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Compressional behaviour of carbon fibres
Part 1

A Raman spectroscopic study

N. MELANITIS, C. GALIOTIS*
Department of Materials, Queen Mary and Westfield College, Mile End Road,
London ET 4NS, UK

The axial compressive strain to failure of various types of PAN-based carbon fibres was
measured by applying small and defined compressive loads to single filaments which have
been bonded to a rectangular polymer cantilever beam and parallel to its long edge. By monitor-
ing the Raman frequencies along the fibre with the 2 um laser probe of a Raman microscope,
the critical compressive strain required for first fibre failure could be assessed and the residual

load that each type of fibre supported after first failure, could be measured. Estimates of the
compressive moduli for all fibres could, also, be obtained by considering the dependence of
the Raman frequency upon compressive strain in the elastic region. The critical compressive
strain to failure was found to decrease with fibre modulus and its value was, approximately,
equal to 50% of the tensile fracture strain. However, for some fow-modulus fibres the com-
pressive strain to failure was found to approach the tensile fracture strain. The initial com-
pressive moduli of high-modulus fibres were estimated to decrease up to a maximum of 10%
with respect to their tensile moduli, whereas more significant reductions were found in the

case of intermediate and low-modulus fibres.

1. Introduction

A variety of methods have been employed to date, in
an attempt to measure the axial compressive strength
of high-performance fibres. The most commonly used
method is the elastica loop test originated by Sinclair
[1]; a loop is induced in a fibre which is trapped in an
oil immersion between two microscope slides and,
then, by pulling the two ends of the fibre, the loop is
reduced gradually in size. An examination of the
photographs at each stage of the loop provides useful
information on the level of tensile or compressive
stresses developed at the outer or inner surfaces of the
fibre, respectively. In theory, the ratio of major to
minor axis should stay constant and equal to 1.34, as
long as the fibre behaves elastically [2]. Any deviation
from that value would indicate that some form of
non-Hookean behaviour takes place. The strain, ¢, at
any point in the loop is given by

& = — (H

where r is the radius of the fibre and R the radius of
the curvature. Hence, for thin fibres, very small radii
of curvature are required to obtain strains high
enough to fail the specimen.

The elastica loop method has been used to measure
the intrinsic compressive strain to failure of Kevlar 49
fibres, 12 um diameter, although the values reported
were surprisingly high [3]. However, the applicability
of the elastica loop test on carbon fibres is problematic
for the following reasons: (a) commercial carbon
fibres are difficult to handle due to their small sizes,
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typically 5 to 7 um in diameter, (b) bending curvatures
due to mis-handling are easy to introduce, (c) micro-
scopic observation of compressive failure is not
always easy to make, when dealing with opaque
materials such as carbon fibres, and (d) in the case of
brittle fracture, it is impossible to determine the
location of failure and whether it occurred on the
tensile outer or compressive inner side of the fibre.

Axial compression tests on fibres are normally
performed by embedding single fibres in a polymer
matrix and by, subsequently, compressing the speci-
mens parallel to the fibre axis [4]. The earliest stages of
fibre failure can be identified either with optical micro-
scopy [4] or, more recently, with Raman spectroscopy
[5], leading to estimates of the fibre axial compression
strength. This test provides an estimate of the com-
pressive strength of a fibre as supported by resin, and
is useful, particularly, when interfacial phenomena
and/or differential Poisson’s ratio effects are investi-
gated.

Single fibres encapsulated into matrices can also be
compressed cither by differential thermal shrinkage
between fibre and matrix [6-8] or by matrix con-
traction during solvent casting [9, 10]. However, in
both cases, a triaxial state of stress is applied on the
fibre and, therefore, it is not surprising that the
compressive strength values obtained do not always
compare well with the results obtained by other
techniques described earlier.

DeTeresa et al. {11] developed a new method for
applying well-defined and uniform compressive strains
to single filaments by bonding them to the compressive

5081



side of an elastic rectangular transparent polymer beam
which was then loaded in either cantilever [11], or,
three-point bending configurations [9]. The fibres were
glued on to the bars by means of a thin acrylic film
which, in turn, transmitted the load to the fibres and
supported them against global (Euler) instabilities.
Provided that no slippage takes place between the fibre
and the bar, the compressive strain varies linearly along
the length of the beam and is only a function of the
position on the bar, as determined by the elastic beam
theory. The fibres were examined in the compressed
state by flexing the beam while making observations
with an optical microscope. The critical compressive
strain for first compressive failure, indicated by fibre
kinking or microbuckling, was determined by simply
measuring the distance from the clamped end to the
point where the last kink band was seen.

