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Abstract

Thermal analysis in the form of electrical resistivity measurement is reviewed. It is useful for study-
ing phase transitions and electrical conduction mechanisms. The resistivity can be the volume resis-
tivity or the contact resistivity, as illustrated for the case of continuous carbon fiber polymer-matrix
composites.
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Introduction

Thermal analysis refers to the analysis of a material through measurement of a quan-
tity as a function of temperature. The quantity may be heat (as in the case of calorime-
try, usually differential scanning calorimetry (DSC) [1-10]), mass (as in the case of
thermogravimetry, i.e., thermogravimetric analysis (TG) [11, 12]), dimension (as in
the case of dilatometry, i.e., thermomechanical analysis (TMA) [3, 8, 10]), dynamic
mechanical properties such as loss tangent and storage modulus (as in the case of dy-
namic mechanical analysis (DMA), i.e., dynamic thermomechanical analysis
(DTMA) [3-6, 9, 10, 12-16]), etc. Thermal analysis can provide information on
structural transitions, specific heat, coefficient of thermal expansion (CTE), process
kinetics, thermal stability and composition.

A method of thermal analysis which has received relatively little attention in-
volves the measurement of the electrical resistance as a function of temperature. This
method requires the material to be electrically conducting. Thus, a polymer which in-
sulates is not suitable for this method. However, polymers containing electrically
conducting fillers are conducting and are thus suitable for this method. An example of
such a material is a polymer reinforced with carbon fibers, which are conducting and
render the composite high strength and high modulus, as required for lightweight
structures. Metals, semiconductors and semimetals are also suitable, due to their con-
ductivity.
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The measurement of electrical resistance is fast, non-destructive and simple in
terms of the equipment, which may be portable. It is thus amenable to process moni-
toring in real time, even in the field. Measurement of the temperature dependence of
the electrical resistivity is also valuable for fundamental study of electrical conduc-
tion mechanisms, phase transitions and phonons (such as lattice vibrations).

This paper is a review of thermal analysis conducted by measuring the electrical
resistivity as a function of temperature.

Phase transitions

Phase transitions include structural, electrical and magnetic transitions. Examples of
structural transitions are the change from one crystal structure to another, the change
from an amorphous state to a crystalline state, the glass transition, melting, solidifica-
tion, cold-crystallization and solid-state curing. Examples of electrical transitions are
the change from a metallic state to an insulator state and the change from a normal
conducting state to a superconducting state. An example of a magnetic transition is
the change from a ferromagnetic state to a paramagnetic state. Phase transitions in
general tend to affect the electrical resistivity, thereby allowing resistivity measure-
ments to indicate phase transitions. However, not all phase transitions give rise to a
significant change in the electrical resistivity.

Thermal analysis in the form of electrical resistivity measurement has been used
in studying phase transitions in metals [ 17-27], semiconductors [28], C,, [29], oxides
[30, 31], carbides [32], various compounds [33], composites [34, 35] and other mate-
rials. The case of a polymer-matrix composite is described below as an illustration
[34, 35].

The polymer matrix of a composite material can undergo structural transitions
such as glass transition, melting, cold-crystallization and solid-state curing. Although
the polymer matrix is insulating, the effect of a structural transition on the fiber mor-
phology (e.g., the fiber waviness) results in an increase in the volume electrical resis-
tivity of the composite in the fiber direction, thereby allowing the resistance change
to indicate a structural transition of the matrix [34, 35].

The glass transition and melting behavior of a thermoplastic polymer depends
on the degree of crystallinity, the crystalline perfection and other factors [36-41].
Knowledge of this behavior is valuable for processing and the use of the polymer.
This behavior is most commonly studied by DSC [36-41], although the DSC tech-
nique is limited to small samples and the associated equipment is expensive and not
portable. As the degree of crystallinity and the crystalline perfection of a polymer de-
pend on the prior processing of the polymer and the effect of a process on the micro-
structure depends on the size and geometry of the polymer specimen, it is desirable to
test the actual piece (instead of a small sample) for the glass transition and melting
behavior. The measurement of electrical resistance provides a technique for this pur-
pose.

