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By measuring the electrical resistance of a continuous unidirectional carbon fiber
epoxy-matrix composite along the fiber direction during loading in this direction, fiber
breakage was progressively monitored in real time. Fiber breakage occurred in spurts
involving 1000 or more fibers. It started at about half of the failure strain during static
tensile loading and at about half of the fatigue life during tension-tension fatigue
testing. Immediately before static failure, at least 35% of the fibers were broken.
Immediately before fatigue failure, at least 18% of the fibers were broken. The fiber
breakage was accompanied by decrease in modulus.

I. INTRODUCTION

Continuous fiber polymer-matrix composites are used
in aerospace, automobile, marine, machinery and con-
struction industries, due to their low density, high
strength, and high modulus. These composites degrade
during loading due to fiber breakage, delamination, and
other mechanisms that occur prior to failure. Because the
degradation can render the composites unreliable or un-
suitable for structural use, it is important to characterize
and understand the degradation as it evolves during load-
ing. For this purpose, real-time nondestructive monitor-
ing of the degradation is needed. Techniques for this
monitoring include acoustic emission detection,'” 4 eddy
current testing, and the use of optical fiber sensors.” In
the case of the fibers being electrically conducting and
the matrix being insulating, electrical resistance meas-
urement in the fiber direction of the composite provides
a way to monitor damage in the form of fiber breakage,
because fiber breakage causes the resistance of the com-
posite in the fiber direction to increase.’~'® By using this
technique, we have monitored a continuous carbon-fiber
polymer-matrix composite, during static and fatigue
loading until failure, thereby obtaining information on
the evolution of fiber breakage from its onset to compos-
ite failure. Prior work did not follow the entire fatigue
process at a fixed stress amplitude and did not interpret
the resistance changes to obtain the fraction of fibers
broken.®'® Prior work®'° used the two-probe method
for electrical resistance measurement, whereas this work
used the four-probe method. The two-probe method suf-
fers from the fact that the measured resistance includes
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the resistance of the electrical contacts, whereas the four-
probe method excludes the contact resistance from the
measured resistance. Nevertheless, the results of this
work are consistent with those of prior work.

Il. EXPERIMENTAL METHODS

Composite samples were constructed from individual
layers cut from a 12-in.-wide unidirectional carbon-fiber
prepreg tape manufactured by ICI Fiberite (Tempe, AZ).
The product used was Hy-E 1076E, which consisted of a
976 epoxy matrix and 10E carbon fibers. The fiber and
matrix properties are shown in Table L

The composite laminates were laid up in a 4 x 7 in.
platten compression mold with laminate configuration
[0]s (i.e., eight unidirectional fiber layers in the lami-
nate). The individual 4 x 7 in. fiber layers were cut from
the prepreg tape. The layers were stacked in the mold
with a mold release film on the top and bottom of the
layup. No liquid mold release was necessary. The densny
and thickness of the laminate were 1.52 + 0.01 g/cm’
and 1.1 mm respectively. The volume fraction of
carbon fibers in the composite was 58%. The laminates
were cured using a cycle based on the ICI Fiberite C-5
cure cycle. The curing occurred at 355 + 10 °F (179 #
6 °C) and 89 psi (0.61 MPa) for 120 min. Afterward,
they were cut to pieces of size 160 x 14 mm. Hence, each
specimen had 38 bundles of fibers (6000 fibers per
bundle, 7-wm diameter for each fiber). Glass-fiber-
reinforced epoxy end tabs were applied to both ends
on both sides of each piece, such that each tab was
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30 mm long and the inner edges of the end tabs on the
same side were 100 mm apart and the outer edges were
160 mm apart.

The electrical resistance R was measured in the longi-
tudinal (fiber) direction using the four-probe method
while either static or cyclic tension was applied in this
direction. Silver paint was used for all electrical contacts.
The four probes consisted of two outer cumrent probes
and two inner voltage probes. The resistance R refers to
the sample resistance between the inner probes. The four
electrical contacts were around the whole perimeter of
the sample in four parallel planes that were perpendicular
to the stress axis, such that the inner probes were 60 mm
apart and the outer probes were 80 mm apart. A resistive
strain gauge was attached to the center of one of the
largest opposite faces for measurement of strain in the
stress direction. A Keithley 2001 multimeter was used
for direct-current (dc) resistance measurement. The
displacement rate was 1.0 mm/min, as provided by
a hydraulic mechanical testing system (MTS 810).
Tension—tension fatigue testing was performed with
stress ratio (minimum stress to maximum stress in a
cycle) 0.05 and maximum stress 740 MPa (at which
strain = (.56%). The fatigue test was run at a constant
amplitude load level (load control). Each cycle took 1 s.
For the fatigue data presented in this paper, a total of
396,854 cycles took place before fatigue failure. Al-
though the fatigue data for one sample are shown in Sec.
III. B of this paper, three samples were tested to confirm
that the results presented here concerning the pattern of
changes in resistance, stress, and strain during fatigue
(not the fatigue life) are reproducible. The data shown are
not the average of the data of the three samples. Among
the results for the three samples, the spread in the number
of cycles at failure was +2000 cycles and the spread in
the number of cycles at the start of fiber breakage was
+800 cycles. :

