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Non-linear compression stress—strain curve of
pitch-based high modulus carbon fibre
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The longitudinal compression behaviour of unidirectional composites is studied to understand
the role of the fibre compressive property in deformation and failure by systematically varying
the tensile modulus of reinforcing high modulus carbon fibre. As the composites deform, their

softness increases with increasing compressive strain, and the loading path is traced back
when the load is removed. The intensity of softening is correlated to the fibre's tensile
modulus and possible softening mechanisms are discussed in conjunction with fibre and
matrix properties. Further, it is investigated how the non-linear stress—strain relation affects the
stress and strain distributions and deformation when plates fabricated from these fibres are

tested by the three-point bending test.

1. Introduction

To manufacture high modulus carbon fibres, graphite
crystallites are made which are highly oriented along
the fibre axis and thus the fibres become anisotropic
[1]. They behave differently, both in compression and
tension, along and transverse to the fibre direction.
When these fibres are used as reinforcements in com-
posite materials, their behaviour plays an important
role in their deformation and failure. Nevertheless,
except for the tensile property along the fibre axis,
other fibre properties have not been well characterized
because of their extremely small size. Among them, the
compressive property plays an especially important
role in composite structure integrity. There have been
several attempts to measure compressive properties
along the fibre axis by methods such as the elastic
loop test [2], the bending beam test [3], the com-
pression test of single-fibre composite [4], the recoil
test [5] and the critical fibre length method [6]. They
either measure the compressive failure strain directly
and convert it to the compressive failure stress by
multiplying by the tensile Young’s modulus, or else
they measure the compressive failure stress indirectly.
These methods only measure a point in a stress—strain
curve such as the strain to failure or the stress to
failure, but do not follow a deformation process, i.e. a
stress—strain curve. Since in many cases the com-
pressive deformation and failure are associated with
buckling in composites, the proper understanding of
them requires the fibre stress-strain curve. There is a
good chance of predicting the compressive
stress—strain relation and failure of fibres by using the
longitudinal compression test of unidirectional com-
posites. However, matrix and fibre properties and the
behaviour of their interface play their own roles in the
composite compressive deformation and failure and
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these roles are not yet fully understood. Obtaining
these properties by a composite test must be done with
extreme care.

When plastics are reinforced with highly oriented
fibres, they show non-linearities both in tension and
compression along the fibre direction. Pitch-based
carbon fibre is one of them. However, the unidirec-
tional composite compressive behaviour is at present
not accurately predicted by fibre compressive proper-
ties, nor is fibre compressive behaviour predicted by
the composite compression test. Therefore, the obtain-
ing of longitudinal compressive stress—strain relations
of unidirectional composites becomes important for
two reasons. First, the composite stress—strain curve
and failure mode, which are in many cases different
from the tensile ones, may change the structural re-
sponse, which is predicted by using the material prop-
erties deduced from the tensile properties. Secondly,
the understanding of fibre compressive deformation
and failure mechanisms is needed to get an insight
into the fibre’s microstructure and to improve the
fibre’s mechanical properties. In this work, the uni-
directional epoxy composite plates reinforced with
several high modulus mesophase pitch-based fibres
were compression tested and their stress—strain rela-
tions were compared wiih each other as well as with
those of unidirectional composites with PAN-based
high modulus carbon fibre and aramid fibre. Then we
tried to relate fibre microstructures and composite
compressive stress—strain curves.

Since non-linear stress—strain relations both in ten-
sion and compression alter the location of the beam’s
neutral axis, formulas for calculating the tensile and
compressive stresses of coupons reinforced with these
fibres are to be evaluated by using the bending test.
Further, when composites with these fibres are used in
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TABLE I Tensile properties of fibres and their epoxy composites

Pitch-based CF PAN CF Aramid
A B C D G M40 Kevlar 49
Fibre tensile modulus (GPa) 195 300 400 500 51 400 131
Fibre tensile strength (MPa} 2800 3200 3500 3340 1020 2800 3000
Fibre elongation (%) 1.45 1.07 0.85 0.67 1.98 0.60 2:30
Composite tensile modulus® (GPa) 96 137 200 240 26 210 75
Composite tensile strength® (MPa) 1350 1500 1760 1670 490 1230 1380
* Volume fraction is 60% equivalent.
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To illustrate the advantages, the three-point bending 1)
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S . : = 200 v
sidering large deflection and the tensile and com- 3 .
pressive non-linear stress-strain relations. In past 2 140
analyses [7-9] the bending tests of Kevlar 49 uni- o A e B
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ated by comparing the test and analysis results, and 0 100 200 300

stress distributions in the coupon are also discussed.

