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Early fatigue damage in carbon-fibre
composites observed by electrical

resistance measurement
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Early fatigue damage during the first tenth (or less) of the fatigue life was observed in carbon
fibre composites by d.c. electrical resistance measurement. The damage was most severe in
the first loading cycle and the incremental damage in each subsequent cycle diminished
cycle by cycle. For the continuous carbon fibre carbon-matrix composite, the resistance
increased irreversibly during early fatigue due to matrix damage and possibly fibre fracture
as well. For the short carbon fibre polymer-matrix and cement-matrix composities, the
resistance decreased irreversibly during early fatigue due to matrix damage near the
junction of adjacent fibres and the resulting increase in the chance that adjacent fibres
touched one another. © 7998 Kluwer Academic Publishers

Introduction
Fatigue is one of the most common causes of failure
of structures, as most structures encounter dynamic
loading. The study of fatigue has been concentrated at
the end of the fatigue life rather than over the entire
fatigue life, as determination of the fatigue life domin-
ates fatigue studies and this determination requires
attention mostly near the end of the fatigue life. How-
ever, understanding the fatigue process requires in-
vestigation of the entire evolution of fatigue damage.
For this purpose, the extent of damage needs to be
monitored throughout the fatigue life. Owing to the
extensive nature of damage shortly before fatigue fail-
ure, the sensing of fatigue damage near the end of
fatigue life is not difficult. For example, it can be
achieved by acoustic emission measurement. How-
ever, the sensing of early fatigue damage is relatively
difficult, because early damage is not as extensive as
the damage near the end of the fatigue life. In spite of
the difficulty of detecting early fatigue damage, this
detection is important in practice for hazard mitiga-
tion and lifetime prediction, and is scientifically valu-
able for understanding the mechanism of fatigue. By
monitoring fatigue by electrical resistance measure-
ment, we have been able to observe damage as early as
the first cycle of loading. This early damage is most
severe in the first cycle and the incremental damage in
each subsequent cycle diminishes cycle by cycle until
the incremental damage per cycle approaches zero.
This early damage regime occupies the initial small
fraction (<10%) of the entire fatigue life.

There exist several methods to monitor fatigue
damage. The acoustic emission (AE) technique has
been used for this purpose [1-3] and for monitoring
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other kinds of damage [4-6] since the 1970s. It is
non-invasive to the material being monitored, and can
give us information about fracture mechanisms, etc.
However, AE needs relatively complicated equipment,
and can be influenced by external noises. The fibre-
optic sensing technique is also a popular method [7];
it is sensitive but somewhat invasive. Electrical resist-
ance measurement is a less common method [8-10];
the benefit of this technique is associated with its
simple use and accuracy [11]. Moreover, it is non-
invasive, can sense the whole volume of the material,
and is more sensitive to the early stage of damage.

The use of electrical resistance measurement to
monitor damage is based on the notion that damage
causes the electrical resistivity to change irreversibly,
in contrast to elastic strain, which causes the resist-
ance (and possibly the resistivity as well) to change
reversibly. For example, cracks would cause the resis-
tivity to increase. A benefit of the electrical resistance
measurement is that it provides information on the
dynamic strain through the reversible resistance
change, in addition to information on the damage
through the irreversible resistance change. Thus, both
strain and damage are sensed in real-time during fa-
tigue. The combined ability to monitor both reversible
strain and damage is particularly valuable in real-time
fatigue damage monitoring under dynamic loading
which may or may not be periodic in time, because the
strain cycle and the point within the cycle at which
damage occurs can be identified. The dynamic strain-
sensing ability is essentially absent in acoustic emis-
ston measurement.

A structure experiences dynamic strain during use.
The monitoring of the strain is useful for control of
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the structure, in order to make the structure “smart”.
Embedded or attached strain sensors are conven-
tionally used for the strain monitoring. These sensors
can be optical fibre and a variety of strain gauges.
They suffer from poor durability and, in the case of
embedded sensors, they have the tendency to degrade
the mechanical properties of the structure. In contrast,
in this work we have employed a carbon fibre com-
posite itself as the strain sensor to monitor the com-
posite’s own strain (ie. to self-monitor the strain),
based on the reversible increase of the electrical resist-
ance upon straining. In addition, the composite moni-
tors its own damage.

