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on the microstructure of carbon fiber
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Compression in the through-thickness direction (as in fastening) resulted in reversible and
irreversible changes in the microstructure of continuous carbon fiber epoxy-matrix composites,
as shown by electrical resistance measurement during dynamic compression. The extent of
fiber-fiber contact across the interlaminar interface was increased, with partial irreversibility
even at a low stress amplitude of 1 MPa. Within a lamina, fiber squeezing in the
through-thickness direction and fiber spreading in the transverse direction occurred upon
fastening compression, with partial irreversibility at a stress amplitude of 100 MPa or above.
For a single laminae beyond 400 MPa, the lessening of fiber squeezing in the through-thickness
direction during unloading dominated over the fiber spreading in the transverse direction
during loading. © 2006 Springer Science + Business Media, Inc.

1. Introduction

Continuous carbon fiber epoxy-matrix composites are im-
portant for lightweight structures. Fastening is a common
method of joining composite components. In the case of
composite laminates, fastening involves compression in
the direction perpendicular to the laminae, i.e., through-
thickness compression. The effect of fastening on the mi-
crostructure of composite laminates is of current aircraft
safety concern, due to the 2001 Airbus accident in New
York. The accident involved detachment of the tail from
the body of the aircraft [1]. This accident and the gen-
eral aging of aircraft have added impetus to the use of
nondestructive methods to evaluate the damage in com-
posite materials. In contrast to metal components, com-
posite components that are identically manufactured tend
to differ slightly in the amounts, types and locations of
various types of flaws, such as fiber waviness, fiber-matrix
debonding, delamination, and the precursor of delamina-
tion cracks. Thus, for the purpose of hazard mitigation and
timely repair, structural health monitoring is needed for
the composite components of aircraft and other strategic
structures.
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Damage in carbon fiber polymer-matrix composites can
be monitored nondestructively by ultrasonic inspection.
This technique is limited to the detection of well-defined
cracks of diameter at least about 1 mm, typically at least
about 1 cm. The size limit depends on the wavelength of
the ultrasonic wave and the size of the test probe. A more
recent method involves the embedment of fiber-optic sen-
sors in the composite, but this method is intrusive, suffers
from poor maintainability, and tends to cause mechanical
property loss (partly due to the distortion of the carbon
fibers around the fiber-optic sensors).

Due to the high electrical conductivity of carbon fibers
compared to the polymer matrix (typically epoxy), the
composite is conductive, such that the conductivity is sen-
sitive to the extent of fiber-fiber contact in the transverse
and through-thickness directions. A decrease in the extent
of fiber-fiber contact along the through-thickness direc-
tion (as in the case of delamination) obviously decreases
the through-thickness conductivity. A decrease in the
extent of fiber-fiber contact along the transverse direction
(i.e., direction perpendicular to the fibers in the plane of
a lamina) similarly decreases the transverse conductivity.
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Fiber damage, which tends to occur only in locations of
heavy damage of the composite, will obviously decrease
the conductivity in the fiber direction of the composite.
Thus, electrical conductivity measurement in one or
more directions of a composite provides a nondestructive
method of monitoring damage or microstructural changes
[2-27]. Damage is associated with mechanical property
degradation, whereas a microstructural change is not nec-
essarily associated with such degradation. This method
is also advantageous in its fast response, equipment sim-
plicity and applicability to large structural components.
Considerable prior attention has been given to studying
the effect of tension in the fiber direction of a composite
on the microstructure of the composite [2—13]. This is
because the fiber direction is the strong direction of the
composite and the composite is stronger under tension
than compression in this direction. In contrast, this paper
is focused on the effect of compression in the through-
thickness direction, due to its relevance to fastening.
This paper uses DC electrical resistance to monitor the
effect of repeated compression in the through-thickness
direction at various stress amplitudes (equivalent to re-
peated fastening and unfastening at various loads) on the
microstructure of the interlaminar interface (i.e., the inter-
face between adjacent laminae) and on that within a lam-
ina. The effect of through-thickness compression on the
microstructure of the interlaminar interface was studied by
measuring the contact electrical resistivity of the interface,
as previously performed during variation in temperature
or shear stress [28—30]. The effect of through-thickness
compression on the microstructure of a lamina was stud-
ied in this work by measuring the volume resistance of a
lamina in both the longitudinal and transverse directions.
This paper is aimed at identifying the extents and condi-
tions of stress-induced microstructural changes, particu-
larly those that are too subtle or reversible for microscopic
observation to be feasible. Such knowledge is valuable for
understanding the mechanical behavior and damage evo-
lution. This paper is not aimed at damage monitoring.

