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Abstract The mechanical and interfacial properties of sin-
gle carbon fibres have been experimentally investigated.
Longitudinal tensile strengths were determined using sin-
gle filament as well as impregnated yarn specimens at
various gauge lengths ranging from 5 to 200 mm. The
tensile behaviour of the fibre depends on gauge length
due to the presence of flaws along the fibre. Axial com-
pressive strength was obtained by the tensile recoil meth-
od. The transverse modulus was measured by nano-
indentation technique. Shear modulus was obtained by a
torsional pendulum test. The apparent shear strength of
carbon fibre/epoxy interface was characterised by a
microbond fibre pull-out test. Data obtained in this work
constitute important materials’ data input for the design
and simulation of carbon fibre composite structures.
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Introduction

Since the inaugural commercial appearance in 1879 [1], car-
bon fibres and textile preforms have been extensively used as
reinforcements in polymer based composites. Over the past
decades, researchers and engineers have increasingly utilised
a variety of analytical and numerical methods including
micromechanical modelling and finite element analysis
(FEA) to predict the homogenised properties of composites
and their damage behaviours (see for example [2–6]). The
accuracy of such analysis is subject to not only an appropriate
definition of the model but also the credibility of materials
property inputs. As the principle load-carrying constituent in
many advanced applications, carbon fibre and its mechanical
properties warrant special scrutiny.

There have been research efforts in understanding the me-
chanical behaviours of various high-performance fibres
[7–12]. However, documented experimental results on carbon
fibres are still limited and incomprehensive. A majority of
literature focused either on one aspect of carbon fibre proper-
ties [13–15] or on certain experimental technique [16, 17];
while few published works attempted to comprehensively
characterise the mechanical and the interfacial properties of
one type of carbon fibre. It remains a great challenge to char-
acterise fibre materials because there are no widely-accepted
standards for specific test of fibre properties despite many
methodologies have been proposed. In addition, the extremely
high disparity between published properties of carbon fibre
[18–22] confuses users further should they look into literature
for input data for their distinctive numerical simulations, ana-
lytical calculations and engineering composites design. In this
study, mechanical and interfacial properties of a type of com-
mercially available carbon fibres produced by an international
manufacturer have been measured experimentally. The study
is designed to fill the gap, improve the accuracy of the test
methods and then apply them to a new type of carbon fibre.
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The results in this paper can serve as reliable references for
further investigation of the carbon fibre or as inputs in multi-
scale simulation of fibrous composites.

Experimental and Results

Material

The tested fibre is the PAN (Polyacrylonitrile)-based AKSAca
A-42 carbon fibre with bulk density of 1.78 g/cm3 and yield of
800 g/km, respectively. A high-resolution Field Emission
Scanning Electron Microscope (FE-SEM) image of a single
fibre is shown in Fig. 1. The fibre diameter was determined to
be 7.3±0.4 μm.

Longitudinal Tensile Test

In this study, due to the specimen size restriction of the home-
designed micro-tester, short-gauge-length single filaments
were tested in accordance to ASTM Standard C1557-03 (see
Fig. 2). The single filament specimen was prepared by mount-
ing a single carbon fibre to a paper holder with instant cyano-
acrylate glue. The sample was placed in the grips of the micro-
tester equipped with a 250 g-force (gf) load cell. Both sides of
the paper holder were cut by scissors before testing, leaving
the fibre between the grips intact. Single filament specimens
with gauge lengths of 5, 10, 15 and 20 mm were tested at the
speed of 0.001 mm/s. A minimum of 10 specimens were test-
ed for each gauge length. To test large-gauge-length resin-
impregnated fibre yarns, an Instron universal tester was
employed following ISO standard 10618:2004. A yarn with
12,000 fibres was impregnated with 40 % weight ratio of
Bakelite L20 epoxy resin and cured for 24 h at room temper-
ature followed by 15 h of heat treatment at 60 °C before
aluminium tabs were mounted at its two ends. Samples with
gauge lengths of 50, 100, 150 and 200 mm were tested at the
speed of 2 mm/min.

