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SUMMARY:  Compressive strengths have been measured for two grades of pultruded
epoxy - 67vol% carbon fibre composite.  Differences in the pultrusion conditions for the two
grades led to relatively high porosity levels in the interior of one of them, while the other was
effectively pore-free.  Both exhibited excellent fibre alignment.  Despite this, initial measured
strengths were relatively low (~1.7-1.8 GPa), with little difference between the values
obtained for the two grades.  This is explained, with the help of FEM modeling work, as being
due to the generation of stress concentrations near the end of the gauge length at the specimen
periphery, where the two grades exhibited similar (pore-free) microstructures.  Further
measurements indicated that the true strengths were about 2.7-2.8 GPa for the pore-free
material and about 2.1 GPa for the porous material.  These values are broadly consistent with
the expected effect of the presence of the pores, which tend to promote shearing parallel to the
fibre axis, leading to formation of kink bands and consequent failure.

1. INTRODUCTION

Composite strengths under compressive loading parallel to the fibre axis are usually lower
than when the same material is loaded in tension.  Most models for compressive strength
relate to shear failure parallel to the fibre axis, which occurs more readily with increasing
misalignment between this direction and the loading axis.  The presence of a region in which
the fibres are misoriented with respect to the loading axis by an angle φ leads to failure via
formation of a kink band (sometimes termed a microbuckle) at an applied stress σk*, which
can be related to a critical interfacial shear stress on planes parallel to the fibre axis, τ12*.  The
value of τ12* should be measured experimentally on the composite material concerned,
although it may be close to the matrix shear yield stress in some cases.  Writing φ as the sum
of an original misorientation φ0 and the elastic shear strain, γ12, arising from the shear stress
τ12* leads, after some rearrangement, to the following expression for the compressive
strength.
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where G12c is the shear modulus of the composite.
An analysis of this type has been presented by Budiansky and Fleck1.  The above equation
reduces to expressions derived earlier by Argon2 and by Rosen3 for the respective limiting
cases of a rigid-plastic material (G12c → ∞) and no initial fibre misalignment (φ0 → 0).  The
equation predicts a value for σk* which falls sharply with increasing φ0 from G12c (typically



several GPa for a polymer matrix composite) at φ0 = 0˚ to about 1-2 GPa at φ0 ≈ 2-3˚, for a
composite shear strength, τ12*, of around 50-100 MPa.
A few researchers5,14-18 have considered the possibility of the behaviour being affected by the
strength of the fibres.  In a recent study18 of monofilament-reinforced titanium, for which low
values of φ0 are readily attainable and the shear strength τ12* is relatively high (~300 MPa), it
was shown that there is a range of φ0 (up to about 3˚) for which failure occurs by a fibre
crushing mechanism, such that the composite compressive strength is approximately constant
and is given by the following equation
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where f is the fibre volume fraction, σf* is the fibre crushing strength and σmY is the matrix
yield strength.  A consequence of the relatively low shear strengths and shear moduli of
polymer composites is that the compressive strength indicated by eqn.(1) is normally well
below that given by eqn.(2) for these materials, although, in view of uncertainties about the
compressive strength of many fibres, it is conceivable that this might not be true in cases of
very good fibre alignment (φ0 < 1˚) and/or relatively low fibre volume fractions.

2. EXPERIMENTAL  PROCEDURES

2.1 Material Production
‘Graphlite®’ rod, supplied by Neptco Incorporated, was produced using a pultrusion
technique.  The composite comprises about 67vol.% of IM7 carbon fibres, in an “Epon” range
epoxy resin matrix.  The product was in the form of continuous rod with a diameter of
1.7 mm.  Two grades of material were supplied, termed grade A and grade B.  These were
produced using different pultrusion conditions.  Although the processing details are not
available, grade B was produced under conditions allowing a more rapid production rate than
grade A: a consequence of this was that grade B contained higher levels of internal defects,
most noticeably in the form of relatively high porosity levels -  primarily associated with the
ends of fractured fibres.