2. Compression test

Many highly anisotropic fibres, such as high modulus
carbon fibres [10] and high performance polymer
fibres [3], behave very differently under compressive
and tensile loads. The longitudinal tensile properties
of these fibre-reinforced unidirectional composites are
well understood, while the characterization and the
understanding of their compressive failure and
deformation mechanisms are not yet fully developed.
These properties have been investigated for meso-
phase pitch-based carbon fibre composites in the
present study.

2.1. Test specimen

Unidirectional compression test coupons were fabric-
ated from pitch-based carbon fibres of five different
tensile moduli (A, B, C, D, G), aramid fibre (Du Pont
Kevlar 49) and PAN-based carbon fibre (Toray Tor-
ayca M40). The tensile mechanical properties of the
fibres and their epoxy composites are shown in Table
L. Pitch-based carbon fibre G was spun from isotropic
pitch and fibres A, B, C and D were spun from
mesophase pitch. All compression tests were done
according to the ASTM procedure A (Celanese
Method) [11, 12], in which strains were measured on
both sides of the gauge section to detect any bending
deformation. When these two strains differed signific-
antly, the test result was discarded.

2.2. Results and discussion
2.2.1. Compressive moduli
In Fig. 1, composite compressive and tensile moduli
are shown. For higher tensile modulus fibres B, C, D
and M40, the tensile moduli are about 10% larger

Tensile modulus (GPa)

Figure I Composite compressive moduli versus tensile moduli.

than the compressive moduli. Although compressive
and tensile moduli are supposed to coincide at zero
strain, they do not because they are calculated, not
from exactly zero strain, but from 0.0 and about 0.005
strains for both compression and tension, and they
behave differently even under very small strains.

2.2.2. Compressive strengths

In Fig. 2, composite tensile moduli and compressive
strengths are shown, where the composites with fibres,
A, B, C and D show strength decreasing almost lin-
carly with increasing modulus. In Fig. 3, composite
tensile and compressive strengths are shown. Except
for fibre G, which was spun from isotropic pitch,
compressive strengths are significantly smaller than
tensile strengths.
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Figure 2 Composite compressive strengths versus tensile moduli.
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Figure 3 Composite compressive strengths versus tensile strengths.

2.2.3. Load-strain curves

In Fig. 4, load-strain curves in the longitudinal com-
pression test of a unidirectional composite of fibre D
are shown, and in Fig. 5 the corresponding Poisson’s
ratios are shown. As the compressive strain increases,
the modulus decreases significantly, up to almost zero,
while the Poisson’s ratio remains almost constant. At
0.5% strain, which corresponds to about 90% of the
compressive failure stress, the tangent modulus is
about 30% of the modulus at zero strain. In Fig. 6,
load-strain curves are shown for compressive loadings
and unloadings of the composite. In this test result, the
loading and unloading paths coincide and leave no
permanent deformation. This material shows a re-
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Figure 4 Compressive load-strain curves (fibre D).
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Figure 5 Poisson’s ratio versus strain (fibre D).
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Figure 6 Compressive load—strain curves {(load-unload, fibre D).

markable reduction in compressive modulus for a
small recoverable strain, such as 0.5% strain, while
for many materials non-linear stress—strain relations
are associated with permanent deformations or large
strains.

