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ABSTRACT: The tensile behavior of carbon fibers shows
large scattering. This is due to the fiber itself and the testing
operations. Because of the high tenacity and modulus, low
strain, and easy breakability in bending, not only is the ten-
sile test for single carbon fibers extremely difficult, but the
measured results are also oppugned. To achieve a reliable
and accurate characterization, several factors influencing the
objective and exact testing of single carbon fibers have been
measured and discussed, including the wrong pretension,
nonaxial stretching, and adhesion effects. The experimental

results indicate that the error of strain causing them ranges
from 1.5 to 12.3%. Because of the typical linear stress—strain
curves of carbon fibers, the ratio of the strain error to the
modulus error is approximately equal to 1 : 1, so the calibra-
tion of the measured strain must be conducted for the accu-
rate evaluation of the modulus and itself. The calibration is
put forward. © 2007 Wiley Periodicals, Inc. ] Appl Polym Sci 104:
2625-2632, 2007

Key words: fibers; fracture; mechanical properties

INTRODUCTION

The data measured by a single-carbon-fiber tensile test
show a wide variation. Obviously, some of the data
scattering, except for the fiber itself, results from the
testing methods. In the past 30 years, ASTM D 3379, a
standard test method for the tensile strength and
Young’s modulus of high-modulus, single-filament
materials, has been accepted as the way for determin-
ing the high-modulus, single-filament strength.'” In
fact, the tensile test for brittle and high-tenacity fibers
is different from that for flexible fibers. It is difficult to
mount a brittle, single fiber on a tensile machine with-
out damage to the fiber and to apply only a tensile load
to the fiber. Therefore, a window-card method is sug-
gested in the ASTM D 3379 standard instead of mount-
ing the fiber directly on the tensile machine to avoid
any damage to the carbon fibers. However, there are
also some errors in the test with the window-card
method.

Several studies and discussions have been under-
taken in this field. Thomas and Tang® verified that the
single-filament tensile test is less reliable than the bun-
dle test because of its high coefficient of strength varia-
tion. Chi et al.* concluded that there are shortcomings
in single-filament measurements, such as the difficulty
of extracting individual fibers from a bundle and the
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loss of weaker fibers because they are brittle and easy
to fracture in the sampling. Li and Langley” proposed a
system compliance factor derived from the plotting of
the indicated compliance versus the gauge length over
the square of the fiber diameter, instead of versus the
gauge length alone. Huang et al.® also studied an
improved method to obtain a more accurate modulus
in single-filament measurements.

Much attention should be paid to this kind of exper-
imental operation because of the small size and fragil-
ity of the fibers. First, the force to break a single fiber,
especially the bending force, is so small that any extra
and nonaxial stress introduced during the sampling
and testing may result in fiber damage or even frac-
ture, that is, measuring-error magnification and test
failure. Second, the elongation to failure for brittle
fibers is relatively short, even at a long gauge length,
and the fiber modulus is high, so the wrong recording
of the elongation to the fiber must occur once there is
motion deformation in the initial stretching. Obvi-
ously, the two effects will result in low stress, high
strain, and low modulus for the fiber being mea-
sured.” Third, there are various types of damage to
the fiber in the sample preparation and testing pro-
cess, such as picking a fiber up from a bundle, adher-
ing the fiber to a window card, mounting the fiber
sample to the tensile machine, and even the chemical
action of adhesives on the fiber.

In this work, those factors causing errors, namely,
the pretension, adhesive effects, gauge length, and
nonaxial stretching, are discussed, and a tensile-curve
calibration is put forward.
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EXPERIMENTAL
Carbon fibers

The samples were the same carbon fibers mentioned in
part I of this series (7.0-um average diameter in tows of
12,000 filaments).

Tensile tests

The gauge length adopted for the tensile tests was
40 mm. A fiber randomly selected from the fiber bun-
dle was fixed with an adhesive epoxy resin onto a
window tab and aligned along the center axis of the
tab, as shown in Figure 1. The length of the fiber
between the two adhesive ends was designated the
gauge length, which was approximated to the win-
dow length, that is, the nominal gauge length (GLy).
After the epoxy resin was cured, the two ends of the
tab were grasped between the upper fixed clamp and
lower moveable clamp of a tensile tester and then cut
off the paper frame. The fiber between the two clamps
was extended to failure at the rate of 5 mm/min. The
fracture load was measured with a load cell with a
capacity of 100 cN.

YAO AND YU

Diameter measurements

The ASTM D 3379 standard recommends the use of an
average cross-sectional area for stress calculation,
which is obtained from the measurement of at least
20 fibers in the sample bundle. This may be acceptable
for commercial fibers or fibers with comparatively
small variations in the fiber diameter. In fact, carbon
fibers do exhibit appreciable variation in the cross-sec-
tional area from fiber to fiber. The real stress distribu-
tion of carbon fibers cannot be obtained by the division
of the force distribution by the mean cross section
because of the diameter variation. Therefore, the cross-
sectional area evaluated from the fiber average diame-
ter in this study was measured by microscopy for each
fiber before the tensile test, and the minimum diameter
of each fiber was measured too.