2.2 Microstructural Examination
As-received rods were sectioned normal and parallel to the fibre direction, using an Isomet
low speed saw.  Samples were mounted and polished, using standard metallographic
techniques, and subsequently examined using optical and scanning electron microscopy.
Typical micrographs of transverse sections are shown in Fig.1 for the two grades of
composite.  While there is no obvious porosity in the grade A material, grade B has a
relatively high incidence of pores.  These pores are concentrated towards the central regions.
Study of axial sections revealed that they are considerably elongated in the pultrusion
direction, with a typical aspect ratio of about 20.
Densitometry was used to quantify the pore volume fraction in each grade of material.  This
involved hydrostatic weighing of specimens in two media (air and Flutec PP9, ie perfluoro-1-
methyl decalin), using a Sartorius YDK 01-0D balance (precision ±10 µg).  Specimen
densities were established from measured apparent weights and the density of the two media.
Pore volume fractions were then estimated using handbook densities and measured volume
fractions of the two constituents.  These results indicate that the average pore content in
grade B material was around 3.6%, while that in grade A was about 0.3%.
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Figure 1 Optical micrographs of transverse sections from (a) grade A and (b) grade B.

A standard image analysis package was used to measure the fibre volume fraction on several
low-magnification SEM images of transverse sections.  These measurements indicated an
average value of 67% ±1% for all of the specimens examined, which is within the range
indicated by the manufacturers.

2.3 Compression Testing
Avoidance of specimen buckling (elastic or plastic) is an important issue.  The Shanley
treatment22,23 was used to predict the inelastic buckling stress, σb*, as a function of specimen
slenderness ratio, s, using the correction for shear deformation given by Timoshenko and
Gere24 and the Eshelby method25,26 to estimate the values of the composite yield stress, σYc,
and the tangent moduli.  Full details are given elsewhere27.  The gauge length was
standardized at 5 mm, corresponding to a slenderness ratio of about 12, which is below the
value at which plastic buckling is predicted to occur with the maximum levels of applied
stress used in this work.
Samples of the rods supplied were cut to approximately 65 mm lengths, comprising a central
gauge length of 5 mm and 30 mm lengths on either side, to be embedded into the loading
support system.  Strain gauges (1 mm by 1.3 mm) were bonded on the surface of the gauge
length, aligned parallel to the loading axis, one located 180˚ around the specimen periphery
from the other.  In some cases, a gauge oriented transverse to the loading axis was located
next to an axial one, allowing the axial-transverse Poisson ratio, ν12, to be measured.  The
30 mm embedded lengths were washed in acetone, coated with epoxy adhesive and located
into holes drilled along the axes of two 30 mm long cylinders of mild steel.  These cylinders
were then assembled into the arrangement shown in Fig.2.  The assembly was then left for
24 hours while the adhesive cured in situ.  This geometry is such that transfer of compressive
load to the specimen occurs both through the specimen ends and via shear loading of the
lateral faces.  All testing was carried out under displacement control, with a strain rate of
3.3 × 10-3 s-1, using a 10 kN ESH mechanical testing machine.  Elastic constants obtained
experimentally during the tests are compared with predicted values in Table I.
Since FEM analysis (see §4.1) indicated that there were regions of high stress concentration at
the specimen periphery near the end of the gauge length, further experiments were carried out
in which this stress concentration effect was reduced by cutting down the specimen diameter
(from 1.7 mm to 1.2 mm), thus increasing the thickness of the adhesive layer bonding the
specimen to the constraining mild steel cylinder.
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Figure 2 Dimensions of the testing arrangement, showing (a) elevation and (b) plan views.

Specimen diameter reduction, which also had the effect of removing the outer pore-free layer
from the grade B specimens, was carried out by cylindrical grinding.  For these tests, the
gauge length was reduced from 5 mm to 2.5 mm, in order to ensure that there was no danger
of buckling.

Table I Elastic constants, taken from the literature28,29, obtained by calculation (based on a
fibre volume fraction of 67% and using Halpin-Tsai expressions, with ξ = 1, and the Eshelby

model) and measured experimentally.

Fibre Matrix Composite Steel
predicted grade A grade B

Axial modulus, E1 (GPa) 285 3.04 189.12 178.4 174.3 208
Transverse modulus, E2 (GPa) 15 3.04 7.9 - - 208

Poisson ratio, ν12 0.25 0.37 0.28 ~0.28 ~0.28 0.33

3. COMPRESSIVE  FAILURE  BEHAVIOUR

A typical stress-strain plot is presented in Fig.3, which also shows the transverse (hoop) strain
as a function of axial strain, indicating how the instantaneous Poisson ratio was changing as
the test progressed.  It can be seen that no significant divergence occurred between the
readings of the two axial gauges.  This indicates that little or no long range bending of the
specimen occurred up to the point of failure.  In fact, bending in the plane normal to that
defined by the two gauges would not be picked up by these measurements, but the absence of
noticeable divergence between pairs of readings for all the tests carried out does indicate that
Euler buckling was avoided.  It is also clear that the onset of inelastic behaviour precedes
failure by a considerable margin.  It can be seen in the stress-strain plot that there is a
departure from linearity at a strain of about -0.5%.  This is confirmed by the data from the
transverse gauge, since the Poisson ratio rises at around this point, which is also indicative of
some plastic deformation taking place.  The value for ν12 of about 0.28, recorded in the elastic
regime, is consistent with that calculated from the Poisson ratios of the constituents, using the
Eshelby method (see Table I).



