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Abstract

Background The transverse compressive properties are integral to fully utilizing the high performing mechanical properties
of carbon fibres (CF). Direct measurements of transverse properties of CFs are difficult.

Objective A system that directly measures transverse compressive modulus (E7) by utilizing interference speckle patterns
to measure sub-pixel resolutions is presented.

Methods The compression data from an isotropic glass fibre was fitted using an elastic contact mechanics model. An initial
section was observed, which was not readily fitted using the model and was systematically removed, resulting in an E; of 82
GPa, comparable to the reported longitudinal tensile modulus (£;) of 86 GPa.

Results The response of Ag wire to cyclic compression was measured, with the behaviour consistent with a material under-
going typical cyclic stress—strain into a stable hysteretic loop. Several CFs were compressed and an inversely proportional
relationship between E; and E; was observed. Transverse compressive moduli of 8.2 (0.8), 6.5 (0.7), 4.3 (0.3), and 2.1 (0.4)
were obtained for Toray T300 and Mitsubishi Pyrofil HS40, Pyrofil TR50S, and Dialead K13312, respectively (numbers in
parenthesis are standard deviations).

Conclusion Hysteresis was observed for some of the polyacrylonitrile (PAN)-based CFs and a method for ensuring an accu-

rate fitting of CFs, including hysteretic load/unload curves, was proposed.

Keywords Carbon fibre - Mechanical properties - Transverse compression - Hysteresis

Introduction

Carbon fibre (CF) is an important reinforcing material in com-
posites due to a combination of its high performing mechani-
cal properties and relatively low density. Their high strength
and high modulus under tensile stress have made carbon fibres
ideal reinforcements in composites for the aerospace and
energy generation industries [1], while the high damage tol-
erance of carbon fibre reinforced ceramics have great potential
for space-based applications [2]. Thus, the tensile strength and
modulus, and the microstructures that give rise to these desir-
able properties, have been the focus of many studies [3-5].
The compressive properties of CFs and their dependence
on the fibre’s microstructure are not as well understood. The
high-performing tensile properties arise from the high micro-
structural alignment of hexagonal carbon sheets along the fibre
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axis with weaker forces between sheets in lateral direction.
This anisotropy results in significant difference between the
mechanical properties in the longitudinal direction (along the
fibre) and the transverse direction (perpendicular to the fibre
axis) [6-8] as well as between their tensile and compressive
properties [9, 10]. In practical applications, most carbon fibre
reinforced materials fail not under tensile stress but under com-
pression due to a significantly lower compressive strength. For
example, Oya et al. reports that a reduction in strength of 50
—70% is observed when the single fibre is exposed to compres-
sive stresses rather than tensile [9], which in turn negatively
impacts the strength of composites containing these CFs [10].
While studies have investigated the compressive properties of
CF in a composite [11, 12], it is necessary to study single
fibres to fully understand its mechanical properties and their
relationship to the fibre’s microstructure. Indeed, such values
are critical for the finite element analysis in a bottoms-up mul-
tiscale modelling approach [13]. However, even recent mod-
elling studies [14, 15] have had to rely on E values obtained
indirectly via Raman microscopy and nanoindentation [16] or
estimated from other mechanical properties [17].
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Previous single fibre studies have measured longitudinal
strength by observing breaks in the stress/strain curve of a
single fibre under tensile loading [18-20]. However, direct
measurement of compressive moduli (in both transverse and
longitudinal directions) were not as readily measured. This
has been suggested to be due to the large experimental error
resulting from measuring the machine compliance at low force
near the detector resolution limit [9], with this issue ampli-
fied for samples, such as CF, that have a low range of initial
elastic deformation [21]. Different methods have been used
to overcome this limitation. Some studies to determine the
compressive modulus have been performed using indentation,
with the modulus calculated using the standard Oliver and
Pharr model (indentation modulus) [16, 22] or by first calculat-
ing the stiffness coefficients [11, 23]. However, these studies
noted a significant difference between the indentation modulus
and the transverse modulus calculated via the stiffness coef-
ficients, with this difference reported to vary depending on the
microstructure of the CF [23]. Other studies have compressed
the fibre between two flat surfaces and measured the displace-
ment during compression using a capacitor [24, 25] or linear
differential transformer [7] external to the region where fibre
deformation is occurring. For these systems, the machine com-
pliance of the equipment between the deformation region and
the displacement detector must be estimated and may result in
an error in the final result.