This paper describes the use of electrical resistance
measurement to monitor fatigue damage in carbon
fibre composites, namely continuous carbon fibre car-
bon-matrix composite (or carbon—carbon composite)
[12], short carbon fibre polymer-matrix composite
[13] and short carbon fibre cement-matrix composite
[14]. Carbon is suitable for this method because it is
electrically conducting. Moreover, carbon fibre com-
posites are technologically important for aerospace,
automobile, marine, construction, machinery, bio-
medical and other applications.

2. Carbon—carbon composite

Carbon—arbon composites with continuous carbon
fibres are used for high-temperature aerospace struc-
tures, due to the high-temperature resistance of the
carbon matrix in these composites. The carbon
matrix, though much more high-temperature resistant
than a polymer matrix, is much more brittle than
a polymer matrix. This brittleness makes carbon-
carbon composites prone to matrix cracking. As a re-
sult, there is a need for monitoring the condition or
health of a carbon—carbon composite structure while
the structure is in use.

2.1. Experimental procedure
The carbon—carbon composite, kindly provided by
Sigri Great Lakes Carbon Corp. (Union, NJ) under
the grade designation of CC 1501G, was in the form of
a sheet containing carbon fibre roving fabric (90°
biaxial weaving) and was produced by lamination and
compression. The heat-treatment temperature used in
production was 2000 °C. According to the manufac-
turer, the bulk density was 1.40-1.45gcm ™3, the open
porosity was 20%-25%, the bending strength was
210-250 MPa, the dynamic modulus of electricity was
60-65 GPa, the interlaminar shear strength was
9-12 MPa and the ash content was 0.08%. According to
our measurement, the tensile strength was ~ 382 MPa.
The electrical resistance, R, was measured in the
direction of one of the two perpendicular sets of fibres
using the four-probe method, while cyclic and static
tension until failure was applied in the same direction.
Silver electrically conducting paint was used for all
electrical contacts. The four probes consisted of two
outer current probes and two inner voltage probes.
The resistance, R, refers to the sample d.c. resistance
between the inner probes. The four electrical contacts
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were placed 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. The specimen was of length 85mm, width
6.80mm and thickness 2.46 mm. The stress axis was
along the longest dimension of the specimen. One
strain gauge was attached to the centre of one of the
large surfaces of a specimen to measure the strain in
the longitudinal direction. Two strain gauges were
attached to the centres of the two opposite large
surfaces of a specimen to measure the strain in the
transverse direction. Two other strain gauges were
attached to the two opposite small surfaces to measure
the strain in the thickness direction. The strains from
each pair of strain gauges were averaged. The average
strains were used to calculate Poisson’s ratios in the
transverse and thickness directions, v, and v,s, re-
spectively. A Keithley 2001 multimeter and a hydrau-
lic mechanical testing system (MTS 810) were used.

2.2. Results and discussion

Fig. 1 shows the stress (curve a) and the fractional
resistance increase, AR/R, (curve b) obtained during
static tension up to failure. AR/R, increased mono-
tonically with strain, such that the increase was grad-
ual (only slightly above the increase in AR/R, due to
the changes in dimensions, curve (c) in Fig. 1) at low
strains and abrupt at high strains.

Fig. 2 shows AR/R, obtained during cyclic tension
to a stress amplitude (360 MPa) equal to 94% break-
ing stress. The tensile strain was almost totally revers-
ible. The irreversible strain was 0.040% at the end of
the first cycle, and increased very slightly with increas-
ing cycle number. AR/R, increased upon loading in
every cycle, such that it irreversibly increased slightly
after every cycle and the irreversible increase in AR/R,
was particularly large for the first cycle, as shown in
Fig. 2. At fatigue failure, AR/R, abruptly increased,
such that AR/R, no longer rapidly increased irrevers-
ibly near the end of fatigue life. Fig. 3 shows the peak
AR/R, values in a cycle as a function of cycle number
throughout the fatigue life up to failure. The peak
AR/R, increased significantly with cycle number
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Figure I Plots of (a) tensile stress versus strain, and (b) AR/R,
versus strain, obtained simultaneously during static tension up to
failure for a carbon—carbon composite. (c) The calculated AR/Rq
based on dimensional changes.
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Figure 2 Plots of AR/R, versus cycle numbers and of tensile strain
versus cycle numbers obtained simultaneously during first cyclic
tension of a carbon—carbon composite at a stress amplitude of 94%
fracture stress.
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Figure 3 Variation of the peak AR/R, with cycle numbers through-
out the entire fatigue life at a stress amplitude of 94% fracture stress
for a carbon—carbon composite.

during the first 500 cycles and gradually during all
subsequent cycles up to failure. The small step in-
creases in the peak AR/R,, for example at ~ 1350
cycles, are not experimental artifacts but are at-
tributed to damage occuring at those cycle numbers,
similar to the step increases observed for a continuous
carbon fibre polymer-matrix composite under similar
cyclic loading [15].