The cantilever beam type of test described above
provides a quick and relatively easy way for measuring

the compressive strain of high-performance fibres. In
addition to that, measurements are conducted on the
same continuous filament on which a stress gradient is
applied and, hence, strain-gauge effects are, effectively,
diminished. However, the applicability of this tech-
nique, as described by DeTeresa et al. [11], is restricted
by the fact that optical microscopy was used to assess
the compressive damage. As a result, the following
drawbacks have, indeed, been noted [11]: (a) com-
pressive failure could be detected only if a kink
boundary was optically observed, (b) the amount of
film shrinkage and/or residual load in the fibre
could not be quantified, and (¢) measurements on
PAN-based carbon fibres could not be carried out due
to the difficulty in assessing compressive damage in
opaque fibres exhibiting rough surfaces.

In this programme of work, a modified version
of the cantilever beam technique [11] was employed
to compress the fibres axially, while the applied load
in the fibre was measured by scanning along the length
of the carbon filaments with the 2 um probe of a laser
Raman microscope. To our knowledge, this is the first
time that the dependence of Raman vibrational
frequencies of carbon fibres upon axial compression
was investigated. Past work in this area [12] has shown
that laser Raman spectroscopy (LRS) can be used to
measure the response of a carbon fibre to applied
tensile load at the molecular level. Certain relation-
ships between Raman frequencies and applied tensile
strain have been obtained for all the carbon fibre
Raman bands [12] and this is of extreme importance in
composite applications, because it is now possible to
monitor the load that the reinforcing fibres experience
by simply measuring their Raman frequencies.
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Figure ] Schematic illustration of the cantilever rig assembly.

2. Experimental details

2.1. Samples and sample preparation

Four PAN-based carbon fibres of different moduli
have been tested in this programme. The tensile
mechanical properties of all the fibres are given in
Table I.

The test specimens were prepared by aligning the
single carbon filaments parallel to the length of
PMMA bars and approximately at the centre of their
width as shown in Fig. 1. The thickness and the width
of the beams were kept fixed at 5.5 + 0.l mm and
10.0 + 0.1 mm, respectively. The free length of the
beams was kept normally fixed at 50 mm. The fibres
were bonded to the bars by spraying them with a thin
clear acrylic (Krylon) adhesive. Care was taken to
keep the thickness of the adhesive down to 10 um so its
effect on the elastic beam calculations is insignificant.
The film was dried for several hours in a vacuum oven
at room temperature.

2.2. Cantilever rig
The design of the cantilever rig is shown in Fig. 1. The
beam can be flexed up or down by means of a specially
designed flat screw, subjecting the fibre to com-
pression or tension, respectively. The fibres under load
were examined with a laser Raman microscope which
was located above the flexed beam, as shown in Fig, 1.
When the beam is flexed the maximum deflection,
Jmax» OF the neutral axis of the beam at the point of
application of load is given by [13]

PL’
5max = gfi (2)

where P is the applied load, L is the free length of the
beam (Fig. 2), E the modulus and 7 is the moment of
inertia. The moment, M, at any position x on the

TABLE 1 Tensile properties of PAN-based carbon fibres. The values have been obtained from the manufacturers. All Courtaulds

Grafil fibres were unsized

Fibre Manufacturer Young’s modulus Tensile strength Diameter
(GPa) (GPa) {pm)

HM-st. Courtaulds Grafil 390* 32 6.9

IM 43-750 Courtaulds Grafil 305* 5.5 5.0

XA Courtlauds Grafil 230* 3.5 7.0

HMS4 Hercules 345 3.5 7.0

*1nitial modulus values obtained by loading impregrated tows up to 0.4% strain.
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tensile strain

Figure 2 Distribution of (a) moment along the length, x, of the
beam, and (b) axial compressive and tensile strains across the
thickness, y, of the beam.

beam is given by

x
M = PL{1 — =~
(1-3) G
The strain, g, at positions x along the fibre and y away
from the neutral axis (Fig. 2) is given by

M
S(ny) = EIZ (4)
Finally, the maximum strain on the outer surface of
the beam can be found by substituting Equations 2
and 3 into Equation 4, and by setting y equal to half
the thickness, 1, of the beam (Fig. 2)

, 320,0x x
W= (1 - Z) ®)

The distribution of strain on the fibre varies linearly
with fibre length as can be seen from Equation 5 and
Fig. 2. The distribution of load along the thickness of
the beam is also shown in Fig. 2. Equations 2 to 5 are
valid only if the PMMA grade used (ICIs “Perspex”)
exhibits identical tensile and compressive moduli
and it does not creep significantly within the range
of applied loads and the time required for testing.
Extensive mechanical testing on our PMMA bars has
shown that both conditions are satisfied up to a
maximum strain of 1.5 to 1.6%.