It should be noted that as the strain measurement of the
tests was done by measuring the movement of the grip of
the single fibre tester, system compliance correction had to
be performed according to the procedure described in
ASTM C1577-03. In the study, the system compliance (Cs)
was determined by plotting ΔL/F (Ca, apparent compliance)
against l0/A curve in which ΔL is the grip movement measured
from the machine, F is the failure load, A is the cross-sectional
area of carbon fibre and l0 is the gauge length of the sample. In
Fig. 3, the intercept corresponds to zero gauge length gives the
value of Cs, which is 0.022 mm/N. The compliance of the
tensile test system influences the calculated strain and
Young’s modulus, especially when the sample gauge length
is small. The results presented in this study have been calibrat-
ed for the compliance.

As shown in Fig. 4, the tensile behaviour of the carbon
fibre, in both dry single filament and impregnated yarn
form, is linear elastic till brittle fracture occurs. Moreover,
the tensile strength of the carbon fibre is a complex
parameter which is inappropriate to describe with a single
value [23, 24]. The gauge length effect is a reflection of the
distribution of flaws along the fibre. There are several theo-
ries that describe the gauge length effect of tensile strength
like ‘chain of links’ model [25]. Basically, for brittle fibre
materials, the strength is determined by the weakest point
along the tested length. Therefore, the longer the gauge
length, the higher the chance of finding a more severe flaw

Fig. 1 FE-SEM image of a single carbon fibre

Fig. 2 Single filament specimen with cut paper holder

Fig. 3 Apparent compliance versus gauge length divided by cross-
sectional area of carbon fibre
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which leads to a lower strength. The fibre flaws may include
micropores, fibril misalignments and impurities, and are
usually generated during processing and handling. The
presence of fibre flaws may be either on the surface or
inside the bulk (volume flaws). As shown in Fig. 1, the
surface grooves are clearly visible, but we are not able to
detect the internal (volume) flaws due to its small sizes.
Nevertheless, it is reasonable to argue that for fibres of a
few microns in diameter, surface flaw is probably much
more important in determining its strength. In general, the
presence of flaws at random locations not only leads to
scatter in the experimentally determined values of strength
for a fixed length of fibre but also to a decreasing strength
as gauge length increases. Hence, the strength of carbon
fibre is better reported as gauge length dependent values.
The effect of gauge length is especially prominent when
gauge length is small (see Fig. 5). The observed trend agrees
well with the results obtained by others [25].

In addition, gauge length effect is also observed in calcu-
lating longitudinal Young’s modulus (E1). The average value
of E1 for gauge lengths of 5, 10, 15 and 20 mm were deter-
mined to be 191.8, 224.0, 227.2 and 239. 5 GPa, respectively.
The gauge length effect of on E1 can be attributed to the
initially mis-oriented crystallites of carbon fibre which control
the value of the elastic modulus [26]. When the fibre length is
small, the effect of the mis-oriented sections of fibre crystal-
lites is more prominent. In contrast, as the fibre length in-
creases, there is more uniformity along the axis on average
and the initial stretching and fibre misalignment relatively
reduces [27].

Longitudinal Compressive Strength by Tensile Recoil Method

The longitudinal compressive properties of carbon fibre is
technically more challenging to obtain than its tensile coun-
terparts, primarily due to the difficulty in introducing a pure
axial compressive failure to a carbon fibre without causing
buckling [28]. Among the methods proposed [29–31], tensile
recoil method [32] is preferred by many [33, 34] thanks to its
procedural simplicity and reliability to produce repeatable
results.