Here, a compression device was developed that meas-
ures the elastic modulus of a single CF along the transverse
direction by compressing the fibre between two diamond tips
while directly observing the displacement using low coher-
ence, interferometric speckle tracking software. The innova-
tion of this device is that it overcomes the compliance issues
by directly measuring tip displacement during compression,
using tips with substantially higher modulus than the com-
pressed fibre. Several isotropic fibres were studied to validate
the accuracy of the system. Three different response regimes
were identified in these standard samples and a novel method
for quantitatively isolating the desired regime in which the
compressive transverse modulus (E;) can be derived using a
Hertzian contact mechanics model is presented. Several CFs
were tested using this setup, including a CF that displayed
hysteretic behaviour. The hysteretic behaviour did not change
the fitted E; and a method for differentiating hysteretic curves
and plastic curves is presented.

Materials and Method
Data Fitting
Various theoretical models based on Hertzian contact

mechanics have been developed to describe the elastic defor-
mation of a cylinder (e.g. circular fibre) under transverse

&

compression. A recent comparison study of the different
models [6] on 20 — 25 mm diameter poly(methyl meth-
acrylate) rods showed that the experimental data was most
accurately fitted by the model developed by Morris et al.
[26] which defines the displacement (U) as:

() o ()

where F is the force per unit length (N.m™"), Eis the com-
pressive transverse modulus (Pa), E; is the compressive lon-
gitudinal modulus (Pa), v is Poisson’s ratio, R is the radius
of the fibre (m), and b is the contact segment width between
the fibre and the tip, which is given by:
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For functional fitting of transverse compression meas-
urements, it is necessary to rewrite Eq. (1) in terms of fit
parameter k and derive E from the fit parameter:

S
k—(ET EL) 3)
1
Ej=——
V2 “@
(k+5)

However, for CF, due to its anisotropic nature, one can
. . 2 . .
assume E;< < E; making the impact of the ;— term negligi-
L

ble, and simplifying the equations when applied to CFs as:

v=* () (m(5)) ®

Thus, by fitting the load/displacement curve using Eq. (1)
for isotropic materials and Eq. (5) for CFs, E-can be derived
directly.

Materials

The CFs used in this study are T300 from Toray Industries
and HS40 Pyrofil, TR50S Pyrofil, and K13312 Dialead from
Mitsubishi Chemical Functional Products. To measure only
the CF component of the studied fibres, the CFs were de-
sized via a process of soaking fibre bundles sequentially in
dimethylformamide (50 °C, 10 h), acetone (room tempera-
ture (RT), 3 h), ethanol (RT, 3 h), then rinsing with cold
water before drying (100 °C,3 h). The glass filament used
in this study is SE1200 Advantex from Owens Corning and
the soft fine silver (Ag) wire is 99.99% purity from Eurowire
Limited (Great Dunmow, Essex, U.K.). Both filaments were
unsized and were used as received.
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Compression

Figure 1 presents a schematic of the transverse compression
device. The fibres were compressed between two flat-ended
diamond tips with circular flat surfaces 100 um in diam-
eter (Bruker Corporation) and an RMS surface roughness
of 1.5 nm according to the manufacturer. The bottom tip is
attached to a piezo driven stage (P-621ZCD, Physik Instru-
mente) on a manual x—y-z stage that was used for align-
ing the tips and driving the compressive strain. The top tip
is attached to a bilateral load cell with maximum load of
1.1 N (LRF400-FSH04037, Futek Inc.) attached to a sepa-
rate translation stage. The fibre was aligned between the tips
using a pair of video cameras that were oriented perpen-
dicular to each other. One of these cameras also acted as
strain sensor as it was used alongside optical speckle track-
ing software (iMetrum—Version 3.1) to measure the tip dis-
placement. White light, low coherence interference speckle
patterns on the tips were used as targets. The accuracy of
the video gauge is dependent on the optical reflection of the
targets, with the targets set on the highly speckled tungsten
mounts of the tips (as seen in Fig. 1¢) giving an accuracy of
typically 9 nm. The tilt between the two flat surfaces is com-
pensated by the lateral yield of the load cell. Filaments were
suspended between the centres of the tips and the bottom tip
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Fibre

il

Targets 7 ‘ ‘\\ 7

\ ’