DSC is a thermal analysis technique for recording the heat necessary to establish
a zero temperature difference between a substance and a reference material, which
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are subjected to identical temperature programs in an environment heated or cooled at
a controlled rate [42]. The recorded heat flow gives a measure of the amount of en-
ergy absorbed or evolved in a particular physical or chemical transformation. The
concept behind the electrical resistance technique is totally different from that of
DSC. This technique involves measuring the DC electrical resistance when the poly-
mer has been reinforced with electrically conducting fibers such as continuous car-
bon fibers. The resistance is in the fiber direction. The polymer molecular movements
that occur at the glass transition and melting disturb the carbon fibers, which are
much more conducting than the polymer matrix, and thus affect the electrical resis-
tance of the composite in the fiber direction, thereby allowing the resistance change
to indicate the glass transition and melting behavior.

Exposure of polyamides to heat and oxygen may cause changes in the physical
and chemical characteristics due to thermal oxidative degradation {43} and thus
changes in the mechanical properties. Prolonged annealing at a high temperature re-
sults in undesirable changes in the degree of crystallization and in the end groups, and
may cause inter- and intramolecular transamidation reactions, chain scission and
crosslinking [44-49]. The electrical resistance technique is capable of studying the
effect of annealing (in air at various temperatures below the melting temperature for
various lengths of time) on the glass transition and melting behavior.

Table 1 Calorimetry data for Nylon-6/CF composite before and after annealing

Annealing condition T/ TR ./ T/ AR
Designation  Temperature/°C Time/h °C J g7I
a ) ! - 200.9 218.5 26.7

b 100 5 - 205.5 218.2 26.6

c 180 5 194.8 201.3 215.5 348

d 180 15 196.3 201.4 208.9 39.1

€ 180 30 196.3 200.0 209.0 38.6

f 200 5 208.3 212.9 2164 16.5

“Peak tempcrature of the low-temperature melting peak
POnsct temperature of the high-temperature melting peak
YPcak temperature of the high-temperature melting peak
“*Heat of fusion

*As received

Figure 1a shows the DSC curve of an as-received continuous carbon fiber Ny-
lon-6 matrix composite. The glass transition was not observed by DSC. T, (melting
temperature, as indicated by the peak temperature) was 218.5°C. Figures 1b—1f show
the effect of annealing time and temperature on the melting peak. The DSC results are
summarized in Table 1 [34]. Since T, and AH of as-received and 100°C (5 h) an-
nealed samples were almost the same (Figs la and 1b), it was attributed to the little
change of the crystal perfection or the degree of crystallinity during annealing at
100°C for 5 h. Figure 1c shows the DSC curve of the sample annealed at 180°C for
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Fig. 1 DSC curves showing the melting endothermic peaks before and after annealing
at the temperatures and for the times shown; a — as-received; b — 100°C, 5 h;
c¢—180°C, 5 h; d - 180°C, 15 h; e - 180°C, 30 h; f—200°C, 5 h

5 h. It reveals two endothermic melting peaks with peak temperatures of 216 and
195°C. The lower temperature peak may be because of the structural reorganization
during annealing, in which the amorphous portion partly developed crystallinity
[24, 37, 38]. As the annealing time increased to 15 h (Fig. 1d), the high-temperature
peak shifted to a lower temperature, but AH increased. As the annealing time in-
creases to 30 h (Fig. 1e), the area of the low-temperature peak increased while that of
the high-temperature peak decreased. These effects are probably due to the reorgani-
zation and thermal oxidative degradation of the Nylon-6 matrix, as explained below.
When the annealing time increased from 5 h (Fig. 1¢) to 15 h (Fig. 1d), the degree of
the crystallinity increased, so AH increased. However, at the same time, the extent of
degradation increased due to thermal oxidation, which occurred during annealing at a
high-temperature (180°C), thus resulting in lower crystal perfection. Therefore, the
high-temperature peak shifted to a lower temperature. When the annealing time was
long enough (30 h, Fig. le), the crystalline portion from the reorganization process
became dominant, as indicated by the increase of the area of the low-temperature
peak. When the sample had been annealed at 200°C for 5 h (Fig. 1f), both 7, and AH
decreased relative to the as-received sample. One possible explanation is that, when
the annealing temperature was very high, the extent of thermal degradation was ex-
tensive, resulting in less crystalline perfection as well as a lower degree of
crystallinity.

