follows. Con-
ductive particles agglomerate in composite as clusters.
The size and number of clusters increase with increasing
of filler content. At a critical content that is called a
percolation threshold a cluster becomes infinite and the
material becomes conductive. An apparent content of
carbon filler decreases in course of heating because
polymer matrix has a coefficient of thermal expansion
which is two orders of magnitude higher than that of
CB or CF. However the effective decreasing of CF
content due to heating of epoxy matrix is rather small
and can not explain PTC effect in some cases for high
loadings of CF.1> Thus additional studies about nature
of the conductivity in course of heating are necessary.

In order to keep a material conductive, a good elec-
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trical contact between particles is also essential. For ex-
ample, if one breaks all contacts off in composite with
an infinite cluster of conductive particles then the com-
posite becomes isolative. Thus the infinite cluster of the
particles and good electrical contacts between them are
two necessary conditions for composite being conductive.
In works of Carmona et al. a phenomenological model
of PTC effect in terms of decreasing of a contact con-
centration during heating was proposed.'>~!7 The main
idea of these works was that a probability of inter-fiber
contact opening is increasing in course of heating and at
a certain temperature all contacts are open. So, changing
of temperature can be one of the factors that can lead
to breaking off contacts. In the presented work an effort
was made to describe PTC effect in terms of decreasing
of a number of contacts during heating of the composite
and also way of the contact formation while a cure
schedule was considered.

EXPERIMENTAL

Composite Components and Preparation

Epoxy resin ACR R-1415 from Shin-nittetsu corpora-
tion was used in the study. The resin was a highly viscous
liquid at room temperature. Glass transition temperature
of fully cured epoxy resin (T,,) was equal to 100+ 2°C
as measured by DSC. Short carbon fibers (SCF)
KUREHA M101 were used as a conductive filler. The
fibers had an average length of 60 um and diameter of
16 um. Carbon fibers were degassed under vacuum for
1 h at 120°C before mixing with epoxy resin. Epoxy resin
was heated to 90°C and then mixed up thoroughly with
carbon fibers for 10 min by hands. After mixing, the
liquid composition was degassed under vacuum for
10 min at 90°C in order to remove air bubbles. Then the
liquid composition was poured between glass plates
separated to 1 mm and cured there by the following cure
schedule. Three cure schedules were employed in the
work:
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1. Cure at 150°C for 1h.

2. Cure at 120°C for 2 h followed by curing at 150°C
for 1h.

3. Cure at 90°C for 2h followed by curing at 150°C
for 1h.

All cure schedules ensure full cure of epoxy matrix
that was checked by DSC. The most of the data were
obtained for composites cured by the first schedule. Other
two schedules were employed only in part of the work
where the influence of cure schedule on PTC effect was
studied. Composite samples were sheets with thickness
1 mm.

Electrical Resistivity Measurement

Specimens in form of square 20 x 20 mm? were cut
from composite sheets. At least three samples with the
total number of specimens of 6 were utilized to take
resistivity values for each CF content studied. Specimen
surface was covered by a silver paste in order to ensure
good electrical contact with the copper electrodes. Re-
sistivity was measured through the specimen thickness.
The specimen with the attached copper electrodes was
placed in a special chamber where temperature was
controlled in accordance with a desirable program.
Heating rate during electrical measurements was
4°Cmin~'. A picoammeter 487 from Keithley Instru-
ments, Inc. equipped with a voltage source was employed
for the resistivity measurements. Only direct current was
used to measure resistivity values. An original software
was developed to measure the resistivity with tempera-
ture. The software maintained the recording of resistivity
with temperature interval 1°C. Each record lasted less
than 5s and involved the measurements of resistivity at
several voltage values. One temperature scan produced
several dependencies of resistivity on temperature at
different voltage values. Voltage values were taken in a
range from 0.001 to 500 V.