Measurement of AR/R, during cyclic tension was
performed up to cycle 2000 (except for the highest
stress amplitude of 97% fracture stress, at which fa-
tigue failure occurred at cycle 22) at various stress
amplitudes and the results are shown in Table I. The
reversible part of AR/R, increased significantly with
increasing stress amplitude, and less significantly with
increasing cycle number, as shown in both Table 1
and Fig. 4. The irreversible part of AR/R, was much
smaller than the reversible part of AR/R at the lowest
stress amplitude (30% fracture stress), but exceeded
the reversible part of AR/R, at higher stress ampli-
tudes. The irreversible part of AR/R, increased with
stress amplitude much more significantly than the
reversible part of AR/R, for the whole range of stress
amplitudes studied. As the stress amplitude was in-
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Figure 4 Variation of the reversible part of AR/R, with stress
amplitude (fraction of fracture stress) for various fixed cycle num-
bers ((H) 1, (O) 20, (¥) 100, (x) 200, (A) 300 and (X) 2000) for
a carbon—carbon composite.

02 03 04 05 06 07 08 09 10
Max. stress/fracture stress

Figure 5 Variation of the irreversible part of AR/R, with stress
amplitude (fraction of fracture stress) for various fixed cycle num-
bers ((H) 1, (O) 20, (%) 100, (x) 200, (A) 300 and (X) 2000) for
a carbon—carbon composite.

creased beyond 90% of the fracture stress, both the
reversible part (Fig. 4) and irreversible part (Fig. 5) of
AR/R, increased abruptly. Both the reversible and
irreversible parts of AR/R,, increased with cycle num-
ber, but the effect was small compared to the effect of
the stress amplitude (Table I, Figs 4 and 5). The re-
versible strain increased with increasing stress ampli-
tude linearly up to a stress amplitude of 90% of the
frature stress and abruptly increased upon further
increase of the stress amplitude (Fig. 6). The magni-
tude of the irreversible strain was much lower than
that of the reversible strain at all stress amplitudes
(Table I). Both reversible and irreversible strains in-
creased with cycle number, but the effect of both is
small compared to the effect of the stress amplitude
(Table I).

The secant modulus obtained at the maximum
stress decreased with increasing stress amplitude and
with increasing cycle number (Table I), but the effect
was very small, particularly when the stress amplitude
was <70% of the fracture stress. However, as shown
in the stress—strain curves obtained during cyclic load-
ing at a stress of 93% of the fracture stress (Fig. 7), the"
tangent modulus during the first loading (101 GPa)
was higher than the secant modulus during first
unloading (79 GPa) and subsequent loading and
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Figure 6 Variation of the reversible strain with stress amplitude
(fraction of fracture stress) for various fixed cycle numbers ((H) 1,
(@) 20, (%) 100, ( x ) 200, (A) 300 and (X) 2000) for a carbon—carbon
composite.

unloading (Table 1). The stress—strain curves during
first unloading and subsequent loading and unload-
ing, essentially overlapped and were not linear. The
non-linearity was such that the slope increased with
increasing strain; this is attributed to the stretching of
the longitudinal woven fibres in the composite. This
stretching is expected to occur more easily when the
matrix is damaged. The abrupt decrease in tangent
modulus during the first loading (Fig. 7) is attributed
to damage; it was not observed at lower stress ampli-
tudes, but is consistent with the big jump in the irre-
versible part of AR/R, when the stress amplitude
changed from 90% to 93% of the fracture stress
(Table I).

