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Abstract

The kinetics of autohesion of continuous carbon-"ber thermoplastic-matrix prepregs above the glass transition temperature was
studied by the measurement of the DC electrical contact resistance of the joint between two plies in real time during autohesion at
various constant temperatures. The resistance decreased as autohesion progressed. The rate of decrease in resistance was used as an
indicator of the rate of autohesion. The activation energy was 21.2 kJ/mol for both Nylon-6 and polyphenylenesul"de carbon-"ber
prepregs. ( 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The joining of materials is important for manufactur-
ing and repair of composite material products. Joining
methods for polymers and polymer-matrix composites
include fusion bonding, di!usion bonding (or autohe-
sion), use of adhesives, and fastening. In particular,
autohesion is relevant to the self-healing of polymers.
Di!usion bonding (or autohesion) involves interdi!usion
between the adjoining materials in the solid state. In
contrast, fusion bonding involves melting. Due to the
relatively low temperatures of di!usion bonding com-
pared to fusion bonding, di!usion bonding does not
su!er from the undesirable side e!ects that typically
occur in fusion bonding, such as degradation and cross-
linking of the polymer matrix. Although the di!usion
bonding of metals has been widely studied [1}5],
relatively little study has been conducted on the autohe-
sion of polymers [6}21]. Because of the increased
segment mobility above the glass transition temperature
(¹

'
), thermoplastics are able to undergo interdi!usion

above ¹
'
.

Di!usion, as a thermally activated process, takes time.
In other words, how long di!usion takes depends on the

temperature. In order for di!usion bonding or autohe-
sion to be conducted properly, the kinetics of the process
needs to be known. This paper reports a method for
real-time study of the kinetics of autohesion of thermo-
plastic carbon-"ber prepregs.

The study of the kinetics requires monitoring the pro-
cess as it occurs. A real-time monitoring technique is
obviously preferable to a traditional method that re-
quires periodic interruption and cooling of the specimen.
However, real-time monitoring is experimentally di$cult
compared with interrupted monitoring. The method we
describe is ideal for thermoplastic prepregs containing
continuous carbon "bers, since the carbon "bers are
conductive. Two carbon-"ber thermoplastic prepreg pli-
es are placed together to form a joint. The electrical
contact resistance of this joint is measured during
autohesion. As autohesion occurs, the "bers in the plies
undergoing joining come closer together, thus resulting
in a decrease in the contact resistance. Hence, with the
measurement of this resistance in real time, the autohe-
sion process can be monitored as a function of time at
di!erent selected bonding temperatures. Arrhenius plots
of a characteristic resistance decrease versus temperature
allows determination of the activation energy for the
process. The use of resistance measurement to evaluate
di!usion bond quality has been previously suggested
[22]. This method can possibly be used for monitoring of
bonding of un"lled thermoplastics if a few carbon-"bers
are strategically placed.
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Table 1
Material properties of PPS/CF and Nylon-6/CF prepregs

Prepreg
designation

Fiber
type

Fiber
Diameter (lm)

Fiber weight
fraction(%)

Matrix¹
'

(3C) Matrix¹
.

(3C) Prepreg
thickness (lm)

PPS/CF QLC 4164 AS-4C! 8 64 90 280 250
Nylon-6/CF QNC 4162 34-700" 6.9 62 40}60 220 250

!Hercules Advanced Materials and Systems Company, Magna, Utah.
"Gra"l, Inc., Sacramento, California.

Fig. 1. Sample con"guration for studying the kinetics of di!usion
bonding. The dotted cross-shaped region is where pressure is applied.
The square shaded region is the joint.

Fig. 2. Variation of the contact resistance with time during heating to
1203C and subsequent holding at 1203C for annealed Nylon-6/CF
prepreg. (solid curve) resistance, (dashed curve) temperature.

2. Experimental methods

The thermoplastic matrices of the carbon-"ber pre-
pregs in this study were Nylon-6 (PA) and poly-
phenylenesul"de (PPS). The unidirectional carbon-"ber
prepregs were supplied by Quadrax Corp. (Portsmouth,
Rhode Island). A summary of the properties of the
PPS/carbon "ber (PPS/CF), and Nylon-6/CF prepregs is
presented in Table 1.