2. Experimental methods
The composites were made from a unidirectional carbon
fiber epoxy-matrix prepreg (Cape Composites Inc., San

TABLE I Carbon fiber and epoxy matrix properties (according to Cape
Composites Inc., San Diego, CA)

Fortafil 555 continuous carbon fiber

Diameter 6.2 um
Density 1800 kg/m?
Tensile modulus 231 GPa
Tensile strength 3.80 GPa
Cape C2002 epoxy

Processing temperature 121°C
Flexural modulus 99.9 GPa
Flexural strength 1.17 MPa
T, 129°C
Density 1150 kg/m?
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Diego, CA). The properties of the prepreg constituents
are shown in Table 1.

For the purpose of determining the mechanical prop-
erties of a composite made from the prepreg of
Table I, the longitudinal tensile properties of a unidirec-
tional eight-lamina composite made using the prepreg of
Table I and the curing conditions mentioned below were
determined by tensile testing (up to failure) and the use
of a strain gage adhered to a side of the specimen. Stress
was provided by a hydraulic mechanical testing system
(MTS 810, MTS Systems Corp., Marblehead, MA). The
specimen was of size 177 x 10 x 1 mm. A glass fiber
reinforced epoxy end-tab of length 32 mm was applied
by adhesion to each end of the specimen, so the specimen
length excluding the end-tabs was 113 mm. Three spec-
imens were tested. This testing showed that the tensile
strength was 2.03 + 0.08 GPa and the tensile modulus
was 148 + 7 GPa. The fiber volume fraction was 0.58,
as shown by density measurement. Based on the Rule of
Mixtures and ignoring the matrix contribution, the cal-
culated tensile strength was 2.20 GPa and the calculated
tensile modulus was 134 GPa. Thus, there is reasonable
consistency between the measured and calculated values
for both strength and modulus.

For measuring the contact resistivity of the interlami-
nar interface, two laminae of prepreg in the form of strips
crossing one another, with one strip on top of the other
(Fig. 1), were fabricated into a composite at the over-
lapping region (ranging from 3 x 3 to 6 x 6 mm) of
the two laminae by applying pressure and heat to the
overlapping region (without a mold). The pressure was
provided by weights. A glass fiber epoxy-matrix com-
posite spacer was placed between the weight and the
junction (the overlapping region of the two strips). The
heat was provided by a Carver hot press. A Watlow
model 981C-10CA-ARRR temperature controller was
used to control the temperature and the ramping rate.
Each of the specimens was put between the two heat-
ing platens of the hot press and heated linearly up to
121 & 2°C at the rate of 2°C/min. Then it was cured at

Current B Top lamina

Bottom lamina

Figure 1 Composite configuration for measuring the contact electrical
resistivity of the interlaminar interface. A and D are current contacts; B and
C are voltage contacts.
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Figure 2 Composite configuration for measuring the volume electrical re-
sistance of a single lamina in both the longitudinal and transverse directions.
A and D are current contacts, while B and C are voltage contacts, all for
measuring the longitudinal volume resistance. A’ and D’ are current con-
tacts, while B and C’ are voltage contacts, all for measuring the transverse
volume resistance. All dimensions are in mm. The distance between A and
D and that between A’ and D’ are 80 mm. The distance between B and C
and that between B’ and C’ are 20 mm.

that temperature for 3 h and subsequently furnace cooled
to room temperature.

For measuring the volume resistance of a lamina in both
longitudinal and transverse directions, a single lamina of
prepreg was cut into the shape of a cross, as shown in
Fig. 2. After the cutting, the composite was cured by hot
pressing as described above in relation to Fig. 1.

In this work, only one lamina was used for each fiber
orientation, because of the aim of studying the interlam-
inar interface and of fundamental investigation of the
microstructural effects of through-thickness compression
within a lamina. Study of the overall behavior of a lami-
nate with a substantial number of laminae is not the goal
of this work.

In both Figs 1 and 2 the resistance was measured
by using the four-probe method. In this method, the
outer two contacts are for passing the current, while
the inner two contacts are for measuring the voltage.
In Fig. 1 the current goes from A to D by first go-
ing from A along the top lamina, crossing the in-
terlaminar interface and then going along the bottom
lamina toward D. The voltage between B and C, di-
vided by this current, gives the contact resistance of the
interlaminar interface. This contact resistance, multiplied
by the interface area (i.e., area of the square junction)
gives the contact resistivity. In Fig. 2, contacts A, B, C
and D (A and D for current, B and C for voltage) are
for measuring the longitudinal volume resistance, while
contacts A’, B’, C' and D’ are for measuring the transverse
volume resistance. A Keithley 2002 multimeter (Keith-

ley Instruments Inc., Cleveland, OH) was used for the
resistance measurement. All electrical contacts were in
the form of silver paint in conjunction with copper wire.
Each contact in Fig. 1 was wound around the perimeter of
the specimen. Each contact in Fig. 2 was applied only on
the top surface of the lamina, as the bottom surface was
in contact with release paper, which served to support the
fragile specimen.