The reversible part of AR/R, is mainly due to re-
versible dimensional changes and correlates with re-
versible strain. The irreversible part of AR/Rj is due to
damage. Although the decreases in irreversible strain
and modulus also indicate damage, the changes in
these parameters are very small compared to the
change in the irreversible part of AR/Ry. The great
sensitivity of the irreversible part of AR/R, to damage
is also shown by the significant non-zero value of the
irreversible part of AR/R, after merely the first cycle,
even at a stress amplitude of just 20% of the fracture
stress (Fig. 8). However, the incremental rise in irrev-
ersible AR/R, beyond ~ 500 cycles was small. The
composite damage probably involved fibre-matrix
interface weakening, matrix cracking and fibre break-
age; these origins of damage could not be distin-
guished through the experimental technique used.
Nevertheless, the increase of the irreversible part of
AR/R, as cycling progressed provided a continuous
indication of the extent of damage. That the reversible
part of AR/R, also increased with cycling and that an
abrupt increase of the irreversible part of AR/R, is
associated with an abrupt increase in the reversible
part of AR/R, (Figs 4 and 5) suggest that the reversible
part of AR/R is partly associated with a phenomenon
which intensifies as damage increases, although it is
mostly associated with dimensional changes. This

“phenomenon may be reversible crack opening during
tension, as cracks are expected to increase in size
and/or density as cycling progresses. This interpreta-
tion is consistent with the observation that an abrupt
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increase in the reversible part of AR/R, is associated
with an abrupt increase in reversible strain (Figs 4 and
6) and that the abrupt increase in reversible strain
occurs at stress amplitudes beyond the range in which
the reversible strain is linear in relation to the stress
amplitude (Fig. 5).

2.3. Conclusion

A carbon—carbon composite was found to be able to
sense its damage and dynamic strain through changes
in its d.c. electrical resistance. The resistance increased
irreversibly due to damage and increased reversibly
upon tensile straining in the elastic regime. The dam-
age sensitivity was so high that even the damage after
the first cycle of temsile loading within the elastic
regime was detected. The continuous increase in the
irreversible AR/R, as cycling progressed provided
continuous monitoring of the extent of fatigue dam-
age, although various extents of damage before cycle
~500 could be distinguished more clearly than those
after cycle ~500. The reversible resistance increase
upon reversible straining was mainly due to dimen-
sional changes, but it was partly due to a phenomenon
(probably reversible crack opening) that intensified as
damage increased.

3. Carbon fibre polymer—-matrix
composite

In contrast to the continuous carbon fibres in the
carbon—carbon composite of Section 2, this section
addresses polymer-matrix composites with short ran-
domly oriented carbon fibres. Early fatigue damage
was not observed in continuous carbon fibre poly-
mer—matrix composites [16], due to the electrically
insulating nature of the polymer matrix making the
electrical resistance measurement insensitive to matrix
cracks unless the crack cuts across contacting fibres.
On the other hand, early fatigue damage was observed
in short carbon fibre polymer-matrix composites
(this section) due to the matrix damage increasing the
chance for adjacent short fibres to touch one another,
thereby irreversibly decreasing the resistivity. Thus
damage causes the resistivity to decrease for a short
carbon fibre polymer-matrix composite, but causes
the resistivity to increase for a continuous carbon fibre
carbon-matrix composite.

3.1. Experimental procedure

The matrix was polyether sulphone (PES), a thermo-
plastic of volume resistivity >10'°Qcm and provided
as Victrex PES 4100P by ICI. The carbon fibres of
10 um diameter were of length 1 mm and volume resis-
tivity 10~ 3 Qcm, and were provided as Carboflex by
Ashland Petroleum Co., Ashland, KY. The carbon
filaments (to be distinguished from carbon fibres) of
0.15um diameter were of length >100pum, as pro-
vided as ADNH by Applied Sciences Inc., Cedarville,
OH. The carbon filaments had a bent morphology,
resembling cotton wool. In contrast, the carbon fibres
were straight. In this work, the term “filaments” refers



TABLE I AR/R,, strain gauge factor and modulus obtained durin

g cyclic tension at various stress amplitudes

Maximum stress ( + 1 MPa)