Figure 4 shows a micrograph of a section through a typical specimen after failure.  The
fracture surface is fairly smooth and lies at an angle of about 20˚ to the transvese plane.  Also
visible are well-defined kink bands, which are inclined at similar angles.  A tendency was
observed for pairs of kink bands to intersect the free surface at the same point, suggesting
preferential nucleation at the free surface.  This is consistent with recent observations made on
metal matrix composites18.  It is clear that failure occurred as a result of kink band formation,
and the fracture plane in this specimen is located where a kink band formed immediately prior
to failure.  In virtually all cases with the original specimen dimensions and testing geometry,
the fracture plane was located at the junction between the gauge length and one of the two
gripped sections.  For these specimens, mean strengths of 1.78 GPa and 1.67 GPa were
obtained for grade A and grade B material respectively, each of these values being from a set
of 10 tests.
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Figure 3 Typical stress - strain data : (a) axial stress-strain plot and (b) dependence of
transverse strain on axial strain, together with corresponding variation of the Poisson ratio.

With the specimens of reduced diameter, on the other hand, it was observed that the location
of the failure event was more randomly distributed, although still with a tendency to occur
near the grips.  Microstructural examinations again revealed the presence of kink bands.
Mean strength values for these specimens were 2.08 GPa and 1.59 GPa respectively for
grade A and grade B material.
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Figure 4 Optical micrograph of a
longitudinal section through a failed

specimen, showing kink bands

Figure 5 Strength data, plotted at measured
(max.) φ0 values, plus predicted plots from

eqn.(1), using G12 = 1.11 GPa.

Strength data from both types of test are presented in Fig.5, together with predicted plots of
the stress for kink band formation as a function of fibre misalignment angle, for two
composite shear strength values.  It may be noted that a shear strength of the order of 50 MPa
would be typical of this type of composite.  These results are considered below in the light of
an investigation of the stress fields generated during testing.

4. FEM  ANALYSIS

Finite element modeling, using ABAQUS v.5.7, was employed to determine elastic stress
distributions within the specimen and around individual pores.  Meshes were composed of
isoparametric 8-noded quadrilateral elements, specially designed for the ABAQUS solver to
model axisymmetric systems.  The composite material was treated as an anisotropic
continuum and the other constituents as isotropic continua.  The steel cylinder and steel
loading platen remained elastic during loading.  The adhesive layer was treated as elasto-
plastic, obeying the Ramberg-Osgood relation in shear
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in which G is given by E/(2(1+ν)), E = 3.5 GPa, ν = 0.4, τY = σY / √3 = 35 MPa and n = 3.

4.1 Effect of Test Geometry
The mesh shown in Fig.6 was used to model the effect of the loading arrangement.  The
interfaces between specimen and adhesive, and between adhesive and cylinder, were assumed
to be perfectly bonded.  Various gripping arrangement geometries were examined, with
particular attention being paid to the effect of the thickness of the adhesive layer.  In order to
simulate the application of load, a specified force was applied to the loading platen.  The base
of the specimen, adhesive layer, and cylinder were constrained to experience the same
displacement in the loading direction as the loading platen, but relative motion was allowed in
the transverse direction.  The input data used are given in Table I.
In all cases, a stress concentration effect was observed within the specimen near its periphery,
peaking in the region of entry into the steel cylinder  -  see Fig.6(b).  The strength of this effect
was reduced as the adhesive layer thickness was increased.  This is illustrated in Fig.7, which
shows the maximum axial stress in the specimen as a function of the thickness of the adhesive