% Tip_

Fig.1 (a) Photo and (b) schematic of the experimental setup. (c)
Screenshot and (d) schematic of a fibre and displacement measure-
ment targets during compression. The tips are outlined (dotted white
line) for clarity. The radius R, contact segment width b, and displace-
ment U are also shown

was driven towards the upper tip by the piezo drive (E-753,
Physik Instrumente) with a 0.1 um step-size.

Compression of up to 700 mN, comprised of a loading
segment at a rate of 0.5 um.s ™!, a hold segment of 20—40 s,
and an unloading segment at the same rate, was performed
at different positions along the fibre. Repeated cyclic com-
pression at a single position was also performed, with the tip
being fully disengaged between each compression cycle. At
least 10 compressions at different positions were performed
for each fibre type.

Sample Preparation

For transverse compression, the fibres are mounted on
a frame, secured on both ends, with a window width of
25 mm. The fibre is freestanding and is moved between the
tips using X—Y manipulators.

As the R and E, are required for the fitting process, Favi-
mat + Robot 2 single fibre tester from Textechno H. Stein
was used to derive R and E, for the glass fibre and E; values
for the CFs. A Hitachi 4000+ SEM was used to measure the
R for the Ag wire and the CFs. Figure 2 presents the SEM
images of the 4 CFs. The HS40 and K13312 CFs appear
to have uniformly circular cross-sections. Conversely, not
all T300 and TR50S CF cross-sections were completely
circular, with eccentricities of up to 0.70 and 0.53, respec-
tively. While the Hertzian contact mechanics model assumes
a circular cross-section, previous studies have fitted T300
CF [7, 24] as well as other CFs of greater eccentricity (e.g.
M60JB CF, e =0.73 [24]) using such models. In those stud-
ies, the fitted E for these CFs with eccentricity up to 0.73
followed the same trends as their more circular counterparts,
suggesting that any offset introduced by fitting a slightly
non-circular cross-section for T300 (¢ =0.70) and TR50S
(e=0.53) CF is not significant. For the non-circular CFs,
the used R is the radius of a circle with the same area as
the non-circular cross-section. The E; for the Ag wire was
provided by the manufacturers. As the glass fibre and Ag
wire are isotropic, E; is expected to be the same under both
tensile and compressive stress within the elastic regime. The
measured values as well as the Poisson ratios supplied by
the manufacturers can be found in Table 1, where numbers
given in parentheses are standard deviations.

Results
Compression of Glass Fibre
Figure 3(a) shows a load/displacement curve resulting from

the compression of SE1200 glass fibre that has been fit-
ted using Eq. 1. Above ~200 mN the data is well-fit by the
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Fig.2 SEM images of the fibre
cross-sections cut using sharp
blade for (a) HS40, (b) K13312,
(¢) TR50S, and (d) T300 CF.
Examples of slightly non-circular
cross-sections in (c¢) and (d) are
highlighted

a) HS40 CF |

”\

c) TR50S CF

model, with E;=82(9) GPa. This value is consistent for an
isotropic material with E; =86(2) GPa as measured using
the Favimat and E; =81 GPa as specified by the manufac-
turer. However, there is also a section at lower loads that is
not well-fitted by the model developed by Morris et al. [26]
(henceforth referred to as ‘initial section’). Such a section
has previously been observed, and it was reported by Naito
et al. that it exists due to an increase in the contact zone

Table 1 The radius, longitudinal modulus, and Poisson’s ratio of the
fibres tested in this study. The values with no standard deviation (in
parenthesis) provided are those supplied by the manufacturers