Cycle 114 190 266 342 355 370
number
Max. stress/fracture stress 0.30 0.50 0.70 0.90 093 097
AR/Ro ( £0.001%)
Reversible 1 0.185 0.230 0.331 0.442 0.639 0.968
0.173 0.222 - 0477 0.762 1.090
20 0.171 0.221 0.335 0.510 0913 1.203
100 0.185 0.238 0.360 0.541 1.021 -
200 0.186 0.251 0.343 0.602 1.030 -
300 0.185 0.243 0.331 0.622 1.139 -
2000 0.197 0.243 0.342 0.620 1.204 -
Irreversible 1 0.048 0.220 0.403 0.642 2.632 4228
0.060 0.228 - 0.729 2.841 4432
20 0.062 0276 0.552 0.938 3.390 5452
100 0.073 0.321 0.631 1.220 3978 -
200 0.072 0.379 0.690 1.283 4211 -
300 0.072 0.402 0.719 1.342 4.253 -
2000 0.073 0.448 0.748 1.384 4463 -
Strain ( +0.001%)
Reversible 1 - 0.180 0.256 0.322 0.459 -
- 0.180 0.256 0.329 0.468 -
20 - 0.180 0.256 0.331 0.486 -
100 - 0.183 0.256 0.336 0.487 -
200 0.111 0.184 0.255 0.338 0.490 -
300 0.111 0.183 0.256 0.341 0.491 -
2000 0.111 0.184 0.255 0.344 0.494 -
Irreversible 1 - 0.002 0.009 0.000 0.024 -
2 - 0.002 0.009 0.000 0.024 -
20 - 0.002 0.009 0.004 0.030 -
100 - 0.002 0.010 0.007 0.057 -
200 0.003 0.002 0.010 0.008 0.079 -
300 -0.003 0.002 0.010 0.010 0.090 -
2000 0.003 0.003 0.015 0.010 0.106 -
Gauge factor ( £0.01)
1 - 1.28 129 1.37 1.39 -
- 1.23 - 1.45 1.63 -
20 - 1.23 1.31 1.54 1.88 -
100 - 1.30 1.41 1.61 2.10 -
200 1.68 1.36 1.35 1.78 2.10 -
300 1.67 133 1.29 1.82 2.32 -
- 2000 1.77 1.32 1.34 1.80 244 -
AR/R, due to reversible dimensional change® ( £0.01%)
1 - 0.28 0.39 0.50 071 -
- 0.28 0.39 0.51 0.72 -
20 - 0.28 0.39 0.51 0.75 -
100 - 0.28 0.39 0.52 0.75 -
200 0.17 0.28 0.39 0.52 0.76 -
300 0.17 0.28 0.39 0.53 0.76 -
2000 0.17 0.28 0.39 0.53 0.76 -
Secant modulus ( + 1 GPa)
1 - 106 104 106 101°79 -
- 106 104 104 77 -
20 - 106 104 103 74 -
100 - 104 104 102 74 -
200 103 103 104 101 74 -
300 103 104 104 100 74 -
2000 103 103 104 99 73 -

* AR/R, (%) due to reversible dimensional change was calculated by AR/Ro = [(1 + vi2 + v13)e)/[1 — (viz + vy3) €] where g is the reversible
strain. v, and vy are the Poisson’s ratios. (vq, = 0.11, v{3 = 0.43, as separately measured.)
® Tangent modulus during the first loading before the abrupt modulus drop.

to fibres of diameter ~0.15um and the term “fibres”
refers to fibres of diameter ~ 10 pm.

The composites were fabricated by mixing the poly-
mer powder (100-150 um size) and the fibres/filaments
with water in a blender, drying the wet mix at 120°C,

and subsequent hot pressing in a steel mould at 310°C
(the processing temperature for PES, as recommended
by ICI) and 13.4 MPa for ~30 min.

The electrical resistance, R, was measured using the
four-probe method while cyclic tension was applied in
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Figure 7 Tensile stress—strain curves obtained during the first 10
cycles at a stress amplitude equal to 93% fracture stress for a
carbon—carbon composite.
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Figure 8 Plot of AR/R,, versus time during the first four cycles at
a stress amplitude of 20% of the fracture stress for a carbon—carbon
composite.

the load control mode. No precaution was made to
prevent buckling during compression. Silver paint was
used for electrical contacts. The four probes consist
of two outer current probes and two inner voltage
probes. The resistance, R, refers to the sample resist-
ance between the inner probes. The distance between
the inner probes was 25 mm. The samples were of size
80mm x 8 x 3mm. The d.c. resistance was measured
along the stress axis. The displacement rate was
1.0 mmmin~?. The strain was measured by a strain
gauge, which was of a type that could withstand re-
peated strain up to > 1% without irreversibly chang-
ing its resistance. Testing was conducted by using a
hydraulic materials testing system (MTS 810).