A dynamic compressive stress was applied on the
square region in the middle of Figs 1 and 2 via a steel
piston (electrically insulated with a Mylar film) of size
equal to the square region. The stress was provided
by a screw-action mechanical testing system (Sintech
2/D, MTS Systems Corp., Elden Prairie, MN) in case
of Fig. 1 and a hydraulic mechanical testing system
(MTS 810, MTS Systems Corp., Marblehead, MA) in
case of Fig. 2. Simultaneously, the resistance was mea-
sured. In the case of Fig. 2, the longitudinal and transverse
resistances were measured simultaneously.

Because the compressive strain in Fig. 2 was not mea-
sured, the volume resistivity was not determined. Nev-
ertheless, the measured volume resistance gives valuable
information.

3. Results and discussion
3.1. Effect on the microstructure

of the interlaminar interface
Fig. 3 shows the variation of the contact resistivity with
stress during compressive stress cycling to various max-
imum stresses up to 4 MPa. The composite was made at
a curing pressure of 0.43 MPa. The contact resistivity de-
creased quite reversibly upon loading, due to the increased
contact between fibers of adjacent laminae. (Microscopic
observation of the change in the degree of contact between
fibers of adjacent laminae is difficult, due to the reversibil-
ity and subtle nature of the change.) However, the resis-
tivity decrease was not completely reversible. The greater
the stress, the more the contact resistivity decreased. Al-
though Fig. 3 shows results at maximum stresses up to
4 MPa, similar results were obtained up to 26 MPa.

The upper envelope of the resistivity variation in Fig. 3
decreased gradually cycle by cycle. This means that the re-
sistivity decrease upon loading was not totally reversible.
The partial irreversibility means that the increase in the
extent of contact between fibers of adjacent laminae upon
loading is not completely reversible.

Stress cycling at a fixed maximum stress of 20 MPa
for 14 cycles (Fig. 4) showed that both the upper
and lower envelopes of the resistivity decreased irre-
versibly and gradually leveled off as cycling progressed,
while the reversible effect within a cycle was essen-
tially not affected. The irreversible effect is an irre-
versible microstructural change of the interlaminar in-
terface. This change may be the precursor of dam-
age. It was most significant in the first two cycles and
subsequent incremental change diminished as cycling
progressed.
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Figure 3 Variation of the contact electrical resistivity with time and of the stress with time during stress cycling to different stress amplitudes up to 4 MPa.

The specimen configuration is that in Fig. 1.
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Figure 4 Variation of the contact resistivity with time and of the stress with time during stress cycling at a constant stress amplitude of 20 MPa. The

specimen configuration is that in Fig. 1.

Comparison of Figs 3 and 4 suggests that the irre-
versible decrease in contact resistivity was more severe
when the stress was higher, as expected.

3.2. Effect on the microstructure of a lamina

Fig. 5 shows the variation of the longitudinal resistance
during dynamic compression at progressively increasing
maximum stresses up to fracture, such that three stress
cycles were conducted at each value of the maximum
stress. The resistance decreased upon compressive load-
ing, in spite of the expected accompanying decrease in
thickness (not measured) tending to cause the resistance
to increase. The resistance decrease is thus not due to the
change in thickness. It is attributed to fiber squeezing (i.e.,
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increase in the extent of fiber-fiber contact, as expected
upon compression) in the through-thickness direction and
the consequent decrease in the through-thickness volume
resistivity (not measured). Microscopic evidence of the
fiber squeezing was not obtained, due to the difficulty of
performing microscopy during compression and the sub-
tleness of the effect. A decrease in the through-thickness
resistivity is expected to cause the longitudinal resistivity
to decrease, due to the increased chance of the current
to detour from one fiber to an adjacent fiber. This de-
tour would enhance the longitudinal conductivity in the
usual case that some fibers are imperfect. The effect is
reversible, as shown upon unloading.

As the maximum stress increased, the amplitude of re-
sistance change increased, as expected. Among the three
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Figure 5 Variation of the longitudinal volume electrical resistance with time (thick curve) and of the stress with time (thin curve) during stress cycling at
progressively increasing stress amplitudes up to 450 MPa. Fracture was observed at the end of this test.

cycles at the same maximum stress, the amplitude of re-
sistance change was higher in the first cycle than the sub-
sequent two cycles (except when the maximum stress
was 400 MPa or above). At any particular maximum
stress, the resistance decrease during loading in the first
cycle was followed upon subsequent unloading by a re-
sistance increase such that the resistance after unloading
was substantially higher than that before the first loading
at this maximum stress.  This indicates an irreversible
microstructural change (possibly a form of damage) oc-
curring during unloading in the first cycle at this maxi-
mum stress. In the subsequent two cycles at this maximum
stress, no further irreversible microstructural change was
inflicted, as indicated by the absence of additional resis-
tance increase during unloading in each of these cycles.
The irreversible microstructural change was of a type that
caused the longitudinal resistance to increase. It may re-
late to a minor degree of fiber damage, since fiber damage
is expected to increase the longitudinal resistance. As
expected, a greater extent of microstructural change oc-
curred when a maximum stress was experienced for the
first time.