The resistivity of polymers is usually time-dependent
due to effect of current absorption.'® Because the
resistivity was measured during short period of time it
was important to evaluate the difference between an
initial value of resistivity and the stationary one. The
initial value of the resistivity of epoxy was approximately
in two times less than the stationary one at temperatures
below T,,. This difference was practically negligible at
temperatures above T,,,. The initial values of resistivity
were used throughout this work. The resistivity of
composites with CF content higher than percolation
threshold did not depend on time in all temperature range
investigated.

RESULTS AND DISCUSSION

Percolation and PTC Behavior

Resistivity values at room temperature versus carbon
fibers content are presented in Figure la. With increasing
of CF content the resistivity drops sharply at CF content
of 6% by volume. An exact position of the percolation
threshold is one of the issues discussed in literature.
Some authors define the commencement of insulator to
conductor transition as the percolation threshold,!® but
the others consider the end of the transition as the
percolation threshold.?%2! It is beyond the scope of this
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Figure 1a. Logarithm of room temperature resistivity versus volume
content of carbon fibers. Resistivity values were measured at a voltage
of 500V for samples with CF content less than 7% and at a voltage
of 1V for samples with greater CF content.
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Figure 1b. Log-log plot of the resistivity against ¢ — ¢, with ¢.=6%
showing the power law dependence (eq 1). Straight line was plotted
by least-square method and has a slope 1=2.8.

work to discuss this question. Following Medalia, six
volume percent of CF was defined as the percolation
threshold in this work. Percolation theory predicts the
dependence of composite resistivity p upon volume
content of the conductive filler as!?

p=po(d—0¢)~" for ¢>¢, 1

where p, is the resistivity of conductive particles, ¢ the
volume content of filler, ¢, the critical volume content
of filler at percolation threshold, ¢ is the exponent for
the dependence. From theoretical consideration ¢ should
be equal to 1.5—1.6.** The ¢ values ranged from 1.6 to
2.0 were experimentally found for polymer—carbon black
composites.???* For composite filled with randomly
oriented fibers ¢ value was experimentally found'® to be
about 3. For studied composites ¢ value was equal to 2.8
as shown in Figure 1b.

Temperature dependence of resistivity for composites
with different carbon fibers content is shown in Figure
2. It is worth to note that resistivity of epoxy resin cured
without CF is temperature-dependent. Below glass
transition temperature it is constant and rather high.
Above T, the resistivity gradually decreases with
temperature. The similar dependence of resistivity on
temperature was found for different epoxy resins.?*
Electrical resistivity of epoxies results from migration
of ions through the polymer network. The ions arise
from ionic impurities and ionic products of thermal de-
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Figure 2. Dependence of electrical resistivity on temperature for the
composites with different volume content of CF. 1, epoxy resin; 2, 7%;
3, 8%; 4, 10%; 5, 16%; 6, 20%.

gradation.

Resistivity of composites with CF content less than
percolation value exhibits the same behavior as that of
epoxy. Resistivity of composites with CF content higher
than percolation value stays approximately constant
up to a certain temperature. Then a sharp increase of
resistivity occurs and resistivity reaches a maximum
value. The temperature when resistivity reaches the
maximum, 7., is used in the work as an upper limit
temperature of PTC region. The resistivity of composite
above T, practically coincides with resistivity of
epoxy. The T,,,, value depends on CF content. The
greater CF content is the higher T,,,, is observed.

Phenomenological Model of PTC Effect

One of the main questions connected with PTC be-
havior is: “How to predict the upper limit temperature
of PTC region knowing the properties of polymer matrix
and those of conductive filler?”” In this paragraph we
propose a phenomenological model that explains the
PTC behavior in our case and predicts temperature re-
gion of PTC effect for composites filled with spherical
particles.

The farther examination will consider PTC effect for
composites with CF content higher than percolation
value in terms on inter-fiber contacts. Term ‘“‘contact
close”” means that a contact is electrically conductive and
term ‘“‘contact open” or “‘broken’ means that contact is
not electrically conductive.