2.2.4. Discussion
Except fibre G, which was spun from isotropic pitch,
M40 and mesophase pitch-based fibres A, B, C and D
show this non-linearity: softening in compression and
no permanent deformation after removing the load. In
Fig. 7, tangent moduli, E, (normalized by the moduli,
E,, at the zero compressive strain) and their corres-
ponding strains are plotted from the compression test
results. While the isotropic pitch-based fibre G does
not show the modulus softening, Kevlar 49, M40 and
mesophase pitch-based carbon fibres do, and the
softening intensifies as the compressive stress in-
creases. Further, as the fibre tensile modulus of meso-
phase pitch-based fibre increases, the softening starts
at a smaller compressive strain and intensifies. When
the compressive load was removed from the Kevlar 49
fibre-reinforced coupons, they left permanent defor-
mation, as reported in other works [3, 7, 13], in which
the kink band formation in fibres was proposed. On
the other hand, M40 and mesophase pitch-based car-
bon fibre composites showed no permanent deforma-
tion after the load removal.

There have been many attempts to investigate com-
pressive deformation and failure mechanisms in uni-
directional composites [13-16], taking account of the
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Figure 7 Compressive tangent moduli versus strain. (— + -} A,
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Figure 8 Sublayers model for non-linear compression behaviour. P is compressive load, A is cross-sectional area.

effects of laminate initial imperfections, such as out-of-
plane waviness and in-plane waviness of fibres or resin
non-linearities. However, these attempts seem to be
unable to explain the large non-linear stress—strain
relation in the small strain region which we have
observed. If a resin material non-linearity is con-
sidered to be associated with shear plastic deforma-
tion, and if matrix non-linearity plays a significant
role, then there must be significant permanent defor-
mation after removing the applied load. If some lam-
inate imperfections play a significant role, they need to
be associated with relatively larger strain, say, much
larger than 0.5%. From the plots in [15, 16], the
laminate imperfections may not be able to predict the
large non-linearity.

Because the magnitude of softening is very large and
there is no permanent deformation after the com-
pressive load removal, the deformation mechanisms
can be thought of as associated with local elastic
buckling along the fibre direction. As shown in Fig. 8a,
a unidirectional composite consists of several sub-
layers and each layer behaves as shown in Fig. 8b
under compression. Each layer is initially an elastic
material of a compressive modulus at zero strain and
loses stiffness completely after the compressive strain
becomes g, for the ith layer, and when unloaded it
traces back the loading path. This is modelled by
keeping the Euler buckling of a column under com-
pression in mind. Then, the stress—strain relation of
the composites becomes the cae illustrated in Fig. 8c
and the strain is completely removed when the load is
removed.

As the fibre modulus increases, the fibre surface
becomes more difficult to oxidize during the surface
treatment, and, consequently, it is more difficult to get
a proper fibre and matrix interface which may prevent
the local bucklings. This increase in the difficulty of
surface treatment with the increasing fibre modulus
might be associated with the increasing intensity of
compression non-linearity also with the increasing
fibre modulus. The increasing fibre modulus with the
increasing anisotropy, i.e. the decreasing fibre tor-
stonal modulus, might be associated with local
bucklings which could also explain the sublayer beha-
viour of the unidirectional composite under the longit-

udinal compression. These two possible mechanisms
associated with the compression non-linearity are
dealing with fibre and matrix composite character-
istics.

On the other hand, graphite crystallites of high
modulus mesophase pitch-based fibre are highly or-
iented and highly grown along the fibre axis during
the fibre graphitization, which results in a strong
tensile property and a weak lateral property. This
highly grown and highly oriented basal plane arrange-,
ment might be associated with microscopic buckling
in fibres. These are possible explanations of mech-
anisms which may cause behaviour similar to the
sublayer stress—strain relation. However, a full under-
standing of this non-linearity is not yet reached, and
we are actively investigating this to get much better
composite compressive properties from the fibres.

3. Three-point bending test analysis

3.1. Test method and analytical model

When composite plates are fabricated from the fibres
with those observed non-linear behaviours in com-
pression, if they deform with compressive and tensile
strains simultaneously, they behave considerably dif-
ferently from plates with linear material properties. To
understand the bending deformation of these com-
posite plates, the three-point bending of a plate re-
inforced with fibre having the compressive and tensile
stress—strain relation shown in Fig. 9 was analysed.
This relation closely resembles that of an epoxy matrix
unidirectional composite plate reinforced with the
fibre D of 54% fibre volume fraction. The material
properties of the plate along the thickness direction
are 7 GPa for Young’s modulus, 0.34 for Poisson’s
ratio and 6 GPa for the shear modulus. In the ana-
lysis, a plate thickness of 2 mm, width of 25 mm and
length of 100 mm were used. The boundary conditions
are shown in Fig. 10 along with the finite-element
model. Each element is an eight-node isoparametric
element with the plane-strain assumption.