Fig. 6 shows the corresponding results on the transverse
volume resistance. At maximum stresses up to 310 MPa,
the resistance increased upon loading in every cycle. This
is due to fiber spreading (i.e., increase of the average
distance between adjacent fibers in the transverse direc-
tion), as expected. This effect is largely reversible. It is
less reversible for the first cycle than the subsequent two
cycles at the same maximum stress. Moreover, the am-

plitude of resistance change was larger for the first cy-
cle than the subsequent two cycles, due to more fiber
spreading when a maximum stress was experienced for
the first time. Microscopic evidence of the fiber spread-
ing was not obtained, due to the difficulty of performing
microscopy during compression and the subtleness of the
effect.

During unloading, the resistance decreased. Upon sub-
sequent loading, the resistance continued to decrease, as
shown in Fig. 7, which is a magnified view of the low
stress portion of Fig. 6. This continued decrease in resis-
tance is due to the increased extent of fiber-fiber contact in
the through-thickness direction. After the reloading had
reached an intermediate level, the resistance started to in-
crease, due to fiber spreading. In other words, there were
two microstructural effects, i.e., fiber spreading in the
transverse direction and fiber squeezing in the through-
thickness direction. Fiber spreading was the dominant
phenomenon, but both phenomena occurred in each stress
cycle.

At maximum stresses above 310 MPa, the resistance
started to increase when unloading was near completion,
thereby resulting in a spike at zero load. This effect is
due to the lessening of fiber squeezing in the through-
thickness direction. At maximum stresses above 350 MPa,
this spike was the dominant effect in a cycle, i.e., the phe-
nomenon associated with the lessening of fiber squeez-
ing in the through-thickness direction overshadowed the
phenomenon associated with fiber spreading in the trans-
verse direction, probably because the fiber spreading had
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Figure 6 Variation of the transverse volume electrical resistance with time (thick curve) and of the stress with time (thin curve) during stress cycling at
progressively increasing stress amplitudes up to 450 MPa. Fracture was observed at the end of this test.
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Figure 7 Magnified view of a part of Fig. 6.
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Figure 8 Variation of the transverse volume electrical resistance with time (thick curve) and of the stress with time (thin curve) during stress cycling at a

fixed amplitude. Fracture was not observed.

reached its limit. In other words, fiber spreading was the
dominant effect at maximum stresses up to 350 MPa, but
the lessening of fiber squeezing in the through-thickness
direction was the dominant effect at maximum stresses
above 350 MPa.

The change in the dominant effect from fiber spreading
in the transverse direction to the lessening of fiber squeez-
ing in the through-thickness direction was also observed
from the transverse resistance upon stress cycling at a
fixed low maximum stress of 220 MPa, as shown in Fig. 8.
As cycling progressed, the phenomenon associated with
the lessening of fiber squeezing in the through-thickness
direction became more and more dominant.

Fig. 6 also shows that the baseline transverse resistance
increased as the maximum stress increased. The increase
was gradual at maximum stresses up to 230 MPa, but
was increasingly abrupt as the maximum stress increased
beyond 230 MPa. This baseline increase is probably due
to damage in the form of minor matrix cracks between
adjacent fibers.

It should be noted that the maximum stresses in this
section are much higher than those in the last section. This
means that the microstructure of the interlaminar interface
required much less stress in order for it to be changed than
the microstructure within a lamina, as expected.

4. Conclusion
Compression in the through-thickness direction (as in fas-
tening) of a carbon fiber epoxy-matrix composite caused

the extent of fiber-fiber contact across the interlaminar
interface to increase, as shown by decrease in the con-
tact resistivity of this interface. The effect was not totally
reversible, even at a small stress amplitude of 1 MPa.

For a single lamina, this compression caused fiber
squeezing in the through-thickness direction, as shown by
decrease in the longitudinal volume resistance. Accom-
panying this effect was fiber spreading in the transverse
direction, as shown by increase in the transverse volume
resistance. Both effects were reversible, though slight and
partial irreversibility was observed at the first experience
of a maximum stress of 100 MPa or above.

For a single lamina, as the maximum stress increased to
400 MPa, the lessening of fiber squeezing in the through-
thickness direction during unloading started to dominate
over the fiber spreading in the transverse direction dur-
ing loading, as shown by the transverse volume resistance
increasing upon unloading starting to dominate over the
competing phenomenon in which this resistance increased
upon loading. This is because of the fiber spreading ap-
proaching its limit as the maximum stress increased.
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