Nylon-6/CF prepregs were used as received as well as
after annealing. PPS/CF prepregs were used after anneal-
ing. Annealing of both Nylon-6/CF and PPS/CF prepregs
was carried out in air at 1403C and 1803C, respectively for
25 h, while pressure (1000 Pa) was applied by the weight of
steel plates. After heating, the prepregs were furnace-
cooled to room temperature under pressure.

Identically prepared prepreg strips of length 5 cm and
width 1 cm were stacked at an angle of 903 in a cross-
shaped steel mold cavity lined with a PTFE "lm for
electrical insulation, so that the overlap area was
1 cm]1 cm, as shown in Fig. 1. A pressure of 4450 Pa
was applied by the weight of a 3-cm long, cross-shaped
steel plate, which was electrically insulated from the
prepregs by a PTFE "lm. An electrical contact in the
form of silver paint in conjunction with copper wire was
applied at each of the four legs of the crossed prepreg
strips (Fig. 1). Two of the electrical contacts (A and D in
Fig. 1) were for passing current; the remaining two con-
tacts (B and C) were for measuring voltage. The voltage

divided by the current gave the contact resistance of the
joint. This constituted the four-probe method of DC
electrical resistance measurement. A Keithley 2002 multi-
meter was used.

Samples as illustrated in Fig. 1 were heated from 303C
to di!erent temperatures (80, 100, 2, 2003C) at a heat-
ing rate of 103C/min and then held at the temperature for
15 h for autohesion to occur. During heating and temper-
ature holding, the contact resistance was continuously
measured.

3. Results and discussion

Fig. 2 shows the decrease in contact resistance with
time during heating and subsequent holding at 1203C for
the annealed Nylon-6/CF prepreg. Since the holding
temperature was reached almost immediately, almost all
of the resistance drop occurred in the isothermal portion
of the applied temperature pro"le. The resistance leveled
o! at a relatively low value after several hours of isother-
mal holding. Similar results were obtained at other tem-
peratures. The only di!erence was that the rate of
resistance drop increased with the isothermal holding
temperature. For the sake of analysis, the rate of resist-
ance drop was taken as the absolute value of the slope of
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Fig. 3. Arrhenius plot of log rate vs. reciprocal absolute temperature
for annealed Nylon-6/CF prepreg.

Fig. 4. Arrhenius plot of log rate vs. reciprocal absolute temperature
for annealed PPS/CF prepreg.

the curve of the fractional change in resistance vs. time at
the point at which the resistance had dropped by half of the
way toward the leveled-o! resistance. The rate of resistance
drop can be used to describe the rate of autohesion. Fig.
3 shows the Arrhenius plot: log rate vs. reciprocal temper-
ature (in K), where temperature is the isothermal holding
temperature. From the slope of this plot, the activation
energy was found to be 20.9$0.7 kJ/mol.

Similar results were obtained for annealed PPS/CF
prepreg. The data gave the Arrhenius plot of Fig. 4, from
which an activation energy of 21.7$0.8 kJ/mol could be
extracted. Similar results for as-received Nylon-6/CF
prepreg gave an activation energy of 20.4$0.6 kJ/mol.

Hence, the activation energy for autohesion is similar for
Nylon-6/CF prepreg and PPS/CF prepreg, and also is
similar for annealed and as-received Nylon-6/CF prepregs.

4. Conclusion

The kinetics of autohesion of thermoplastic prepregs
above ¹

'
was studied in real-time by the measurement of

the DC electrical contact resistance of the joint between two
plies. The contact resistance decreased as bonding pro-
gressed and then leveled o!. Resistance measurement was
made as a function of time for di!erent autohesion temper-
atures. The activation energy of autohesion was thus found
to be around 21.2 kJ/mol for both Nylon-6/CF and
PPS/CF prepregs. Prior annealing of the prepregs had no
e!ect on the activation energy for Nylon-6/CF prepregs.
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