layer.  It can be seen that the original loading geometry, in which the adhesive layer thickness
was about 40 µm, would lead to a substantial stress concentration effect (σ ≈ 1.6 σA), whereas
with the modified geometry (layer thickness ~ 300 µm), this factor would have fallen to about
1.3.
Taking this factor into account, the true strength of the grade A material could be deduced
from the original tests (d = 1.7 mm) to be  of the order of 1.78 × 1.6 ≈ 2.8 GPa, whereas the
tests with the modified design (d = 1.2 mm) suggest a value of about 2.08 × 1.3 ≈ 2.7 GPa.  Of
course, in making such estimates, no account is taken of any effect of the size of the region of
stress concentration, so that there is no consideration of the nucleation and growth of kink
bands, but the similarity of these two numbers nevertheless suggests that the true strength may
be of this order.
For the grade B material, the corresponding estimates lead to values of about 2.7 GPa for
d = 1.7 mm and 2.1 GPa for d = 1.2 mm.  In this case, however, it is known that the
microstructure of the region effectively being tested (ie the periphery of the specimen) was
different for the two geometries.  For the larger specimen diameter, the periphery was
effectively pore-free, leading to a strength close to that of the grade A material.  When the
pore-free region had been removed, however, the strength being measured would be more
representative of the bulk of the material, which was quite porous, and it can be seen that this
is appreciably lower.
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Figure 6   (a) FEM mesh for study of the influence of test geometry on the stress distribution,
showing the specimen (bottom), adhesive layer and steel cylinder, with the hardened steel

plate on the left, and (b) expanded view of the region where the specimen enters the cylinder,
showing contours of axial stress within the specimen, for a remote applied stress of 2 GPa.

4.2 Stress Concentrating Effect of Pores
In order to study the expected effect of the pores in material of this type, FEM meshes
incorporating voids were generated within a material modeled as an anisotropic continuum.



These voids were elliptical in shape, with the long axis aligned parallel to the loading
direction.  The effects of hole aspect ratio were studied.   Fig.8 shows how the stress
concentration factor for the peak normal stress along the loading axis, and the peak shear
stress on planes parallel to the loading axis, are predicted to vary with pore aspect ratio.  The
peak in shear stress occurs immediately adjacent to the hole and decays rapidly with distance
away from it.
These results confirm that pores of the type present in the grade B material would indeed be
expected to have a significant effect in reducing the compressive strength.  This could be
deduced either from the concentration of axial stress adjacent to the holes (a stress
concentration factor of about 1.3 being predicted) or from the fact that significant shear
stresses parallel to the fibre axis (~10% of the applied stress, ie ~200 MPa) arise near the ends
of the pores.  It is not really possible to quantify the expected effects of these stresses on the
strength without considering the mechanisms of failure in more detail, particularly since they
occur in very small volumes of material, but it seems clear that these predicted changes in
stress state due to the presence of the pores would be expected to effect a significant reduction
in measured strength.
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Figure 7 Predicted dependence of the peak
axial stress within the specimen, for the
system shown in Fig.6, on the thickness of the
layer of adhesive between the specimen and
the steel cylinder.

Figure 8 Predicted dependence of the stress
concentration factors for peak axial and
shear stresses within the composite, in the
vicinity of a pore, on the pore aspect ratio.

5. CONCLUSIONS

The following conclusions may be drawn from this work.
(a) Work has been carried out on two grades of pultruded composite rod.  These both
exhibited good fibre alignment, but grade B contained elongated pores in the central region
whereas grade A was effectively pore-free.
(b) Fibre alignment was characterized via measurements of fibre aspect ratios in polished
sections inclined to the alignment axis and by using a a recently-developed image analysis
technique.  Both methods confirmed that the two grades exhibited excellent alignment, with
virtually no fibres misaligned by more than about 1˚.  Data from the image analysis method
indicated that the alignment was slightly better in grade A than in grade B.
(c) Compressive strength measurements were made (i) on as-received rods (1.7 mm
diameter), with a thin (40 µm) adhesive layer and (ii) on rods reduced in diameter to 1.2 mm,
with a thick (300 µm) adhesive layer.  A pronounced tendency was noted for failure to occur
where the specimen entered the grips, particularly with the larger diameter specimens.  The



failure mechanism was via kink band formation in all cases.  There were indications that the
kink bands nucleated preferentially at the free surface of the specimen.
(d) FEM modeling indicated significant stress concentrations in the region where the
specimen entered the grips.  This was more pronounced with the thinner adhesive layer.  From
stress concentration factors for the two geometries, the true compressive strength was
estimated for each grade of material.  For the larger diameter specimens of grade B material,
the outer, pore-free region was effectively being tested, rather than the porous interior.
(e) Deduced true compressive strengths were about 2.7-2.8 GPa for the pore-free (grade A)
material and 2.1 GPa for the porous (grade B core) material.  This difference may be partly a
consequence of the slightly inferior fibre alignment in the grade B material.  However, it
seems likely that there is also a substantial reduction in strength resulting from the presence of
the pores.  FEM modeling of an anisotropic continuum containing elongated voids showed
that the stress state changes predicted to occur as a consequence of the presence of the pores
would be likely to have a significant effect in promoting compressive failure.
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