In the tensile recoil method, a single fibre is stretched
to a predetermined tensile stress level to allow some strain
energy to be stored in the fibre. Then the fibre is cut by a
sharp surgical scissor in the middle of the gauge length,
initiating a recoil effect. When the fibre is cut, the tensile
stress in the fibre drops to zero, converting the stored
strain energy to kinetic energy. A kinetic energy wave
thus propagates towards the clamped ends. The moment
the stress wave reaches the rigid end, the strain energy is
completely converted to kinetic energy. Hitting the rigid
end, the kinetic energy will be converted back to strain
energy. During this snap-back process, a compressive

Fig. 4 Tensile stress-strain curves for (a) single filament samples at
gauge length 10 mm and (b) impregnated yarn samples at gauge length
200 mm

Fig. 5 Tensile strength of the carbon fibre as a function of gauge length.
Inset is the plot when the gauge length is presented in a log scale
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stress which equals to the pre-applied stress in magnitude
is generated. If the resultant compressive stress exceeds
the compressive limit of the fibre, the fibre undergoes
recoil compressive damage (see Fig. 6). As such, by in-
creasing the pre-stress level in a precise manner from a
magnitude that is below the compressive strength of the
fibre to a magnitude that exceeds the compressive
strength, a transition in the damage behaviour of carbon
fibre from no recoil compressive damage to some recoil
compressive damage will be observed. Hence a threshold
stress for observation of recoil compressive damage can
be established to approximate the compressive strength of
carbon fibre.

The samples were tested by a dedicated tensile ma-
chine, apt-dc servo controller Thorlabs Z812B, with a
load cell of 20 gf. The pieces of the filament after testing
were carefully examined under a magnifying glass to de-
termine if they had failed (F) or not (NF). A total of 400
fibre samples, split into 8 batches, were tested. The results
of the recoil compressive failure test were analysed by
two methods [33]. In the first method, the predetermined
stress levels for each batch were arranged in an ascending
order. Two stress levels under which the fibre exhibited
the last complete survival (NF, NF) and the first complete
failure (F, F) on both ends were identified. Thereby, a
threshold value was calculated by averaging the two stress
levels. Table 1 tabulates the experimental data for one of
the eight batches. Each table entry is one test sample from
which two observations (top end and bottom end) were
obtained. Two stress levels of 693.5 and 758.7 MPa were
identified to be corresponding to 100 % survival and
100 % failure; therefore, the magnitude of compressive
strength for this batch of specimen was determined to be
726.1 MPa for this batch. In this method the recoil com-
pressive strength is identified by the maximum stress of
100 % survival and the minimum stress 100 % failure.
Therefore, more test samples and more precise control
of pre-stress are needed to reduce the stress range.

In the second method which is based on probabilistic mod-
el developed by Jiang et al. [34], a logistic distribution was
fitted for the entire 400 samples to determine the compressive
strength of the carbon fibre. It is assumed that the recoil failure
at either end is an independent process. Therefore this process
is assumed to be governed by the same probability distribu-
tion. The probability of failure F(σ) was plotted against the
midpoint of corresponding recoil stress range. Figure 7 shows
the fitted logistic distribution curve. The mid recoil stress cor-
responds to the probability of failure of 0.5, when the fibre has
equal probability of failure and survival, signifies the com-
pressive strength. The fitted curve in Fig. 7 gives the compres-
sive strength value of 721.2 MPa. It is claimed that this meth-
od shows much less variation and is well suited even when a
wide stress range data are involved in the test because the
fitted curve provides better accuracy [33]. The compressive
strength values obtained by the aforementioned two methods
are summarised in Table 2. The two results are similar in an
acceptable range indicating that both methods are able to get

Fig. 6 Illustration of the tensile compressive failure process

Table 1 Ranked recoil
failure data for one batch
(NF – not failed, F –
failed)

Pre-stress
(MPa)

Top end Bottom end

631.4 NF NF

656.4 NF NF

665.2 NF NF

690.1 NF NF

693.5 NF NF

725.0 NF F

758.7 F F

767.8 F NF

773.3 F F

783.7 F F

791.2 F F

Fig. 7 Probability of failure versusmid recoil stress with Logistic model fit
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reasonable results when the test data were quantitatively suf-
ficient. Therefore, we reported an average value of those two
methods at 728.8 MPa.