In an attempt to assess the validity of the cantilever
beam method, single carbon fibre filaments have also
been mechanically loaded in tension in the air. A
specially designed micro-extensometer mounted
on the Raman microscope stage was employed, as

TABLE II Strain dependence of the Raman frequencies of the
E,, band of PAN-based carbon fibres upon tensile loading

Fibre RFGF (micro-extens) RFGF (cantilever)
(cm™'/%) (em~'/%)

HM-st. ~11.4 £ 02 —11.7 £ 0.3

IM 43-750 —-70 £ 04 —-69 + 04

XA —8.0 £ 0.5 —76 + 04

HMS4 —10.5 £ 0.3 —104 + 03

described in a previous publication [12]. Both sets
of tensile testing data are presented in Section 3
(Table II).

2.3. Raman spectroscopy

Raman spectra were taken with the 514.5 nm line of
an argon ion laser. A modified Nikon microscope was
used to focus the incident laser beam to a 2 ym spot on
the fibre. Care was taken not to exceed a maximum
laser power of 2mW on the sample to avoid local
overheating of the fibre/acrylic film system. The 180°
backscattered light was collected by the microscope
objective and focused on the entrance slit of a2 SPEX
1877 triple monochromator., A Wright Instruments
charge-coupled device (CCD), cooled by liquid
nitrogen, was employed as a photon counting system
for recording of the Raman spectra. All the Raman
frequency values reported in Section 3 were derived by
fitting Lorentzian routines to the CCD raw data.

3. Results

The Raman spectra in the first-order region (540 to
570 nm) for all the fibres tested in this programme are
given in Fig. 3. Two prominent bands are observed at
1360 and 1580 cm™" corresponding to A4, and E,,
vibrational modes, respectively [12, 14]. The ratio of
the intensities of the two bands has been associated
with graphitic crystallite size on the carbon fibre
surface [14]. Indeed, as can be seen from Fig. 3, a
gradual decrease of the A,/E,, intensity ratio is
obtained with decreasing modulus. A more detailed
account of the effect of crystallinity/modulus upon the
Raman spectra will be presented in a future pub-
lication [15].

All the different types of carbon fibres were tested
both in tension and compression on the cantilever rig
(Fig. 1) and the dependence of the Raman frequencies
of the E,, band (Fig. 3) upon tensile or compressive
strain was examined. A typical Raman frequency-
tensile strain curve is shown in Fig. 4a. The “frequency
shift” in this and following graphs represents the
difference between the Raman frequency values of the
loaded part of the fibre and the values of the cor-
responding stress-free fibre in the air. As can be seen,
a linear relationship is obtained within the experi-
mental error all the way up to fracture. In the vicinity
of the crack, the frequency drops gradually due to film
failure and takes up its zero strain value at 1.0%
applied tensile strain, where the crack is actually
located. In Fig. 4b the relationship of frequency to
tensile strain is plotted for the same type of fibre
loaded in air by means of a micro-extensometer.
Again, a similar type of trend is obtained up to a
fracture strain of 0.9%.

The slopes of the linear relationships between
Raman frequency and tensile strain up to approxi-
mately 1% strain, as derived from the cantilever beam
and the micro-extensometer type of tests, are given in
Table II. The values of these slopes, which, in fact,
represent the Raman-frequency-gauge-factors (RFGF)
in tension, were calculated by least-square-fitting to
the experimental data. It can be seen that, within
experimental error, similar values were obtained from
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the two different tests. Hence, the validity of both the
cantilever beam method for axial loading of fibres and
of Equation 3, are independently verified.

For cantilever compression testing, the Raman
frequencies of all the embedded carbon fibres were
recorded prior to loading and specimens found to
exhibit Raman frequency values different from the
values of the stress-free fibre in air, were discarded.
Consequently, any fibres that contained residual
stresses due to either film shrinkage and/or mis-
handling were not included in the measurements.