Fibre Diameter (um)  Longitudinal Poisson’s Ratio
Modulus (GPa)
SE1200 Glass  15.2 (0.6) 86.3 (2.3) 0.22
Ag 15.1 (0.6) 69 0.38
T300 7.0 (0.2) 201 (4) 0.27
HS40 5.2(0.2) 363 (16) 0.27
TRS50S 6.9 (0.3) 203 (4) 0.27
K13312 9.0 (0.7) 357 (24) 0.27

&

b) K13312 CF

d) T300 CF

within this loading range as fibres are not perfectly circu-
lar and their surfaces are not perfectly smooth [24]. It is
interesting to note that, due to the direct observation utilised
by this compression device, it is possible to observe slight
realignment of the fibre to lie perfectly flat against the tips
upon initial contact. In our experiments, the extent of this
initial section increased when the fibre was misaligned dur-
ing mounting (not shown). Thus, we further suggest that the
movement of the fibre to orient itself parallel to the tips to
maximize contact area also contributes to this initial section
that was observed both here and by Naito et al. The impact
of the initial section was investigated to validate its exclusion
from the fitted data.

The approach to eliminating the ‘initial section’ is illus-
trated in Fig. 3(b), which plots the change in E as the fit-
ted load range was changed to F'=F,;, — 700 mN (i.e. the
data point at F,;, =150 mN is the E; when the data from
F=150-"700 mN was fitted), normalized to the chosen E;.
Two distinct regions can be observed. In the first, the modu-
lus increases as more data at low displacement is excluded.
In the second, the modulus remains constant, independent
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Fig.3 (a) A typical load/displacement curve from SE1200 glass fibre
fitted using the model developed by Morris et al. [26]. (b) The change
in transverse modulus as the initial section (that is not well-fitted by
the model) is progressively excluded from the section that is well-
fitted by the model. All moduli presented here have been normalized
to the chosen modulus of their respective curves. Numbers given in
parenthesis are standard deviations and the error bars represent 95%
confidence intervals

of the fitted range. Unsurprisingly, the confidence interval
increases with increasing F, ;. as number of data points in
the fitted region becomes smaller (i.e. more data is excluded
from the fit). We propose that the former represents cases
where both the initial section and the section that can be
well-fitted by the model (Eq. 1) proposed by Morris et al.
[26] (henceforth referred to as ‘Morris section’) are included
in the fit, while the latter represents cases where only the
Morris section (e.g. F>250 mN for the loading curves used
in Fig. 3b) is included. As this method can be readily applied
to all fibres, all subsequent moduli presented in this work
are derived from fits that exclude the low displacement data

using this method whilst recognizing that it is important to
retain as much of the Morris section as possible.

At higher loads, plastic deformation of the sample is
expected. As the Morris model is only accurate within the
elastic regime, the section where plasticity is present (hence-
forth referred to as ‘plastic section’) must also be excluded
when calculating E;. No plastic section was observed dur-
ing compression of the glass fibre up to the maximum load
achieved in this study (700 mN). To explore the impact of
the plastic section, a more ductile material was compressed.
Figure 4(a) shows load/displacement curves from cyclic
compression of Ag wire. The first cycle displays clear plas-
ticity, with a non-zero residual depth as can be seen in the
inset SEM image. There appear to be two distinct sections
in the loading curve, from 0 — 20 mN and from 20 — 60
mN. Fitting of the curve below 20 mN using the method
presented in Fig. 3(b) resulted in an increasing modulus,
indicating this is the initial section. However, attempting to
fit the section above 20 mN using the Morris model (Eq. 1)
results in a derived E,= ~2 GPa, which is not consistent
with a E; =69 GPa. This section of the loading curve is most
likely dominated by the plastic deformation of the sample.
As expected for a highly ductile metal, plasticity occurs at
unmeasurably low loads at less than 0.2% strain [27] and the
pure Morris section becomes negligible.