The Poisson ratio was measured by applying two per-
pendicular strain gauges on each specimen (one gauge in
the stress direction and the other gauge perpendicular to

TABLE 1. Carbon-fiber and epoxy-matrix properties (according to ICI
Fiberite).

10E-Torayca T-300 (6K) untwisted, UC-309 sized

Diameter 7 wm
Density 1.76 glcm®
Tensile modulus 221 GPa
Tensile strength 3.1 GPa

976 Epoxy
Process temperature
Maximum service temperature

350 °F (177 °C)
350 °F (177 °C) dry
250 °F (121 °C) wet

Flexural modulus 3.7 GPa
Flexural strength 138 MPa
T, 232°C
Density 1.28 g/em?
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the stress, with both gauges on the largest surface of the
specimen). The fiber volume fraction, density, and me-
chanical and electrical properties, as measured in this
work, are listed in Table II. That the tensile strength is
lower than that calculated by the Rule of Mixtures is due
to the fiber waviness and imperfect fiber alignment,
which were partly inherent to the fiber prepreg and partly
produced during the resin flow in the process of com-
posite laminate fabrication. The fiber volume fraction of
58% corresponds to having 38 fiber bundles in a tensile
specimen.

lli. RESULTS AND DISCUSSION
A. Static loading

Figure 1(a) shows the tensile stress, strain, and frac-
tional change in electrical resistance AR/R,, in the stress
direction (0°) obtained simultaneously during static ten-
sile loading up to failure. The longitudinal AR/R,, first
decreased until 0.5% strain. The decrease is due to in-

TABLE H. Properties of carbon-fiber epoxy-matrix composite.

Volume fraction of fiber (%) 58
Density (g/cm®) 1.52 £ 0.0t
Tensile strength (MPa) 1268 + 89
Tensile strain (%) 1.08 + 0.08
Poisson ratio 0.30
Resistivity ({) cm)
0° 4.1x 107
Through thickness 2.04
0.35 1200 _
0.3+ ©
0.254 1000 %
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FIG. 1. (a) Tensile stress, strain, and AR/R, in the 0° direction of

composite, obtained simultaneously during static 0° tension up to fail-

ure. Solid curve: AR/R, versus strain. Dashed curve: tensile stress

versus strain. (b) Fraction of fibers broken (lower bound) versus strain

during 0° tension of composite.
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crease in the degree of fiber alignment upon loading and
decrease in the residual compressive stress in the fiber
upon loading, as supported by the increase of the
through-thickness resistance during loading® and de-
crease of the resistivity of a single carbon fiber embedded
in epoxy upon loading.? Starting at 0.6% strain, the re-
sistance increased in a stepwise fashion, due to spurts of
fiber breakage. Accompanying the resistance increase
was a slight decrease of the tangent modulus (slope of the
stress-strain curve in Fig. 1(a)]. That the modulus de-
crease was slight is because broken fibers still served as
a reinforcement, although not as effectively as the un-
broken fibers. Thus, the modulus is not a sensitive indi-
cator of the extent of fiber breakage. On the other hand,
the electrical resistance is.

Single fibers obtained by dissolving away the polymer
from the carbon-fiber prepreg were subjected to cyclic
tension and simultaneous electrical resistance measure-

ment.” The resistance R of a single fiber increased upon

tension partly reversibly, such that, at a tensile stress
equal to 83.0% of the fracture stress, the reversible por-
tion of AR/R, (due to dimensional change) was 18.4 x
107>, whereas the irreversible portion of AR/R, (due to
damage) was 4.0 x 107> We therefore assume that a
fiber prior to breakage has an irreversible AR/R, 6f 4.0 x
10>, There are two sources of irreversible AR/R,,,
namely fiber damage and fiber breakage, although the
former was almost negligible compared to the latter. The
irreversible AR/R, due to fiber damage was subtracted
from the measured AR/R, [in the high-strain part of
Fig. 1(a) in which AR/R, had shown an increase from the
minimum value] in order to obtain the irreversible AR/R,
due to fiber breakage.