Figure 2a [34] shows the fractional change in resistance for the as-received car-
bon fiber Nylon-6-matrix composite during heating, in which the temperature was
raised from 25 to 350°C at a rate of 0.5°C min™'. Two peaks were observed. The onset
temperature of the first peak was 80°C and that of the second peak was 220°C. The
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first peak is attributed to matrix molecular movement above 7 ; the second peak is at-
tributed to matrix molecular movement above T, . Because the molecular movement
above T, is less drastic than that above T, , the first peak is much lower than the sec-
ond one. As indicated before, the DSC curve of the as-received composite does not
show a clear glass transition (Fig. 1a). Therefore, the resistance is more sensitive to
the glass transition than DSC. The onset temperature (220°C) of the second peak
(Fig. 2a) is higher than the onset temperature (7, =200.9°C) of the DSC melting
peak (Fig. 1a) and is close to the melting temperature (7, =218.5°C) indicated by
DSC (Fig. 1a). The matrix molecular movement at T, is less intense than thatat 7,
thereby giving no effect on the resistance curve at 7, . Another reason may be a time
lag between the matrix molecular movement and the resistance change.
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Fig. 2 Effect of annealing condition on the variation of the electrical resistance with
temperature; a — as-received; b — 100°C, 5 h; ¢ — 180°C, S h; d — 200°C, S h;
e— 180°C, 15 h; f—180°C, 30 h
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Figures 2b-2d show the effect of the annealing temperature. Comparison of
Figs 2a and 2b show that annealing at 100°C for 5 h (Fig. 2b) had little effect on the
glass transition and melting behavior of the Nylon-6 matrix; this is consistent with the
DSC results (Figs 1a and 1b). When the annealing temperature increased to 180°C
(Fig. 2¢), the peak due to molecular movement above T, disappeared. This is attrib-
uted to the increase of the degree of crystallinity due to annealing. Because the crys-
talline portion has constraint on the molecule mobility, the higher the degree of
crystallinity, the less is the possibility of molecular movement above T,.

Not only does the degree of crystallinity but also the extent of thermal degrada-
tion affects the molecular mobility above 7. Figure 2d shows the fractional change in
resistance of the sample annealed at 200°C for 5 h. No peak due to molecular move-
ment above 7, was observed. The degree of crystallinity was less than that of the
as-received sample, as shown by AH in Table 1. However the higher extent of thermal
degradation resulted in less molecular movement above T,

Figures 2c and 2e show the effect of annealing time from 5 to 15 h at 180°C. The
height of the peak due to molecular movement above 7, decreased as the annealing
time increased. A longer annealing time resulted in more thermal degradation of the
matrix, which retarded the molecular movement above T . This effect due to a
change of the extent of thermal degradation is also supported by the effect of anneal-
ing temperature, as shown in Figs 2¢ and 2d. A higher annealing temperature is likely
to enhance the extent of thermal degradation, thus resulting in a decrease of the height
of the peak associated with molecular movement above T,,. Since the tail is more pro-
nounced for samples with a larger extent of thermal degradation, as shown in Figs 2d
and 2f, it may be attributed to the lower molecular mobility due to extensive thermal
degradation.

Conduction mechanisms

Metals are characterized by their electrical resistivity increasing with increasing tem-
perature, due to the interaction of charge carriers with phonons. However, semicon-
ductors are characterized by their electrical resistivity decreasing with increasing
temperature, due to the charge carriers increasing in concentration with temperature.
When the carrier excitation or movement requires the overcoming of an activation
energy, the number of movable carriers increases exponentially with increasing tem-
perature. As a consequence, the conductivity increases exponentially with tempera-
ture. From the slope of the Arrhenius plot of the log conductivity vs. inverse absolute
temperature, the activation energy can be determined.