At first it is necessary to understand how contact
originates. Suppose that the most of contacts occur across
the fibers in composite filled with the short fibers. Thus
the fiber diameter will emerge as a representative size of
the filler. Suppose farther that not all fibers are in direct
contact with each other in liquid composition after
preparation procedure, that is, there is a gap between
some of them. The inter-fiber contact is shown schema-
tically in Figure 3. Where / is the distance between fiber
centers and w is the gap width. Obviously, w=1[—d, where
d is the fiber diameter. The change in the distances / and
w will depend on the expansion or shrinkage of polymer
matrix.

Polymer matrix shrinks in course of cure and the
subsequent cooling to room temperature. Therefore, we
have
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Figure 3. Composite element containing inter-fiber contact. / distance
between fiber centers, w gap width between fibers.

Ean = acure(l - Xgel)/3 + yr( Tg - Tcure) + ')}g( Troom - Tg) )

for T,<T e 2

where ¢, is the linear strain of a rigid polymer matrix
during cure and cooling, o,. is the total chemical
shrinkage, X, the degree of cure corresponding to
gel-point, y, is the linear thermal expansion coefficient
of epoxy resin in glassy state and 7y, is that in rubbery
state. Thus the cure schedule will lead to a decrease in
I. However, / can not be less than d. After / becomes d,
the following matrix strain will be stored as a residual
compressive strain. It can be expressed by next equation:

Sanz(d_lo)/lo +8res (3)

where /, is an inter-fiber distance in the liquid com-
position after mixing procedure, ¢, is the residual
strain of a composite element containing inter-fiber con-
tact. The less [, is the greater ¢, will be stored. For ex-
ample, if /, is equal to d, fibers are in direct contact
with each other than ¢, =¢,,. Term ‘“direct contact”
means that w,=0, where wo=1[/,—d, is a gap width in
the liugid composition. If it is supposed that in the
liquid composition there is a some distribution of con-
tacts by value of /,, then in the composite after the cure
schedule will exist a some distribution of contacts by
value of ¢,

In fact, / can not become d, since if a polymer layer
existed between the fibers it could not be squeezed
out because of crosslinking. However, we suppose that
the layer can be strongly compressed in course of cure.
That is, we SUPPOSE W, om < Wg, Where w, . is a gap width
at room temperature after curing. Due to this restriction
we can not evaluate w,,,, which is resulted from cure
schedule. However, we can evaluate the residual com-
pressive strain and predict how the cure schedule in-
fluences the temperature region where PTC effect will
occur. It is noteworthy that the proposed assumption is
mostly reasonable for large filler particles, when d>w,,.
Because even a small strain of the matrix can result in
a significant strain of the polymer layer in the gap in this
case.

Let us consider the contact behavior in the manufac-
tured composite during heating. The thermal expansion
of polymer matrix in the course of heating will com-
pensate the residual strain. At some critical temperature
T., er(T,)+¢,,=0 and the following heating will lead
to a separation of fibers. There ¢(T) is the linear thermal
strain of polymer matrix which can be expressed as
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Figure 4. Dependencies of contact concentration, P (solid line),
log(P) (—@—) and 6 (dashed line) on thermal strain for composite
with 20% of CF. 0 values were calculated as K-dP/de;. Factor
K= —1/300 in order to show 0 values on the same scale as other data.

e(T)=vyAT, in which y is the coefficient of linear
thermal expansion of the polymer and AT is the tem-
perature change from some temperature. When ¢ is
compensated by e¢r, AT=T,—T,,,.- Suppose that there
is a critical value of gap width w, such that if w(7T)>w,
the contact opens. In other words, we suppose the
electrical conductivity through the contact becomes equal
to the polymer conductivity at w(7)>w,. It is possible
to estimate ATy as a temperature change for breaking the
contact by the next equation:

ATy=w,/(dy) @

In this case ATy=Ty—T,, where Ty is temperature
when the contact will be broken. Taking w,=10nm,5818
d=16um, and y=1.7x 10"*K ! as a typical value of
linear coeflicient of thermal expansion for epoxies in
rubbery state,?>?¢ one can calculate ATyz=3.7°C. It is
obvious that a width of temperature interval where PTC
effect occurs can not be less than ATy value. More narrow
temperature interval where PTC effect occurs can be
expected from eq 4 for the larger filler particles.