In Fig. 5 the Raman frequency shift, as defined
above, is plotted as a function of compressive strain

Figure 3 Raman spectra in the first-order region for
the following fibres: (a) Courtaulds Grafil HM-Standard;
(b) Hercules HMS4; (¢) Courtaulds Grafil IM 43-750; and
(d) Courtaulds Grafil XA. The Raman bands have been
normalized to the intensity of the E,, band.

for a Courtaulds Grafil HM fibre. As expected, the
Raman frequencies shift linearly to higher values with
compressive strain up to the first compressive failure.
The latter is indicated by the sudden drop of Raman
frequencies at about 0.45% applied compressive
strain. Microscopic examination of this region,
revealed that the drop in Raman frequencies cor-
responds to the presence of a compression crack, as
shown in Fig. 6b. It is interesting to note that the
frequency picks up again after the first crack and
becomes maximum at about 0.7% applied strain. This
is then followed by further frequency drops at the
second and subsequent cracks (Fig. 5). Experiments
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performed on other PAN-based high-modulus fibres,
such as HMS4 (Hercules), have demonstrated that
compressive failure by transverse fibre cracking is the
typical mode of compressive failure for these fibres.
The values of critical compressive strain for both
Courtaulds Grafil HM-standard and Hercules HMS4
are given in Table III.

The relationship between Raman frequency shift
and compressive strain for Courtaulds Grafil IM
43-750 fibres is given in Fig. 7. The frequency shift
appears to relate linearly to compressive strain up to
a certain load, and then forms a plateau. The onset of
this plateau is not well-defined, ranging from approxi-
mately 0.75% to 0.85% compressive strain. The
appearance of the plateau and the considerable
increase in the scatter of the frequency values beyond
that point, strongly indicate the onset of compressive
failure. Indeed, microscopic observations (Fig. 8b)
confirmed that failure in the form of bulging was,
indeed, present in that region (Fig. 8c).

In the case of low-modulus Courtaulds Grafil XA
fibres two distinct types of behaviour were noticed, as
half of the samples failed at approximately 0.9%
applied strain, whereas the other half showed no signs
of failure up to strains approaching the tensile fracture
strain. In Fig. 9 the frequency-compressive strain

(a)

curve is plotted for the “weak’ type of fibres. It can be
seen that, up to 0.9% applied compressive strain, a
linear relationship between Raman frequency and
compressive strain was obtained with no obvious signs
of failure. At that point, the frequency dropped
dramatically to the value of the stress-free fibre, and
further frequency drops were observed at higher
strains (Fig. 9). This effect was statistically variable as
other fibres showed no compressive failure up to
applied strains of about 1.5 to 1.6%, as can be seen
in Fig. 10. The onset of the non-linear behaviour
observed above 1.2% strain is thought to be associated
with significant reduction in the compressive modulus
at such high strains. Further loading to strains higher
than 1.6% was not attempted due to the plastic
deformation and creep of the Perspex bars, as men-
tioned earlier. Indeed, microscopic examination of the
fibres at various levels of loading, confirmed that
(a) the drop of frequency at 0.9% corresponds to
failure in the form of bulging (Fig. 11), possibly
initiated by the presence of a gross defect at that
location, and (b) for the fibres of Fig. 10, no sign of
compressive failure was detected up to strains as high
as 1.5% to 1.6%.

The values of the slopes of the least-square-fitted
straight lines up to first failure (Figs 5, 7, 9 and 10) are

— Nt

(b) Load —

Figure 6 Reflection optical micrograph of a Courtaulds Grafil HM-standard fibre: (a) stress-free fibre; (b) at ~0.45% applied strain. The
applied compressive strain increases in magnitude from left to right. The diameter of the fibre is 6.9 um.
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TABLE 111 Critical compressive strain to failure and depend-
ence of the Raman frequencies of the E,, band of PAN-based
carbon fibres upon compressive loading up to first failure

Fibre Critical compressive ~ RFGF No. of fibres
strain (%) {cm™!/%) tested

HM-st. 045 + 0.05 105 + 07 4

IM 43-750 0.80 + 0.10 47 +£03 6

XA 209 50 £ 03 4

HMS4 0.50 + 0.05 10.1 + 08 3

given in Table III. These RFGF values represent the
strain dependence of Raman frequencies in the elastic
region and can, in effect, be used as gauge factors in
composite applications. By comparing the RFGF
values of Tables II and III, two observations can be
made: (a) the values in compression are consistently
lower than the values in tension, and (b) the gap
between the two sets of values appears to widen as the
fibre tensile modulus decreases. The significance of
these results is discussed below.