Longitudinal Shear Modulus by Torsional Pendulum Test

The longitudinal shear modulus of the carbon fibre was deter-
mined by torsional pendulum tests. The theoretical back-
ground is that a disk hung by a wire will oscillate about its
equilibrium position if it is twisted by a small angle. Although
the magnitude of the oscillation will decrease, the frequency
of oscillation is a function of the longitudinal shear modulus of
the wire.

In this study, a washer, suspended by a single carbon fibre,
was set in free torsional oscillation without air turbulence
(Fig. 8). The fibre was attached on the washer using cyanoac-
rylate glue. The washer was twisted by slight touch using the
tip of a tweezer. To make sure that the fibre was aligned in the

centre of mass of the washer, the perpendicular bisector was
marked first on the washer and the fibre was attached carefully
according the marked position.

The longitudinal shear modulus of carbon fibre is cal-
culated by [9]

G12 ¼
πmLf 2 8 D2

o−D
2
i

� �þ 32

3
h2

� �

d4
ð1Þ

where m is the mass of the hanging washer; Do and Di are
the outer and inner diameter of the washer, respectively; h
is the thickness of the washer; d is the diameter of the
fibre; L is the length of the fibre that has been suspended;
f is the oscillation frequency; and G12 denotes the longi-
tudinal shear modulus of fibre. The frequency was mea-
sured by a stopwatch with resolution of 0.01 s. The diam-
eters of the fibres were measured by FE-SEM. The shear
modulus tests were performed using four washers with
different geometries at three fibre lengths: 15, 20 and
25 mm. Five samples were tested for each weight-length
combination. The shear modulus values of different gauge
lengths are consistent (see Table 3), suggesting the ab-
sence of significant damping factor in the case of long
fibre and end effect in the case of short fibre length [9].
The shear modulus of the carbon fibre is determined to be
6.81±0.41 GPa, in good agreement with literature values
for similar fibres [19, 20].

Because compressive strength and shear modulus of car-
bon fibre are both strongly affected by the cross-sectional
microstructure and properties [35], a correlation between the
two properties was established by Northolt et al. [36] as an
approximate and linear function: σC= −0.05(0.3) +
0.10(0.01)G, (estimated standard deviation in parentheses).
It implies that some factors may simultaneously influence
the compressive strength and shear moduli. Such factors in-
clude lattice imperfection and covalent bonding between the
basal planes [37, 38]. In the model, the fibre filament is con-
sidered as being built up of a parallel array of identical fibrils,
which subject to a uniform stress along the filament axis.
However, since the crystallites have an orientation distribution
with respect to the filament axis, any form of disorder, usually
occurring in polycrystalline carbons, decreases shear modulus
[36]. On the other hand, high compressive strength correspond
to high degree of order and the inherent structure. In addition,
strong transverse forces, like covalent crosslinks, have a dual
effect to increase the macroscopic shear modulus and improve
the compressive properties [38]. Hence, an increase in shear
modulus is usually accompanied by an increase in the com-
pressive limit of the fibre. In this study, the correlation was
verified by our result which fits well with the overall trend, as
shown in Fig. 9.

Table 2 Summary of the compressive strength results in MPa

Method 1 Method 2

Batch 1 715.4 Batch 5 713.4 721.2
Batch 2 842.2 Batch 6 736.3

Batch 3 667.9 Batch 7 726.1

Batch 4 740.6 Batch 8 749.7

Mean 736.4

Mean strength of the two methods 728.8

Fig. 8 The experiment setup of torsional pendulum test
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Transverse Modulus by Nano-indentation Test

Nano-indentation technique was employed to probe the trans-
verse modulus (E2) of the carbon fibre. The yarn, which con-
sists of 12,000 fibres, was embedded in epoxy resin, and then
polished to a flat surface parallel to the longitudinal direction
of the fibres. Nano-indentation was made on the flat surface
with the fibres revealed on the top surface. Such test on the
impregnated yarn has two advantages. Firstly, fibres in the
sample are restrained so that movements are prohibited,
minimising the slippage interference. Secondly, different
properties of carbon fibre and the epoxy matrix (and inter-
phase) allow their distinctive load–displacement curves to be
distinguished. Comparing the data obtained via nano-
indentation with known epoxy properties will crosscheck the
validity of carbon fibre properties measured by the same test.