Thermal analysis in the form of electrical resistivity measurement has been used
in the study of conduction mechanisms in metals [50-55], semiconductors [56, 57],
silicides [58, 59], germanides [60], carbon-nitrogen [61], carbides [62], oxides [63],
composites [64—67] and other materials. The case of a continuous carbon fiber poly-
mer-matrix composite is described below as an illustration [66, 67].

The study of the interlaminar interface in a composite laminate is commonly
performed by measuring the interlaminar shear strength (ILSS) by techniques such as
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Fig. 3 Variation of contact electrical resistivity with temperature during heating and
cooling at 0.15°C min™ a — for sample made without any curing pressure and
b — for sample made with a curing pressure 0.33 MPa

the short-beam method [68], the lospiescu method [69] and other methods [70]. Al-
though ILSS is a valuable quantity that describes the mechanical property of the joint
between laminae, it gives little information on the interfacial structure, such as the ex-
tent of direct contact (with essentially no polymer matrix in between) between fibers
of adjacent laminae and the residual interlaminar stress resulting from the anisotropy
between adjacent laminae. The anisotropy is severe when the fibers in the adjacent
laminae are in different directions, since the fibers and polymer matrix differ greatly
in modulus and thermal expansion coefficient. Direct contact between fibers of adja-
cent laminae occurs due to the flow of the matrix during composite fabrication and
the waviness of the fibers. Direct contact means that the thickness of the matrix be-
tween the adjacent fibers is so small (a few A) that electrons can tunnel or hop from
one fiber to the other. The presence of direct contact has been shown by the fact that
the volume electrical resistivity of carbon fiber epoxy-matrix composites in the
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through-thickness direction is finite, even though the epoxy matrix is electrically in-
sulating [71].

The contact electrical resistivity of the interlaminar interface can be used as a
quantity to describe the structure of this interface [66, 67]. Figure 3 shows the varia-
tion of the contact resistivity p, with temperature during reheating and subsequent
cooling, both at 0.15°C min ™', for samples cured at 0 and 0.33 MPa. The correspond-
ing Arrhenius plots of log contact conductivity (inverse of contact resistivity) vs. in-
verse absolute temperature during heating are shown in Fig. 4. From the slope (nega-
tive) of the Arrhenius plot, which is quite linear (not completely linear, probably due
to the effect of temperature on the microstructure), the activation energy can be calcu-
lated by using the equation

E

slope 33 1)
where £ is the Boltzmann’s constant, 7 is the absolute temperature (in K), and E is the
activation energy. The linearity of the Arrhenius plot means that the activation energy
does not change throughout the temperature variation. This activation energy is the
energy for electron jumping from one lamina to the other. Electronic excitation
across this energy enables conduction in the through-thickness direction. This activa-
tion phenomenon is common in the electrical conduction of composite materials with
an insulating matrix and an electrically conducting filler (whether particles or fibres).
Based on volume resistivity measurement, an activation energy in the range from
0.060 to 0.069 eV has been previously reported for short carbon fiber polymer-matrix
composites [72]. Direct measurement of the contact resistivity is impossible for the
short fiber composites.

The activation energies, thicknesses and room temperature contact resistivity for
samples made at different curing pressures and composite configurations are shown
in Table 2. As for the same composite configuration (crossply), the higher is the cur-
ing pressure, the smaller is the composite thickness (because of more epoxy being
squeezed out), the lower is the contact resistivity, and the higher is the activation en-
ergy. A smaller composite thickness corresponds to a higher fiber volume fraction in
the composite. During curing and subsequent cooling, the matrix shrinks while the
carbon fibers essentially do not, so a longitudinal compressive stress will develop in
the fibers. For carbon fibers, the modulus in the longitudinal direction is much higher
than that in the transverse direction. Thus, the overall shrinkage in the longitudinal di-
rection tends to be less than that in the transverse direction. Therefore, there will be a
residual interlaminar stress in the two crossply layers in a given direction. This stress
accentuates the barrier for the electrons to jump from one lamina to the other. The
greater the residual interlaminar stress, the higher the barrier, which is the activation
energy. After curing and subsequent cooling, heating will decrease the thermal stress,
due to the CTE mismatch between fibers and matrix. Both the thermal stress and the
curing stress contribute to the residual interlaminar stress. Therefore, the higher the
curing pressure, the larger the fiber volume fraction, the greater the residual inter-
laminar stress, and the higher the activation energy, as shown in Table 2. Most of the
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Fig. 4 Arrhenius plot of logarithmic contact conductivity vs. inverse absolute tempera-
ture during heating at 0.15°C min™' a — for sample made without any curing
pressure and b — for sample made with curing pressure (.33 MPa