4. Discussion

4.1. Compressive modulus of carbon fibres
When fully crystalline fibres, such as polydiacetylene
fibres (PDA) [16], are stressed, the macroscopic strain
of the sample is equal to the microscopic strain at the
atomic level. All the stress applied to the sample goes
into stretching or compressing atomic bonds, hence,
increasing or decreasing the bond length, respectively.
The Raman vibrational frequencies related to these
bonds will also change, shifting to lower values in
tension [17] and to higher values in compression [18],
as the interatomic distance increases or decreases,
respectively. In fact, it has already been demonstrated
by Fan and Hsu [18] that the RFGF, and also the
elastic moduli for PDA fibres, have identical values in
both tension and compression.

In partially crystalline fibres, such as carbon or
aramid, not all the load applied to a specimen is
effective in changing the interatomic separations, as
part of that load is consumed for crystallite rotation,
shear, etc. Thus, the RFGF values measured for carbon
[12] or aramid fibres [19] depend upon the degree of
crystallinity, much in the same way as the modulus,
and express the effectiveness of the applied load in
actually extending or contracting the atomic bonds.
For example, in the case of aramid fibres of different

moduli, it has already been demonstrated [20] that the
RFGF values in tension are directly proportional to
the tensile modulus. In Fig. 12, the RFGF values in
tension for the carbon fibres examined here, are plotted
as a function of tensile modulus (manufacturers’
quoted values). Although at this stage of the project
an insufficient number of fibres has been tested, it can
be seen that the values for the Courtaulds Grafil HM-
standard and XA fibres, as well as, for Hercules
HMS4 fibre lie on a straight line which goes through
the origin. The value for Courtaulds Grafil IM
appears to deviate slightly from the linear trend. This
discrepancy is attributed to its size, 5 pm diameter as
opposed to 7 um for the other carbon fibres (Table T),
and, in particular, to structural changes that this
reduction in size might have brought about. It is
interesting to note here, that the slope of the straight
line of Fig. 12is — 2.8 cm ™' GPa~', whereas a value of
—3.6cm™'GPa™' was obtained from a series of
aramid fibres of different moduli [21]. This difference
in value reflects differences in the structure of the fibre
and in the type of benzene-ring vibrational mode con-
sidered in each case [21].

Based on the above analysis, the RFGF values in
tension or compression of partially crystalline fibres
are, indeed, directly related to the initial tensile or
compressive moduli, E' or E°, respectively. In math-
ematical terms

(RFGF)tension kE‘ (6)

and

(RFGF)compression kEc (7)

For PAN-based carbon fibres, the constant k is
related only to the atomic vibrational mode (E,, for
both sets of data). Hence from Equation 6

B (RFGF)compression

E° .
(RFGF)[C“SIOH

2 ®)
Equation 8 expresses the fact that the observed
decrease of the RFGF values in compression with
regards to the RFGF values in tension (Table III),
corresponds to an equal reduction in the values of
modulus for each individual fibre. In Table IV, the
moduli calculated from Equation 8 are listed. It can be
seen that the compressive moduli of highly crystalline
HM fibres are reduced up to a maximum of 10% with
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TABLE IV Ratio of the RFGF values in tension and com-
pression and estimated compressive moduli and strengths for PAN-
based carbon fibres

Fibre (RFGF)om E,
(REGF)*> (GPa)
HM-st. 0.90 + 0.08 351 + 30
IM 43-750 0.68 + 0.08 208 + 25
XA 0.68 + 0.07 154 + 15
HMS4 0.96 + 0.08 331 + 25

respect to their tensile moduli, whereas reductions of
approximately 30% are observed in the case of IM
and XA fibres. Another way of estimating E° is to
solve Equation 8 as for E°, setting k£ equal to
2.8cm ™' GPa™!, which is the value of the slope of
Fig. 12. However, this route is less accurate in view of
the insufficient number of data of Fig. 12 and the
differences in size between the fibres.