The tests were performed on Agilent Nano Indenter G200
with a Berkovich tip. To provide a more precise measurement

of initial surface contact, continuous stiffness measurement
technique [39], as opposed to the conventional ones which
utilise only the unloading path in the load–displacement
curves, was employed in this study. Nano-indentations were
performed along six indent lines, each consisting of 10 indent
points with spacing of 20μm, along the transverse direction at
randomly chosen locations of the impregnated yarn. The tip
indentation was controlled by a frequency of 45 Hz at the
strain rate of 0.05 s−1. The load was maintained for 30 s to
evaluate the errors caused by temperature variations [16]. The
Poisson’s ratio of the carbon fibre was assumed to be ν=0.2 in
the experiments.

Figure 10 shows the load-displacement curves and the re-
lation between the measured modulus and displacement into
surface (for clarity purpose, only representative curves are
shown). Three different types of load-displacement can be
identified, which represent the indentation response of the
fibre, fibre- epoxy interphase region, and the epoxy. The curve

Table 3 G12 of the carbon fibre obtained by torsional pendulum tests

No. m (mg) Do (mm) Di (mm) h (mm) L (mm)
f (s−1) d (μm) G12 (GPa)

Mean of all
tests (GPa)

1 725.1 12.8 6.6 1.0 15 0.0217 7.10 6.25 6.81±0.41
20 0.0198 7.17 6.61

25 0.0182 7.23 6.79

2 865.0 12.0 6.5 1.6 15 0.0247 7.23 7.61

20 0.0186 7.07 6.31

25 0.0184 7.18 7.27

3 1183.6 16.8 8.6 1.0 15 0.0140 7.25 6.64

20 0.0123 7.30 6.59

25 0.0109 7.27 6.67

4 1295.4 16.0 7.4 1.1 15 0.0136 7.17 6.84

20 0.0122 7.33 6.78

25 0.0109 7.20 7.35

Fig. 9 Relationship between the compressive strength and the shear
modulus of carbon fibres

Carbon fibre

Interphase

Epoxy Matrix

300 nm

Fig. 10 Load–displacement plot and relation between the displacement
into surface and elastic modulus
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that corresponds to epoxy is a hysteresis loop during the
loading-unloading cycle while the curve of carbon fibre shows
similar loading-unloading paths. The differences can be ex-
plained by the strain relaxation, viscoelasticity behaviour of
epoxy matrix and the elastic behaviour of carbon fibre [40].
The curves with intermediate peak loads represent the inter-
phase between fibre and matrix. In the interphase region, the
mechanical properties of epoxy are different from the bulk. In
addition, there is no single value of the modulus for the inter-
phase region as the interphase closer to the carbon fibre is
stiffer while the region closer to the epoxy is softer [41].

In the modulus–displacement plot (inset of Fig. 10), three
segments can be identified as well. The first one is attributed

to the heterogeneity and surface unevenness of the indentation
sample which cannot be fully eradicated by polishing. The
second one exhibits a hardening behaviour illustrating the
nano-indenter’s movement that approaches the carbon fibre
by penetrating the interphase; and the third one, after around
230 nm, indicates the stabilisation of measured modulus. The
maximum and minimum calculation depths were 330 and
280 nm, respectively, for estimating the elastic modulus. The
E2 of the carbon fibre was measured to be 13.4±1.1 GPa, in
line with values reported by others for similar fibres [11, 16,
39]. As an indirect verification, the Young’s modulus of epoxy
measured by our indentation test was 3.36±0.35 GPa,
matching very well the tensile-experiment-determined value
of 3.4 GPa.