A broken fiber can contribute to electrical conduction
due to the contact between a broken fiber and an adjacent
fiber. Hence, the fraction of fibers broken obtained under
the assumption that a broken fiber does not contribute to
electrical conduction is actually a lower bound of the
fraction of fibers broken. The difference between this
lower bound and the true value depends on the extent of
fiber—fiber contact. In the high-strain part of Fig. 1(a) in
which R had shown an increase from the minimum
value R,

Q

1+Q
(1)

lower bound of fraction of fibers broken =

where 0 = (R - R',/R';) - 4.0 x 10> and 4.0 x 1072 is
the contribution from fiber damage. Figure 1(b) shows a
plot of the lower bound of the fraction of fibers broken as
a function of strain, as obtained by using Eq. (1). Fiber
breakage started to occur at a strain of 0.54%. which is
about half of the strain at failure. (Reference 7 also re-
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ported that fiber breakage started at about half of the
strain at failure.) Failure occurred when 35% (lower
bound) of the fibers were broken.

If all the fibers in the composite were identical and
exactly straight and parallel, all the fibers would have
broken at the same strain. The observation that the strain
at which fibers broke ranged from about 50% to 100% of
the composite failure strain cannot be totally accounted
for by the spread in fiber strength shown by single-fiber
tensile testing.® That the fibers were not exactly straight
or parallel must contribute significantly to accounting for
this observation.

B. Fatigue testing

Figure 2 shows AR/R,,, tensile stress, and tensile strain
simultaneously obtained in the stress (0°) direction dur-
ing cyclic tension—tension loading. The resistance R de-

Tensile stress (MPa)

0.6
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0.4
0.3
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0.1

0+

Strain (%)
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0
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FIG. 2. Variation of fractional resistance increase (AR/R,), tensile
stress, and tensile strain with cycle number during the first few cycles
of tension~tension fatigue testing.
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creased upon loading and increased upon unloading. The
resistance decrease upon loading is as observed during
static loading.

The resistance change in the stress direction is shown
in Fig. 3 for the whole fatigue life. Figure 4 depicts the
variation of peak AR/R, (at the end of a cycle) as a
function of the percentage of the fatigue life. No appre-
ciable resistance change was observed from the begin-
ning to about 48% of fatigue life, as shown in Fig. 4(a).
As cycling progressed beyond 218,277 cycles (or 55% of
fatigue life), the peak AR/R, significantly but gradually
increased, such that the resistance increase did not occur
in every cycle, but occurred in spurts [Figs. 3(c), 3(d),
and 4(a)], e.g., at 218,278 cycles {Fig. 3(c)] and
229,628 cycles [Fig. 4(d)]. Beyond 353,200 cycles (91%
of the fatigue life), the increase of the peak R occurred
continuously from cycle to cycle rather than in spurts
[Fig. 3(e)]. At 396,457 cycles (99.9% of the fatigue life),

the resistance increase became even more severe, such
that spurts of increase occurred on top of the continuous
increase [Fig. 4(b)]. The severity kept increasing until the
specimen failed at 396,854 cycles, at which R abruptly
increased. The last spurt observed before the final abrupt
increase occurred at 396,842 cycles [Fig. 3(e)].

The normalized secant modulus of the composite dur-
ing the fatigue loading is shown versus fatigue life in
Fig. 5, together with the variation of the peak AR/R,.
Both 0° resistance and 0° stiffness are sensitive to the
fracture of the 0° fibers. However, the fractional change
in resistance is much larger than that in stiffness.

The resistance increase and stiffness decrease during
fatigue loading took place in three stages, as shown in
Fig. 5. The first stage was from the beginning of the
fatigue loading to about 48% of fatigue. No stiffness
reduction or resistance change were observed in this
stage. The second stage was from 48% to 77% of fatigue
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FIG. 3. Variation of AR/R, with cycle number during tension—tension fatigue testing up to failure at 396,854 cycles.
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life, which was characterized by increase of peak AR/R,
in spurts and continuous decrease in stiffness. The third
stage was from 77% of fatigue life to failure. In this stage,
the peak AR/R, increased both in spurts and continuously
and the stiffness decreased in a stepwise manner.