Let us express the behavior of resistivity with tempera-
ture in terms of a change of contact concentration P(T),
as follows P(T)=p,oom/P(T). P(T,pom)=1 and 0<
P(T)< 1 because the most number of contacts exist in the
composite at room temperature and the heating can only
decrease the number of contacts. So, the dependence of
log(p) on temperature can be represented as the de-
pendence of log(P) on strain &r. Taking derivative of
P with respect to e, 0 =dP/dey. It is possible to find the
dependence of 6 on &r, where 0(er) is the rate of opening
of the contacts at strain ¢r. In Figure 4 the dependencies
of log(P), P, and 8 upon &(T) are shown. The tempera-
ture dependence of &1 was calculated by following equa-
tions:

8’1‘( T) = yg( T— Troom) ’ r< Tg (5)
ST( T) = Vg( Tg - Troom) + '}),(T— Troom) , T> Tg (6)

7g=6.Tx1075K™1, 5 =17x10"+K"! 2526

As a matter of fact because of the presence of a small
negative slope on the dependencies of resistivity on
temperature in the range from 7,,,,, to T, the p;, was
used instead of p,,.., as a resistivity at which P=1. As
parameters for characterization of contact distribution
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Table I. Values g,,,, and 6 calculated from experimental data
for composites with different CF content. Initial gap,
wq, Was calculated by using eq 6 as wy=1[,—d

Volume content of CF wo T prmax
£omax X 103 5x 103

% nm °C
7 33422 20+1.7 257  91t16
8 3.7+0.6 33413 251 108+ 9
10 43+1.0 2.7+1.0 241 118+ 8
16 14.0+£0.9 4340.7 82 173+ 8
20 13.3+0.7 40403 94 170+ 7
25 14.7+0.8 4.040.5 71 180+ 6
30 13.8+0.9 4.0+04 86 178+ 7

Volume content of carbon fibers/ %
310 2‘5210116

12 10 87
| 1 11

300

250

200

150

100

Initial gap, wgp, /nm

50

T T T T 0
3 4 5 6 7 8
LOG (Prgom/ 2 cm)

Figure 5. Temperature corresponding to maximum of resistivity,
T pmax» and initial gap in the liquid composition w, versus logarithm of
composite resistivity at room temperature. Volume content of carbon
fibers is shown on the top scale as an aid.

the values of g, and 6 were used. g, IS a strain
magnitude when the most number of contacts are
opening. J is a width of 0(gy) distribution taken on half
of 0,,., altitude. Taking into account that for contact
opening firstly the ¢, compensation and secondly the
some additional heating AT} (see eq 4) are necessary, the
next equation can be written

Egmax + Eres ™ Wc/d= 0 (7)

Substituting ¢, value from eq 7 into eq 3 it is possible
to estimate the /, value as follows:

[0 = d/(l + €an + Eomax — Wc/d) (8)
If ¢, is supposed to be approximately equal to
—1.8x107% in assumption that a., = —0.06 and

Xge1=0.75%7 and &y, values are taken from experimental
data like on Figure 4, it is possible to find /, and w,
values for different contents of carbon fibers. These
results are presented in Table I. It can be seen from the
Table I that the gap between fibers in the liquid com-
position is smaller for higher CF content. It was found
that the dependencies of w, and T,,,, on log(p) are
approximately linear (Figure 5). Following to the above
estimations, we were able to find the dependence of the
gap width upon CF content. If one will know the de-
pendence of w, upon CF content a priori, it will be
possible to predict temperature region of PTC effect. For
spherical filler particles, for example, there is a theoretical
dependence of distance between particles upon their
content for cubic packing?®:
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wo=dG/m/(64)—1) 9)

Thus using eq 8 and 9 one can calculate for a composite
with spherical filler particles:

80max=wc/d+ i/6¢77[- 1 —&an (10)

and knowing thermal expansion coefficient of polymer,
one can predict temperture region of PTC effect. How-
ever, in order to reproduce the dependence of resistivity
on temperature completely, it is necessary to know the
distribution of contacts by value of w, in composite in
order to predict the dependence of 6 upon e(T) as shown
in Figure 4.