To summarize, the RFGF values for 100% crystal-
line fibres, such as polydiacetylenes, are equal in
tension [17, 18] and compression [18] and no variation
of RFGF with modulus is observed. However, for
partially crystalline fibres such as carbon or aramid
the compressive modulus decreases with respect to the
tensile modulus by an amount equal to the ratio of the
RFGF values in compression and tension, respectively.
In other words, the Raman data show that the applied
load is less effective for contracting the bonds in com-
pression than it is for extending the bonds in tension.
Indeed, if the fibre is regarded as a chain of crystallites,
each having a slight misorientation with respect to the
fibre axis, then the application of a tensile load will
tend to align the crystallites to the loading direction,
whereas the application of compressive load will
tend to align the crystallites normal to the loading
direction. Hence, both initial and secant compressive
modulus values should show a marked decrease with
respect to corresponding values in tension. The
presence of voids, pits etc. in the structure of carbon
fibres should also make the material apparently softer
in compression. In fact, early experimental evidence
has been produced, by Curtis ef al. [22] for the strain-
hardening effect during tensile loading of carbon
fibres, whereas more recent work [23] has indicated

(a)

that the reverse strain-softening effect should be
present during compressive loading. Furthermore, the
results presented in Fig. 10 indicate that this effect is
indeed quite pronounced for XA fibres, sufficient to
alter the response of the Raman frequency with
strain above 1.2% compressive strain. For kevlar 49
and poly-paraphenylene-benzobisthiazole (PBT)
unidirectional composites, existing experimental
evidence [24] agrees well with these findings.

4.2. Critical strain to failure

As mentioned earlier, the Raman technique presented
here consists of an excellent method for measuring
the critical compressive strain to failure of opaque
materials such as carbon fibres. In Fig. 13 the critical
compressive strain to failure is plotted as a function of
the estimated Young’s modulus in compression. It can
be seen that the critical strain to failure decreases
dramatically with increasing modulus within the 150
to 350 GPa range of moduli. However, due to the
non-linearity of the stress-strain curves for tension
[22] and compression [23], critical compressive stresses
to failure are hard to estimate. In a future publication
an attempt will be made to combine these data with
extensive mechanical testing of unidirectional com-
posites in both tension and compression.

It has already been reported that two competing
factors determine the compressive strength of a PAN-
based carbon fibre; the preferred orientation about the
fibre axis [4, 25], and the shear modulus [25]. Indeed,
with increasing axial modulus, the microfibrillar
graphite ribbons of a carbon fibre tend to align
themselves with respect to the fibre axis, but this
beneficial effect is, in fact, cancelled out by the decrease
of shear modulus as fibre anisotropy increases, leading
to transverse cracking at relatively low applied com-
pressive loads. Nevertheless, any attempt to model the
compressive behaviour of PAN-based carbon fibres
encounters many difficulties, due to complications
arising from either the “onion skin” structure [26] of
the fibres, or from gross imperfections, such as voids,
flaws, surface pits etc. [27], which can affect the onset
of compressive failure, particularly, of low modulus
fibres.

(b) Load —>

Figure 8 Reflection optical micrograph of a Courtaulds Grafil IM 43-750 fibre: (a) stress-free; (b) at ~0.8% applied strain. The applied
compressive strain increases in magnitude from left to right. The diameter of the fibre is 5 um.

5087



Failure region

6 Elastic region

Frequency shift (em™1}

Figure 9 Raman frequency shift as a

function of compressive strain for a
1.2 Courtaulds Grafil XA fibre (“weak” type).
Successive data points in the failure region
have been interpolated.

0.8

0.6

Fibre comp. strain (%)

0.4

0.2

0 0.4 0.8 1.2 1.6
Applied comp, strain (%)

4.3. Mechanisms of compressive failure/
residual load
4.3.1. High-modulus fibres
In general, high modulus fibres, such as HM-standard
and HMS4, fail in compression by transverse cracking,
as shown in Fig. 6b. Because a linear relationship
between frequency and applied compressive strain has
been established, the “frequency shift” axis can be
converted for clarity to “fibre strain” in compression,
as shown in Fig. 5. An examination of the strain that
the fibre experiences in the “failure region” shows that
the failure is, indeed, brittle with the load dropping to
zero at each crack. It is interesting to note that after
first failure/cracking, the strain in the fibre recovers at
about 0.6% of the applied strain, as can be seen by
extrapolating the least-square-fitted straight line of
the “elastic region” (Fig. 5) to that value. However, as
the density of the cracks increases, due to the stress
gradient applied to the fibre, the length of cach fibre
fragment between successive cracks decreases.
Therefore, from first failure onwards, the applied
maximum compressive strain in the middle of each
fragment lags behind the applied compressive strain in
a somewhat diminishing fashion. This behaviour is
reminiscent of the “‘fragmentation™ test [28] and
indicates that the same load-transfer mechanism
operates both in tension and compression.