The absence of stiffness reduction or resistance
change in the first stage indicates that no fiber fracture
occurs, In the second stage, the peak AR/R, increased
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FIG. 4. Variation of the peak AR/R, at the end of a cycle with the

percentage of fatigue life during tension—tension fatigue testing up to
failure.
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FIG. 5. (a) Peak AR/R, and (b) normalized secant modulus at the end

of a cycle with the percentage of fatigue life during tension—tension
fatigue testing up to failure.
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in spurts and the stiffness decreased, suggesting that
damage in the form of fiber breakage occurred. The
fiber fracture was also suggested by the measured stiff-
ness reduction of about 4.4% at the end of the sec-
ond stage. The third stage (from 77% of fatigue life to
failure), in which the peak AR/R, increased sharply,
both in spurts and continuously, and the stiffness de-
creased in stepwise mode, imply that more fiber breakage
occurred.

Fiber fracture, as indicated by resistance increase dur-
ing cyclic loading in this work, had been observed by
other investigators after (not during) similar cyclic load-
ing using scanning electron microscopy.*> It is known
that fiber fracture and matrix cracking are dominant fail-
ure mechanisms for unidirectional composites during fa-
tigue.® Because the matrix is electrically insulating and is
not the major load carrier, the resistance change and stiff-
ness reduction are related to fiber fracture only. The ob-
served spurts of increase of the peak AR/R, imply that
fiber breakage occurred in spurts as the cyclic loading
progressed. Fiber failure was predicted by mechanics of
the stress redistribution.” Because most of the load is
carried by the fibers, significant stress redistribution oc-
curs due to the fiber breakage. Fiber fracture and fiber-
matrix debonding contribute to the resistance increase
and the stiffness reduction.

By following the change in the peak AR/R,, the degree
of fiber fracture in the composite can be monitored pro-
gressively in real time. Moreover, progressive warning of
the impending fatigue failure is provided in real time, so
that the disasters caused by fatigue failure can be
avoided. In the part of the fatigue life in which the peak
R at the end of a cycle had shown an increase from its
value R’ at the end of the first cycle, R,” = R, + (AR),,
where R, is the initial resistance and (AR), is AR at the
end of the first cycle, Eq. (1) applies, with 0 = [(R -
R,)R,'] - 4.0 x 1072, R is peak R at the end of a cycle,
and 4.0 x 107 is the contribution from fiber damage.
Figure 6 is a plot of the lower bound of the fraction of
fibers broken as a function of the percentage of fatigue
life. Fiber breakage started at 50% of the fatigue life,
although appreciable increase of the fraction of fibers
broken did not start till 55% of the fatigue life. Fiber
breakage occurred in spurts from 55% to 89% of the
fatigue life, due to the stress distribution among the un-
broken fibers. The smallest spurt involved 0.006 (lower
bound) of the fibers breaking. This corresponded to 1020
broken fibers (lower bound). Thus, each spurt involved
the breaking of multiple fibers (lower bound). This was
reasonable because the fibers were in bundles of 6000 fi-
bers. The smallest spurt involved the breaking of a frac-
tion of a fiber bundle. At 89% of the fatigue life, fiber
breakage started to occur continuously rather than in
spurts. Catastrophic failure occurred when 18% of the
fibers (lower bound) were broken.
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FIG. 6. Variation of the fraction of fibers broken (lower bound) with
the percentage of fatigue life during tension—tension fatigue testing up
to failure: (a) from 0% to 100% of fatigue life, (b) from 99% to 100%
of fatigue life.

Even if all the fibers were identical and exactly straight
and parallel, breakage would not have occurred at the
same time for all the fibers in the composite. This is
because fatigue damage tends to start at flaws and then
gradually expands as dynamic loading continues. Never-
theless, it is practically useful to know that fiber breakage
starts as early as 50% of the fatigue life.

J. Mater. Res., Vol. 14, No. 11, Nov 1999

Only 18% of the fibers (lower bound) were broken
immediately before fatigue failure, whereas 35% of the
fibers (lower bound) were broken immediately before
static failure. This difference is believed to be due to the
presence of accumulated damage of various types (other
than fiber breakage) during fatigue. Less accumulation is
expected during static loading.

IV. CONCLUSION

The evolution of fiber breakage during static and
fatigue tensile loading of a continuous unidirectional
carbon-fiber epoxy-matrix composite was monitored in
real time by electrical resistance measurement of the
composite along the fiber (stress) direction. Fiber break-
age was found to occur in spurts involving 1000 fibers or
more (a fraction of a fiber bundle). It started at about half
of the failure strain during static loading and at about half
of the fatigue life during fatigue testing. Immediately
before static failure, at least 35% of the fibers were bro-
ken. Immediately before fatigue failure, at least 18% of
the fibers were broken. The fiber breakage was accom-
panied by decrease in the modulus of the composite.
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