Interfacial Shear Strength Measurement by Microbond Test

The small diameter of carbon fibre and the large number of
fibres in fibrous composites lead to a very high interfacial area

Fig. 11 (a) Microdroplet schematic and (b) representative load-
displacement curve

Posi�on of micro-vice

epoxy droplet

Fig. 12 Epoxy droplet pulled away from its original position (arrow)

Fig. 13 Relationship between fibre pull-out force and the fibre embed-
ded length
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per unit volume. As such, interface strength plays an impor-
tant role in determining the mechanical properties of fibre-
reinforced composites [12]. In this study, the apparent interfa-
cial shear strength (IFSSapp) of carbon fibre/L20 epoxy inter-
face was determined by the microbond test (see Fig. 11).
Figure 11(b) shows a representative load-displacement curve
and various stages during a microbond test.

The apparent IFSS was defined as follows

I FSSapp ¼ F

πDl
ð2Þ

where F is the peak pull-out force, D is fibre diameter and l is
the embedded length of the fibre. Physically it refers to the
average magnitude of shear stress at the point of interfacial
failure.

In the experiment, an epoxy resin droplet was applied onto
the fibre and cured for 24 h at room temperature followed by
15 h heat treatment at 60 °C. All the specimens were inspected
under the microscope to examine the droplet shape and the
embedded length. If the droplet is not axial-symmetric, it can
be observed easily under microscope and the sample will be
rejected. An integrated elliptical droplet was acceptable while
any irregular and defective droplets were screened out before
the test. Even if the defective droplet escaped the selection
process and was tested in experiments, the debonding force
would be significantly smaller than those from axial-
symmetric droplets. These abnormal results were also
rejected. The size requirement was that the droplets diameter
should be smaller than 160 μm; otherwise the required pull-
out force would exceed the breaking strength of the fibre (i.e.,
the fibres broke before pull-outs occurred). Figure 12 shows a
pulled-out droplet and there is no residual epoxy on the fibre
surface after debonding. It indicates that the adhesive failure
did take place in the fibre/matrix interface.

IFSSapp was calculated from the slope of regression line in
the peak load- embedded length plot as shown in Fig. 13 to be
26.7 MPa. This value is in reasonable agreement with other
documented values [42].

The properties measured in this paper are able to improve
the accuracy of tensile strength predictions of braided textile
composites fabricated using the carbon fibre. More research is
currently being undertaken in our group, the results will be
reported in the future.

Conclusions

Tests on a commercially obtained single carbon fibres were
performed to determine their mechanical properties. The pres-
ence of defects, flaws and misoriented crystallites in the car-
bon fibre leads to the gauge-length-dependence phenomenon

in the elastic modulus and strength along the longitudinal
direction. Quasi-static tensile tests performed at different
gauge lengths of 5, 10, 15, 20, 50, 100, 150 and 200 mm
suggest that the tensile strength (σt1) of this carbon fibre de-
creases when gauge length increases, dropping from 3.8 to
2.1 GPa.

The longitudinal compressive strength (σc1) of the carbon
fibre was determined by tensile recoil method to be
728.8 MPa. Longitudinal shear modulus (G12) was obtained
via the torsional pendulum test to be 6.81 GPa. The transverse
Young’s modulus (E2) was measured with the aid of nano-
indentation technique to be 13.4 GPa. To obtain the interfacial
properties of the carbon fibre, microbond tests were carried
out. The apparent interfacial shear strength (IFSSapp) of car-
bon fibre/L20 epoxy resin was 26.8 MPa. In summary, this
study was able to provide results and ways to arrive at definite
property values despite scatters for the carbon fibre. The ap-
plied test methodologies are useful for the characterization of
other types of fibrous materials as well.
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