Subsequent cycles at the same maximum load result in
a hysteretic behaviour, with curves similar in shape to the
unloading curve of the first cycle. When the maximum load
is increased (cycle 4 and 7), the same plasticity into stable
hysteresis behaviour is observed at a higher displacement.
This behaviour is comparable to that of a material under-
going cyclic stress strain (CSS) [28] under zero-to-tension
uniaxial loading [29]. Here the sample experiences com-
pression rather than tension, but the response has not been
reported to be dependent on the direction of the stress. Some
materials undergoing CSS are ‘Masing materials’, where the
hysteresis loops (once offset for displacement) will coincide
[30]. Critically, for a Masing material, E; can be derived
from the loading curve of any hysteretic curve. To determine
if the Ag wire is a Masing material, E; was derived for the
hysteretic curves at a displacement of ~ 1.2 ym (E;= ~ 18
GPa),~ 1.8 uym (E;= ~37 GPa), and~2.4 pm (E;= ~57
GPa). This indicates that the E; of the Ag wire cannot be
derived in this manner. Further, a highly likely explanation
for the increasing trend in £ is that the wire is becoming
flatter with increasing plastic deformation. This suggests
that the subsequent hysteretic curves after the initial onset
of plasticity cannot be utilized to derive E; using the Mor-
ris model for any fibre. Thus, an accurate E; could not be
calculated for the Ag wire.

In contrast, Fig. 4(b) shows cyclic compression on HS40
CF where the curves show hysteretic behaviour without
an initial onset of plasticity. To explore the possibility of
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Fig.4 The load/displacement curves from cyclic compression with
progressively increasing loads on (a) Ag wire displaying plasticity
and hysteretic behaviour and (b) HS40 CF displaying solely hysteretic
behaviour. (inset) SEM image of Ag wire after compression, showing
a residual impression

using these hysteretic curves to accurately measure E, load/
unload curves from cyclic compression of HS40 CF (offset
in displacement for clarity) are shown in Fig. 5. At lower
loads [cycles 1-6 in (a)], the fibre responds elastically to
compression. At slightly higher loads [cycles 7-10 in (a)],
the unloading curve no longer follows the loading curve, but
the residual depth remains negligible, which is indicative of
hysteresis. At the highest loads [cycle 11 in (a)], the residual
depth is non-zero, which suggests plasticity has occurred.
Interestingly, subsequent compression after plasticity [cycle
12 in (a)] to the same load resulted in hysteretic behaviour
rather than plasticity. The inset shows the E; calculated
using the loading segment of each cycle. There does not
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appear to be a change in E as the sample shifts from elastic
to hysteretic curves. However, there is an increase in E; at
the onset of plasticity, with this increase present in subse-
quent cycles also despite those cycles displaying hysteretic
behaviour. This is similar to the CSS behaviour observed in
the Ag wire, where the sample exists in a stable hysteretic
loop until sufficient force is applied to induce plasticity, after
which the sample enters into a hysteretic loop that gives a
higher E; measurement. One key difference for CF is that
no initial plasticity is required before entering into the initial
hysteretic loop. One possibility is that E; is dependent on
the strain rate, similar to the tensile strength of CF/metal
composites being strain-rate dependent [31]. That is, the
unloading curve has a different E due to the negative strain
rate. It also follows that there would be a different Er during
the 30 s between the loading and unloading, where displace-
ment is kept constant (i.e. strain rate =0), resulting in a stress
relaxation that would present itself as an exponential decay
of the measured load. Figure 5(b) plots the measured load
over time for the cyclic compression presented in Fig. 5(a).
There is negligible change in load during the holding period
in any of the curves, elastic or otherwise, suggesting E is
unlikely to be strain-dependent for HS40 CF. Rather, the
hysteresis observed in single crystal materials is due to the
presence/movement of dislocations [32], with the shape and
stability of the loop dependent on the type and activity of the
dislocations [33, 34]. These dislocations are formed during
plastic deformation. Hysteretic behaviour (often denoted as
anelasticity, reversible plasticity, or viscoelasticity) has pre-
viously been observed in a C-based poly-crystalline glassy
carbon [35], with the shape of the hysteresis dependent on
the crystal structure [36]. CFs are intrinsically polycrystal-
line, with dislocations pre-existing within its lamellar crystal
structure that are likely to contribute to hysteresis [3]. A
similar behaviour was also observed in K13312 and TR50S
CF to a lesser extent but was not observed in T300 CF. We
propose this hysteretic behaviour is not an intrinsic property
of CF. Rather, the extent to which a CF presents hysteretic
behaviour is dependent on the presence of pre-existing dis-
locations in the CF’s microstructure, which is due to differ-
ing precursors and processing conditions. Therefore, the E
derived from the initial hysteretic cycles before the onset
of plasticity can be attributed to the pristine CF and is an
accurate representation of its mechanical properties.
Figure 5(c) shows cyclic compression within the higher
load range. The initial compression [cycle 1 in (c)] is hys-
teretic, with negligible residual depth. However, the second
compression [cycle 2 in (c)] has clear residual depth and
has plastically deformed, despite having the same maximum
load. Subsequent compressions revert to having negligible
residual depth, displaying hysteretic behaviour. This sug-
gests that, once above the critical threshold, the onset of
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Fig.5 The load/displacement curves from cyclic compression of » (a)