values of the activation energy shown in Table 2 are less than kT (where k is the
Boltzmann’s constant and 7 is the absolute temperature). This means that the electron
jumping from one lamina to the other occurs with ease.

The curing pressure for the sample in the unidirectional composite configuration
is higher than that of any of the crossply samples (Table 2). Consequently, the thick-
ness is the lowest. As a result, the fiber volume fraction is the highest. However, the
contact resistivity of the unidirectional sample is the second highest rather than being
the lowest, and its activation energy is the lowest rather than the highest. The low ac-
tivation energy is consistent with the fact that there is no CTE or curing shrinkage
mismatch between the two unidirectional laminae and, as a result, no interlaminar
stress between the laminae. This low value supports the notion that the interlaminar
stress is important in affecting the activation energy. The high contact resistivity for

J. Therm. Anal. Cal., 65, 2001



162

=
Z
& (-01-0) (01) (;01-€) . : . PUON0
w 12000 £200°0 0100 670 €20 wo [eUOnOAIIPIUL)
2 (,.01-¢) (,.01-8) (01¥) ) ) .
7] - s -
Z 11 5210 P10 0¥00°0 97°0 €€°0
= (01D (019 (.01
§- §- §- . . .
m 12200 £220°0 22200 vs0'0 620 610
= (010 (.01 (019 . i )
5 810 1€°0 €10°0
2 19100 €910°0 8910°0
m
= (01¥) (;01-L) (.01 ) . .
2 LT10°0 LT10°0 1€10°0 vio o 900
> (01-9) (;01-€) (010 : : fidsso.
5 $T10°0 62100 [£10°0 L0 9t0 0 1655059
= U D.C1°0 U . | U D,C1°0 MO wuw AN oInssad ——
S 1 ujood e Suneay wdumey  mdegpansisnssowpn o ansoduo)
M A9/AT15U3 UOHEBANIY B0y ansodwo) ’ )
Q

sasayjuaied Ul UMOYS I8 SUOTIBIARD pIepuess ay [, ‘saysodurod snoLea 10] ASIsus uoneAndy g 3jqelL

J. Therm. Anal. Cal., 65, 2001



CHUNG: ELECTRICAL RESISTIVITY MEASUREMENT 163

the unidirectional case can be explained in the following way. In the crossply sam-
ples, the pressure during curing forces the fibers of the two laminae to press on to one
another and hence contact tightly. In the unidirectional sample, the fibers of one of
the laminae just sink into the other lamina at the junction, so pressure helps relatively
little in the contact between fibers of adjacent laminae. Moreover, in the crossply sit-
uation, every fiber at the lamina-lamina interface contacts many fibers of the other
lamina, while, in the unidirectional situation, every fiber has little chance to contact
the fibers of the other lamina. Therefore, the number of contact points between the
two laminae is less for the unidirectional sample than the crossply samples.

Conclusions

Thermal analysis in the form of electrical resistivity measurement is useful for study-
ing phase transitions and electrical conduction mechanisms of electrical conductors,
including metals, semiconductors, ceramics, carbons and composite materials. The
technique is applicable to large specimens and involves simple and portable equip-
ment. The resistivity measured can be the volume resistivity or the contact resistivity,
as illustrated for the case of continuous carbon fiber polymer-matrix composites.
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