4.3.2. Intermediate modulus fibres

A different type of compressive failure is observed
in IM fibres. When compressive failure by bulging
(Fig. 8b) occurs, at ~0.8% strain (Fig. 8), a slight
drop in the strain in the fibre is observed. At 1%
applied strain, the fibre still supports between 0.6%
and 1% strain. This indicates that some form of yield-
ing (possibly due to contained microbuckling) is the
failure mechanism in this case.

4.3.3. Low modulus fibres (XA)
The behaviour of the “weak” type of XA fibre in
Fig. 9 is mainly attributed to the presence of structural
defects. This view is further strengthened by the fact
that bulging in this case is accompanied by fracture, as
demonstrated by the dramatic drop in the frequency
and, therefore, of the fibre strain to zero (Fig. 9). On
the contrary, other XA fibres from the same batch
deform elastically up to 1.2% applied compressive
strain (Fig. 10), while no obvious signs of failure are
observed up to strains as high as 1.5% to 1.6%. This
variability in the compressive behaviour of the XA
fibres (Figs 9 and 10) is not surprising in view of the
low crystallinity and the high density of flaws that low
modulus fibres contain.

The amount of the residual load that individual IM
and, in some cases, XA fibres can sustain after failure

sk Elastic region g% 0 16
- o O © -
‘TS o ¥ L 3\‘:
< gl * 12.¢
= 2
> Non-linear region 2
o
S 4 10.8 8
= Y
g 5
w iZ
r 0.4
2 possible 1
defect Figure 10 Raman frequency shift as a
4] L — L 0 function of compressive strain for two
(4] 02 04 06 08 1 12 14 1.6 1.8 different Courtaulds Grafil XA fibres

Applied comp. strain (%)

(“*strong” type).



Figure 11 Reflection optical micrograph of a Courtaulds Grafil XA fibre: (a) stress-free; (b) at ~0.9% applied strain. The applied
compressive strain increases in magnitude from left to right. The diameter of the fibre is 7 ym.

is indeed remarkable. Indeed, it now becomes apparent
that the onset of compressive failure is not the only
important parameter to be considered in this ficld, as
other parameters such as the mode of failure and, in
particular, the residual load that the fibre sustains
after failure, can affect tremendously the mechanical
and, in particular, the fatigue performance of carbon
fibre composites.

4.4. Other applications of the cantilever
beam/Raman technique

Carbon fibres fail in tension in a brittle manner and

can fracture during mechanical testing into tiny frag-

ments, causing nuisance and a serious health hazard to

the operator. As mentioned in a previous section, the

cantilever beam/Raman method can be used equally
well in tension. In fact, the results already presented in
Fig. 4 give a good example of such a test. For strain
to failure measurements, the advantages of this test
over conventional loading are the following:

1. The “gauge length effect” is eliminated by sub-
jecting a very long fibre to a stress gradient.

2. Premature failure can be easily detected by the
related frequency drop and the form of subsequent
recovery.

3. The fibre is “frozen” in position and can be
scanned several times.

4. The health hazard is prevented by encapsulating
the fibre into a thin film.

5. The fibre can be easily recovered from the soluble
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film for subsequent investigations (SEM, fracture
topography, etc.)

The application of the cantilever beam/Raman
technique for tensile testing will be examined in depth
in a future publication [29].

5.Conclusions
A new method for determining the critical compressive
strain to failure and the compressive modulus of single
PAN-based carbon fibres has been presented. This
technique combines successfully a cantilever beam to
load the fibres in tension or compression and Raman
spectroscopy to map the strain along the fibres.
Experiments performed on a range of PAN-based
fibres of different moduli have shown that (a) the
elastic moduli in compression, particularly for inter-
mediate (IM) and low modulus (XA) fibres, appear to
decrease in value with regards to the initial tensile
moduli, and (b) the critical compressive strain to
failure increases as the modulus decreases for all the
fibres tested.
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