3.2. Results and discussion

Fig. 9 shows the strain (Fig. 9a), stress (Fig. 9b) and
fractional resistance increase, AR/R,, obtained simul-
taneously during cyclic tension for a composite with
7 vol % carbon filaments. Because of the small strains
involved, AR/R, is essentially equal to the fractional
increase in resistivity. Fig. 10 shows the strain and
AR/R, obtained at a similar strain amplitude for
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Figure 9 Variation of (——) AR/Ry, (- — -) strain (a) and (- - -)
stress (b) with time during cyclic tensile loading for a PES-matrix

_composite containing 7 vol % short carbon filaments.
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Figure 10 Variation of (——) AR/R, and (-—-) strain with time
during cyclic tensile loading for a PES-matrix composite containing
13 vol % short carbon fibres.

a composite with 13vol% carbon fibres. (With
7vol % fibres, the electrical resistivity of the com-
posite was quite high, as shown in Table II, so
13vol % fibres was used. The percolation threshold
was lower for filament composites than fibre com-
posites, as shown by the data in Table I1.) The rela-
tionship between AR/R, and strain was far more
linear in Fig. 9a than in Fig. 10. In Fig. 10, AR/R,
decreased slightly upon tension, probably due to fibre



TABLE II Volume electrical resistivity of PES-matrix composite
with various volume fractions of short carbon filaments and short
carbon fibres

Filler (vol %) Electrical resistivity (€2 cm)
Filaments Fibres
3 112 /
7 3.78 678
13 0.37 16.9
19 0.12 /
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J |
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Figure 11 Variation of AR/R, with cycle number during cyclic
tensile loading for a PES-matrix composite containing 7 vol %
short carbon filaments (same as Fig. 9 except for more cycles; strain
amplitude = 0.7%).

straightening, before abruptly increasing upon further
tension due to increase in separation between adjacent
fibres; AR/R, increased slightly toward the end
of each cycle (due to fibre buckling) and then de-
creased at the beginning of the following cycle (due to
fibre straightening) before increasing abruptly with
increasing strain due to increase in separation between
adjacent fibres. In contrast, Fig. 9a does not exhibit
this abnormality. Moreover, in Fig. 10, AR/R, became
more and more negative as cycling progressed.

The trend in which AR/R, became more and more
negative as cycling progressed, levelled off after about
10 cycles for both composites, as shown in Fig. 11 for
the carbon filament composite of Fig. 9. It is at-
tributed to the decrease in the matrix film thickness at
the junction of the filaments or fibres as the cycling
progressed (before reaching 10 cycles). A decrease in
this thickness led to a decrease in the contact resistiv-
ity between the filaments or fibres and thereby a de-
crease in the volume resistivity of the composite. The
extent of decrease was larger for the fibre composite
than the filament composite at similar strain ampli-
tudes. This is reasonable because the fibres are more
robust than the filaments.

3.3. Conclusion
For both filament and fibre composites, AR/R, be-
came more negative as cycling progressed up to ~10

cycles, though the effect was more significant for
the latter. This effect is probably due to damage in the
form of a decrease of the matrix film thickness at
the filament—filament or fibre—fibre junction as cycling
progressed. After ~10 cycles, AR/R, does not vary
from cycle to cycle.

4, Carbon fibre cement—-matrix

composite
As in Section 3, this section is concerned with short
carbon fibres. However, in contrast to the polymer
matrix of Section 3, this section is concerned with the
cement matrix. Early fatigue damage was observed in
the cement-matrix composite. The effect is similar to
that for the polymer-matrix composite; the damage is
matrix damage which increases the chance for adjac-
ent fibres to tough one another, thereby decreasing the
resistivity irreversibly. Short carbon fibre cement-
matrix composites are attractive technologically due
to their high flexural strength, high flexural toughness,
low drying shrinkage [17-20] and strain-sensing
ability [21-23].