HS40 CF, offset for clarity. (a) 12 cycle compression, with load pro- HS40 CF
gressively increasing from 80 to 500 mN. Cycle 1 — 6 are elastic, T J J J J T T T
cycle 7 — 10 exhibit hysteretic behaviour, while plasticity (non-zero 42
residual depth, as highlighted by the circle) occurs in cycle 11. The 500 .
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teretic cycles before and after plasticity. While the differ- 400 + .
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area between the loading and unloading curve for the plastic % 300 | i
cycle is also noticeably greater than for the hysteretic cycle. =
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be able to accurately differentiate between plasticity and 3 200 | C1 C7 T
hysteresis. However, the change in E after plasticity may
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elastic cycles are most likely due to noise in the measure-
ment amplified by the division of a very small area within
a large area (see Fig. 5a, cycle 3 as an example). Thus, we Displacement (um)
suggest that the use of ductility index may be useful for

discerning if plasticity has occurred in samples that do not

have as distinct an increase in E after plasticity.
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Fig.6 Ductility index plotted against maximum load. The data points
from cycles before plasticity, after plasticity, or from the plastic cycle
are diamonds, circles, and squares, respectively. The dotted line
through the hysteretic points is a guide for the eyes only. (inset) A
curve showing the Ductility Index (D) defined as the area between the
loading/unloading curve normalized to the total area under the curve

Discussion

Figure 7 shows typical load/displacement curves from the
different CFs compressed in this study. The E; values were
derived by fitting the Morris model (Eq. 1) to the Morris
section determined using the method described above for
the glass fibre. Figure 8 shows the relationship between E
and E; for the CFs measured in this study, with the expected
inversely proportional relationship [7, 24]. The fitted values
for E are listed in Table 2 alongside the reported values for
T300 and values for fibres of a comparable type that were
measured using a system equipped with a capacitor exter-
nal to the region where the compression is occurring, and a
correction was applied by estimating the compliance. That
study used the elastic contact mechanics model developed by
Ward et al. [39], which differs from the Morris by modelling
the top load as distributed load rather than a point source.
Thus, the Morris section of the curves were also fitted using
the Ward model for ease of comparison. (The differences
between the two models are covered by Hillbrick et al. [6].)
The E; for fibres measured using the compression device
presented here are consistent with those reported by Naito
et al. for fibres of similar type. Interestingly, the standard
deviation reported here is significantly lower. We propose
that this is due to the compression of intact fibres, rather
than cut fibre sections, resulting in greater uniformity in fibre
length and the absence of error caused by the ends of the
fibre being unconstrained.