The presented model is based mainly on the con-
sideration of the contact formation and might be a part
of a more general model. In our opinion, this general
model should take into account the following factors in
order to predict the behavior of resistivity with tem-
perature. (i) To estimate the absolute number of contacts
and their distribution by gap width in liquid composition;
mixing procedure, filler content and shape seem to be
important for this estimation. (ii) To describe the contact
behavior, namely gap width and residual strain, in the
course of cure; by using the model proposed in the paper
it is possible to evaluate only the residual strain stored
in the place of the contact after curing. In order to
evaluate the gap width, a calculation of a strain distri-
bution in the place of the contact is necessary. Knowledge
of the gap width resulted from cure schedule will allow
to predict current-voltage characteristics. (iii) To evaluate
the fraction of the filler which is involved in the infinite
conductive cluster with using of the percolation theory;
obviously, the value of the fraction will depend on both
content of the filler and ambient conditions. For instance,
heating will lead to increasing of the gap width and
breaking off contacts, because of this the fraction of the
conductive particles participating in the infinite cluster
will decrease.

Influence of Cure Schedule on PTC Behavior

The epoxy resin containing 20% by volume of CF was
cured by three above mentioned schedules. The de-
pendencies of the logarithm of resistivity on temperature
are plotted in Figure 6 for these composites. The cure
schedule is shown to affect both T,,,, and the initial
value of resistivity at room temperature. Let us discuss
the influence on 7, at first.

The main difference in the schedules is the value of
cure temperature 7, on the first step of cure. Epoxy
resin reaches gel-point on the first step of cure and
transforms from liquid to rubber. Material remembers
the temperature when it becomes rigid and because of
this strain value ¢,,, will depend on cure schedule. The
first term in right hand side of eq 2 is the same for all
cure schedules because full cure takes place in all cases.
Total value of two other terms is determined by T,
value. For instance, the second term in eq 2 will disappear
for the third cure schedule since in this case 7T, < T,.
It is worth to note that thermal strain at heating from
T ure to 150°C for the second and third cure schedules
will be compensated by strain at final cooling. Thus only
difference between T, and T,,,, makes a contribution

cure room
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Figure 6. Temperature dependencies of the logarithm of the resis-
tivity for the composite with 20% of CF cured by different schedules
(see the text). Values of resistivity were measured at 1V for the curve
1 and 30V for the curves 2 and 3. Digits near curves correspond to
the cure schedule number.
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Figure 7. Dependence of room temperature resistivity on voltage on
a log-log scale for composite with 20% of CF cured by different
schedules. Digits near curves correspond to the cure schedule number.

in ¢,, value. In eq 3 different values of ¢, will lead to
different values of residual strain and consequently to
different upper limit temperatures of PTC region. As a
rough estimation it is possible to propose basing on the
model that the difference in T ,,,, should be the same as
the difference in T,,,.. This is the case when one com-
pares the first and the third cure schedules, but for the
second cure schedule 7 ,,,, is on 20°C degree higher than
can be expected.

Let us consider the way of contact formation in more
detail before discussing the influence of cure schedule on
resistivity value at room temperature. It was assumed in
the previous consideration that the fibers are coming into
direct contact with each other during cure schedule.
However, it is a rough assumption. The polymer layer
between fibers can not be squeezed out if matrix is not
in the liquid state. Thus polymer gap contracts in the
course of cure schedule but does not disappear. This
supposition relates to some mean value of the gap width
not equal zero. The gap width after cure schedule depends
both on residual strain value and deformative properties
of the polymer. Therefore cure schedule influences the
residual strain value and consequently the polymer gap
width between fibers.