4.1. Experimental procedure

The carbon fibres were isotropic pitch-based and un-
sized, as obtained from Ashland Petroleum Co. (Ash-
land, KY). The fibre diameter was 10 pm. The nominal
fibre length was 5 mm. Fibres in the amount of 0.5%
by weight of cement (corresponding to 0.24vol %
mortar) were used. Cement paste made from Portland
cement (Type I) from Lafarge Corp. (Southfield, MI)
was used for the cementitious material. The water/
cement ratio was 0.35. The aggregate used was natural
sand, the particle size analysis of which is shown in
Fig. 1 of [12]. The sand/cement ratio was 1.0. No large
aggregate was used. The water-reducing agent used in
the amount of 3% by weight of cement was TAMOL
SN (Rohm and Haas Co., Philadelphia, PA), which
contained 93%-96% sodium salt of a condensed
naphthalenesulphonic acid. Methylcellulose and silica
fume were added to help disperse the fibres. Silica
fume (no. 965, Elkem Materials Inc., Pittsburgh, PA)
was used in the amount of 15% by weight of cement.
Methylcellulose (Methocel A15-LV, Dow Chemical
Corporation, Midland, MI) in the amount of 0.4% by
weight of cement, was used together with a defoamer
(Colloids 1010, Colloids Inc., Marietta, GA) in the
amount of 0.13 vol %.

Methylcellulose was dissolved in water and then
fibres and defoamer were added and stirred by hand
for about 2min. Then this mixture, cement, sand,
water, water-reducing agent and silica fume, were
mixed in a Hobart mixer for 5min. The mixer had
a flat beater. The slump was 130 mm. After pouring
the mix into oiled moulds, a vibrator was used to
decrease the amount of air bubbles. The specimens
were demoulded after 1d and then allowed to cure at
room temperature in air for 28d.

Simultaneous to mechanical testing, d.c. electrical
resistance measurements were made. For compressive
testing, according to ASTM C109-80, specimens were
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prepared by using a 2in. x 2in. x 2in. (5.1cm x 5.1cm
x 5.1cm) mould. Dog-bone shaped specimens were
used for tensile testing. They were prepared by using
moulds of the same shape and size. The strain was
measured by the crosshead displacement in compres-
sive testing or by a strain gauge in tensile testing, while
the fractional change in electrical resistance along the
stress axis was measured using the four-probe method.
The electrical contacts were made by silver paint.
Although the spacing between the contact increased
upon tensile deformation and decreased upon com-
pressive deformation, the increase was so small that
the measured resistance remained essentially propor-
tional to the resistivity. Testing was performed under
cyclic loading (tensile or compressive) at stress ampli-
tudes equal to 0.30, 0.50 and 0.70 of the fracture stress.
For compressive testing, a hydraulic mechanical test-
ing system (MTS Model 810) was used, such that each
cycle took 38.1s. For tensile testing, a screw-action
mechanical testing system (Sintech 2/D) was used,
such that each cycle took 52.2s.

4.2. Results

Fig. 12 gives the fractional resistance increase,
AR/R,, during cyclic compressive loading at a stress
amplitude equal to 0.70 of the fracture stress. Fig. 1a
gives the variation during the first 21 cycles;
Fig. 1b gives the variation during the first ~300
cycles; Fig. 1c gives the variation during the last 11
cycles before fracture at 5263 cycles. AR/R, decreased
during loading and increased during unloading in
each cycle. Fig. 1b shows that AR/R, had a baseline
which monotonically decreased as cycling progressed.
This decrease occurred up to 306 cycles, at which the
baseline became flat. The flat baseline persisted up to
a few cycles before fracture. As shown in Fig. 1c, the
baseline showed a slight but consistent increase for
a few cycles before fracture. At fracture, AR/R, ab-
ruptly and greatly increased.

Fig. 13 shows results similar to Fig. 12, except that
Fig. 13 was obtained under tension rather than com-
pression. The results under tension and compression
at various stress amplitudes are summarized in
Table III. The number of cycles for which the AR/R,
baseline monotonically lowered, increased with in-
creasing stress amplitude and the lowest point of the
AR/R, baseline decreased (i.e. became more negative)
with increasing stress amplitude, whether under ten-
sion or compression. Obviously, the greater the stress
amplitude, the greater the damage.