&
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Fig. 7 Typical load/displacement curves of (a) T300, (b) TR50S, (c)
HS40, and (d) K13312 CFs fitted using Eq. 1. The average E; derived
from the fit across all compressions is indicated on each plot. Num-
bers given in parentheses are standard deviations

The Morris model, derived from elastic contact mechan-
ics, has been applied in this study to CFs that have behaved
purely elastically (i.e. T300), as well as CFs that had curves
beyond the elastic regime, from the hysteretic regime to the
plastic regime (i.e. HS40). Here, we present a framework
for fitting the Morris model to CF curves beyond the elastic
regime by utilising the emergence of stable hysteretic loops.
During cyclic compression, hysteretic curves are observed
before plasticity has occurred. The Er fitted from these hys-
teretic curves agree with those fitted to purely elastic curves,

8 —r T T T
o | T |
2z [ $T300
e 1
S 2 °[ TRO5S I
=)
83 HS40 ¢ ]
@©
g 2 K13312 ¢ -
2(I)0 ZéO 360 350

Longitudinal Modulus (GPa)

Fig.8 E; plotted against E;, showing an inversely proportional rela-
tionship. PAN-based CFs are indicated with a solid symbol, while the
pitch-based CF is indicated with an empty symbol
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Table2 The E; values measured in the current study using the model
developed by Morris et al. and Ward et al. These are compared to
the values reported by Ref. [24], which uses the model developed by
Ward et al. for different, but similar fibre types (apart from T300).
Numbers given in parenthesis are standard deviations

Fibre This Study (GPa) Fibre Type Naito et al.
; [24] (GPa)
Morris Model Ward Model
T300 6.9 (0.5) 8.2 (0.8) T300 7.8 (2.9)
HS40 5.8 (0.6) 6.5 (0.7) High Strength ~ 6—10
PAN
TR50S 3.8 (0.2) 4.3(0.3) High Modulus ~ 3—6
PAN
K13312 2.0(0.4) 2.1(0.4) K-series Pitch 1.5—2

indicating that the Morris model provides an accurate and
reproducible description for curves within a stable hyster-
etic loop as this hysteresis is due to reversible movement
of dislocations that were already present within the pris-
tine fibre. Once plasticity occurs, the fibre enters a different
stable hysteretic loop. In practice, the slight plasticity has
transformed the initial CF into a new material that may have
a slightly compressed cross-section or an increased number
of dislocations. Results from T300 and TR50S CF in this
work (as well as others in the literature) show that the Mor-
ris model can be reasonably applied to a CF with a slightly
non-circular cross-section. Further, the presence of disloca-
tions causes hysteresis but does not affect the fitted E. Thus,
when the Morris model was applied to curves within this
new stable hysteretic loop, a consistent E} was fitted for all
curves within this loop_ This new E is representative of the
slightly modified CF that was created by the slight plasticity.
We believe this process of slight plasticity into a new stable
hysteretic loop can occur multiple times with the same CF,
similar to that observed in the Ag wire, until a critical strain
is reached such that breakage occurs.

Having developed a suitable technique to measure E;
our focus will shift to identifying processing conditions for
polyacrylonitrile fibre that led to microstructural changes
in precursor fibre and the final CF that would enable the
production of CFs with an industrially useful E:E; ratio.

Conclusion

A compression device that directly measures the mechan-
ical strain of fibres during transverse compression test-
ing using low coherence speckle tracking has been pre-
sented. This device overcomes the limitation caused by
the difficulty in measuring compliance near the resolu-
tion limit by directly measuring the displacement. Indeed,
only < 0.5 mm of diamond and tungsten are present
between the sample and the point of measurement.

The accuracy of the device was confirmed by compres-
sion of glass fibre, an isotropic material, along the trans-
verse direction. The experimental data was fitted using the
model for transverse compression developed by Morris
et al. and a transverse compressive modulus of E;=82(9)
GPa was measured. This is consistent with the glass fibre’s
longitudinal modulus E; =86.3(2.3) GPa.

Several carbon fibres (CF) were also tested and found
to be consistent with the literature values of fibres of simi-
lar type. Ductile silver filament wire was characterized to
clearly illustrate known cyclic stress strain behaviours of
materials. These observations were used to aid the inter-
pretation of results obtained from CF.

Further, three distinct regions within the compression’s
load/displacement curves were identified, an initial section
representing fibre alignment between the diamond tips, a
section where the curve was well-fit by the model, and a
non-elastic section after the onset of plasticity. A method
using the ductility index was proposed in order to identify
the onset of plasticity, especially for fibres which display
hysteretic properties.
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