3.2. Results and discussion

3.2.1. Load-deflection curve

In Fig. 11, the load deflection plot is shown, in which
the experimental result (solid line) was obtained from
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Figure 9 Stress—strain curve of unidirectional composite (fibre D).
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Figure 10 Finite-element model for three-point bending test.
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Figure 11 Load—deflection curve. (O) FEM, (——) experiment,
{(—~—-) beam theory.

the fibre D reinforced epoxy unidirectional composite
plate of fibre volume fraction 54% and the broken
straight line in the same figure was calculated by the
linear beam theory with Young’s modulus at zero
compressive strain. The analysis and experimental
results agree well with each other, aithough the linear
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analysis deviates from these results. However, the
flexural stiffnesses measured at a small deflection and
calculated from the linear beam theory coincide.

3.2.2. Load-strain curve

In Fig. 12, compressive and tensile strains on the
surface 8 mm away from where the load was applied
are plotted from the experiment, and from the non-
linear and linear analysis results. All these strains
come close to each other. This is because the combina-
tion of the rotation of the cross-section about the
neutral axis and the neutral axis movement works to
make these strains get closer to the linear analysis
results.

3.2.3. Load-stress curve

In Fig. 13a and b, the load-stress curves on the
surfaces at the applied load point are shown for linear
(broken line) and non-linear (solid line) analysis res-
ults. Initially, both the linear and non-linear analysis
results agree well with each other, and then deviate
from each other as the load increases. The non-linear
tensile stress becomes larger and the compressive
stress becomes smaller due to the non-linear
stress—strain relation and the neutral axis movement.
In Fig. 14, the stress and strain distributions on the
cross-section at 2 mm from the centre are shown along
with the applied loads. As the load increases, the
neutral axis moves to the tension side (to the lower
side in the figure) As we can expect from
Timoshenko’s beam assumption, the cross-section re-
mains straight and also perpendicular to the neutral
axis. However, the stress distribution in the cross-
section becomes highly non-linear as the load
increases.

3.2.4. Discussion

The non-linear analysis and experimental results coin-
cide well with each other. But the load-deflection
curve obtained by the linear analysis shows a small

1.0
\
N
\\ 2
oy, x o
X S
305k
/4
74
| i
-0.4 -0.2 0 0.2 04
Strain (%)

; | Sym.

Strain gauges

Figure 12 Load-strain curve. (O) FEM, (——) experiment, (——--)
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deviation from the experimental result for a small load
and large deviations at larger strains. Thus the linear
analysis is not able to predict the structural behaviour
at large deflections. However, the flexural modulus at
small strains can be obtained by the linear analysis
formula. Because of softening in compression and
hardening in tension, the neutral axis shifts to the
tension side when the bending moment is applied. As
the neutral axis shifts to the tension side and alters the
strain distribution across the cross-section, the axis
further shifts to the same direction. However, even
for a material with such severe non-linearities, the

amount of axis shift is about 5% at the failure stress of
700 N. Thus the strains in compression and tension
sides are almost the same because of Timoshenko’s
assumption. On the other hand, differences between
compressive and tensile stresses are significantly large
due to material non-linearity. For the present mater-
ial, the maximum tensile stress is about 60% larger
than the maximum compressive stress at the failure
load. Because the tensile strength of this material is
about three times larger than the compressive
strength, the coupon failure starts in the compression
side, which is consistent with the test result.
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4. Conclusion

Unidirectional composites reinforced with mesophase
pitch-based high modulus carbon fibres show strong
softening under the longitudinal compressive load,
and this softening is not associated with permanent
deformation. Further, the amount of softening is
strongly correlated with fibre tensile modulus: the
softening increases with increasing modulus.

The linear beam theory can be applied to the calcu-
lation of flexural beam bending stiffness but is not
appropriate for calculating the beam failure stress and
deformation. Finite-element analysis with severe ma-
terial non-linearity can predict deflection and stress
properly. The stress distribution changes in a highly
non-linear manner as the applied load increases.
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