4.3. Discussion

The AR/R, baseline monotonically decreased upon
cyclic loading from the first cycle up to a cycle number
ranging from 123-347 (depending mainly on the stress
amplitude). This decrease is attributed to the damage
of the cement matrix separating adjacent fibres at their
junction. This damage enhanced the chance for adjac-
ent fibres to touch one another, thereby causing the
AR/R, baseline to decrease. It occurred only in the
early fatigue life, i.e. 5.8% compressive fatigue life at
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Figure 12 Fractional resistance increase, AR/R,, during cyclic com-
pressive loading of a short carbon fibre cement-matrix composite at
a stress amplitude equal to 0.70 fracture stress. (a) First 21 cycles,
(b) first ~ 300 cycles, (c) last 11 cycles before fatigue failure at 5263
cycles.

a stress amplitude of 0.70 fracture stress, or 9.2%
tensile fatigue life at a stress amplitude of 0.70 fracture
stress. Although the AR/R, baseline decrease was
clear and monotonic, it was not linear with cycle
number. Nevertheless, it provides an indication of the
extent of early damage.

The damage of the cement matrix between adjacent
fibres at their junction occurs upon cyclic loading.
This is, at least partly, because reversible (but very
slight) fibre pull-out occurs during each strain cycle
[22]. After a certain number of cycles, this damage has
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Figure 13 Fractional resistance increase, AR/R,, during cyclic ten-
sile loading of a short carbon fibre cement-matrix composite at a
stress amplitude equal to 0.70 fracture stress. (a) First 23 cycles,
(b) first ~ 300 cycles, (c) last 11 cycles before fatigue failure at 3756
cycles.

stabilized, so that there is no further damage of this
type upon further cycling. As a result, the AR/R,
baseline decrease occurs only for a limited number
of cycles.

4.4. Conclusion .

Damage in the early part (<10%) of fatigue life was
found to occur in short carbon fibre-reinforced mortar
such that the damage resulted in an irreversible de-

TABLE I Effect of damage during cyclic loading on the AR/R,
baseline for a short carbon fibre cement-matrix composite

Maximum stress Minimum No. of cycles to reach
AR/R, minimum AR/R,
Fracture stress
Compression
0.30 —0.38 123
0.50 -10 217
0.70 —25 306
Tension
0.30 —06 146
0.50 -12 252
0.70 —-20 347

crease (by up to 2%) in the volume electrical resistivity
of the mortar. The greater the stress amplitude, the
greater the damage, the greater the resistivity decrease
and the greater the number of stress cycles for which the
resistivity decrease monotonically occurred. The resis-
tivity decrease is attributed to the damage of the cement
matrix separating adjacent fibres at their junction.

5. Discussion

Early fatigue refers to damage in the initial portion of
the fatigue life. Because early fatigue is most severe in
the first cycle, its origin is actually not fatigue but
rather damage under static loading. After the first
cycle, damage continues to occur but at a diminishing
pace. Even at a stress amplitude as low as 20% of the
fracture stress, damage occurs after just one loading
cycle, as shown for a carbon—carbon composite. Al-
though the origin of early fatigue is not fatigue, early
fatigue is expected to contribute to the origin of true
fatigue which occurs later in the fatigue life. Although
this works shows the occurrence of early fatigue in
three kinds of composites, early fatigue is believed to
occur in most fibrous composites. This is because
the three kinds of composite include composites with
brittle and ductile matrices (carbon, cement and
thermoplast), those with continuous and short fibres,
and those with fibre volume fractions covering a wide
range. That early fatigue is not detected does not mean
that it does not occur, as the sensitivity of the electrical
resistance measurement for damage depends on the
structure of the composite. For example, early fatigue
was not detected in continuous carbon fibre epoxy-
matrix composite by electrical resistance measure-
ment [16] due to the poor sensitivity to damage in an
insulating matrix, but it probably occurred. Com-
posites which are totally insulating (both matrix and
reinforcement) cannot be analysed at all by d.c electri-
cal resistance measurement. In spite of the limitation
of this technique, it is much more sensitive to early
damage than acoustic emission.

6. Conclusion

Early fatigue damage (< 10% of the fatigue life) was
observed in continuous carbon fibre carbon-matrix
composite, short carbon fibre polymer-matrix
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composite and short carbon fibre cement-matrix com-
posite by d.c. electrical resistance measurement. The
damage was most severe in the first loading cycle and
the incremental damage in each subsequent cycle dim-
inished cycle by cycle until it approached zero. For the
carbon-matrix composite, the resistance increased ir-
reversibly during early fatigue due to matrix damage
and possibly fibre fracture as well. For the short fibre
polymer-matrix and cement-matrix composites, the
resistance decreased irreversibly during early fatigue
due to matrix damage near the junction of adjacent
fibres, and the resulting increase in the chance that
adjacent fibres touched one another.
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