In the case of presence of gap between fibers, the
conduction mechanism should not be graphitic when the
current flows only through fibers. The current-voltage
characteristic of a material obeys Ohm’s law if graphitic
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Table II. Calculated values of the gap width between carbon
fibers at room temperature for composites with 20% of
CF cured by different schedules. Values of resistance,

R, were taken from Ohmic region at 0.1V

Logarithm of ~ Logarithm of Gap width, w,,om

Schedule resistance, resistivity,
log(R/QY) log(p/Q cm) nm
1 3.6 49 8.1
2 4.8 6.1 8.6
3 6.8 8.1 9.6
81
E 71
o
o]
>y 0.1 volt
~ 64 1 wvolt
(O]
o 5 volt
-
10 volt
5 T T T T T V
0 50 100 150 200 250

TEMPERATURE / °C

Figure 8. Dependence of the logarithm of resistivity on temperature
at different values of voltage. Composite with 20% of CF cured by
the second schedule.

type of conduction takes place.!® The dependence of the
logarithm of resistivity for composites cured by different
schedules upon voltage is presented in Figure 7. Re-
sistance R and resistivity values have to be independent
of voltage if the conduction obeys Ohm’s law. As one
can see from Figure 7, Ohmic behavior exists only at
small voltages less than 0.1V, so the mechanism of
conduction is not graphitic. Another possible mechanism
is a tunneling of electrons through a polymer gap.

Simmons?® has derived a generalized equation of the
current-voltage characteristic of the electric tunnel effect
between two electrodes separated by a thin insulating
film. As it was shown in the paper, there is a linear
relation between current and voltage in the low voltage
range.

3 /2mp (e 2 . 4w
(ool ]

where m and e are an electron mass and charge
respectively, & Planck’s constant, I the current, V' the
voltage, w the thickness of insulating film, § the height
of the potential barrier between the electrodes which was
taken equal to 0.2eV3° in following calculations. Al-
though this equation was derived for tunnel junction
on microscale we suppose that the ratio of macroscopic
voltage to current can be used in order to estimate the
film thickness at room temperature w,.,,. Substituting
the resistance value instead of V/I in eq 11 the values of
Weoom Were calculated (see Table II). Because the ap-
proximate value of  was used in the calculations, the
value of the calculated gap width can also be only
approximate one. However, one can see from the com-
parison of the calculated results how the cure schedule
influences the gap width.
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Resistivity at room temperature strongly depends on
voltage as shown in Figure 7. This voltage dependence
of resistivity is also observed throughout heating (Figure
8). This resistivity behavior in Figure 8 can be explained
as follows. There is a gap between the fibers at room
temperature and a residual compressive strain is also
stored in the place of the contact. The gap width remains
practically constant during heating so long as thermal
strain is compensating the residual one. As it proceeds,
the fibers begin to separate and when the gap width
exceeds a critical value, composite resistivity became
the same as a polymer resistivity.

There is a small negative slope of the resistivity
behavior in Figure 8 before PTC region. The most
possible reason of this NTC effect, in our opinion, is a
decreasing of CF resistivity with heating.'®

CONCLUSIONS

PTC effect of the epoxy resin filled with short carbon
fibers is studied. The main reason of PTC was supposed
to be a breaking off of inter-fiber contacts. In the
composite with higher content of CF, there is smaller
inter-fiber distance and because of this the greater
compressive strain is stored during cure schedule.
Therefore the heating to higher temperature is needed
to break off all contacts in the composite. The upper
limit temperature of PTC region was found to depend
linearly on the logarithm of room temperature resistivity.

Cure schedule has an influence both on upper limit
temperature of PTC region and resistivity value at room
temperature. The less cure temperature is the smaller
T,max and greater value of the resistivity are observed.
Current-voltage characteristics of the composites are not
Ohmic in the high voltage range implying non-graphitic
mechanism of conduction. Tunneling mechanism of
conduction is supposed.
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