Because the tensile strength of the carbon fibers
showed large scattering, about 500 single-filament tests
were conducted to analyze the carbon-fiber tensile
properties, and the experimental results appeared to
be acceptable.

RESULTS AND DISCUSSION
Pretension effect

The bending and tensioning of testing fibers are mainly
caused by the wrong pretension. The appropriate state
is that, under pretension, the fiber adhering to two
joints must be straight but not stretched. For a carbon
fiber, the pretension should be zero because the fiber
itself is rigid, brittle, and straight. If the pretension is
positive and large enough, the window card will be
bent, as illustrated in Figure 2; thus, the tested strain
will be smaller than the actual strain of the carbon fiber
because the gauge length is shorter than the nominal
one and there is already elongation at the beginning
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Figure 2 Positive pretension on the carbon fiber and its tensile curve: (a) window-card deformation and (b) force—elonga-

tion curve.
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Figure 3 Negative pretension on the carbon fiber and its tensile curve: (a) carbon-fiber bending and (b) force—elongation

curve.

because of the tap stretching. If the pretension is nega-
tive and strong enough, the fiber between the adhesive
joints is bent, as shown in Figure 3, and the tested strain
will be larger than the actual strain of the carbon fiber
because the stretched fiber length is longer than GL,.
The true elongation originates from O’, not from O, to
measure the true strain for both the positive and nega-
tive pretensions. Only if the true strain is obtained is
the modulus calculation of the fiber correct.

To overcome the pretension effect, not only must the
sample preparation be careful, but the gauge length
must also be calibrated according to the tensile curves,
as shown in Figures 2(b) and 3(b). The actual gauge
length (GL,) is

GL, = GLy + OO’ (1)
OO0 is directly dependent on the pretension of the car-
bon fibers. The pretension is related to the sample-
made process and the sample-clamped process. It is
difficult to limit the pretension within a narrow range.
Therefore, it cannot be neglected. The way to calculate
the OO’ is given in Figure 3. The calibrated results are
listed in Table L.

In Table I, o, g, and E, represent the fracture stress,
fracture strain, and modulus of the carbon fibers; CVg,
CV,, and CVg are the coefficients of variation of the
stress, strain, and modulus, respectively. “‘Before cali-
bration”” means the tested results were obtained with-

out any calibration. ““After calibration”” means that the
tested results were already calibrated.

The difference between the calibrated and uncali-
brated test results is listed in Table I as the difference
rate:

Difference rate

(After calibration — Before calibration)

After calibration

OO’ may take a relatively high percentage of the actual
gauge length because the ratio of OO’ to the gauge
length varied from —0.96 to 1.75% in these experi-
ments, whereas the OO’ value varied from —0.36 to
0.55 mm. The actual strain becomes smaller than the
measured value without the calibration of OO’; that is,
OO0’ is not subtracted from the tested strain.

Adhesive effect
Position of the adhesion joints

In the testing operation, the adhesion joints sometimes
were away from the set positions, as shown in Figure
4(a); thus, the actual gauge length (GL,;) must be dif-
ferent from the set one. The gauge length should be
calibrated by the observation of the position deviations
(A1 and A;) of the adhesion joints from the window

TABLE I
Effect of Calibration on the Wrong Pretension
6 (GPa)  CVs (%) g (%) CV,; (%) Eo (GPa)  CVg (%)
Before calibration 3.39 22.04 1.58 24.86 214.56 19.97
After calibration 3.39 22.04 1.54 21.43 220.13 18.56
Difference rate 0% 0% —2.60% —16.01% 2.53% —7.60%

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 4 Position and efficiency of the adhesion joints: (a) wrong position of the joints, (b) efficiency of the adhesion

joints, (c) and tensile curve of inefficient adhesion.

edge with a microscope while the fiber diameter is
measured:
GLy =GLy+ A1+ A (2)

A (A = Aq + A) is the most controllable error. The mean
value of A is very small and far less than 1 mm; the
largest value was 0.09 mm in our experiments. More-
over, it is rather tedious to measure it for every sample,
so that if the mean value of A is less than the actual
gauge length divided by 100, it can be neglected
because the error of strain caused by A is approxi-
mately 0.01%.

Efficiency of the adhesion joints

Besides the influence of the position (A) of the adhesion
joints, the adhesive effect can also cause a change in the
gauge length. If GL, is the inside length between the
two adhesive joints, GL,, will become larger than GL,
because there is an ineffective length of the adhered
fibers, as shown in Figure 4(b), which is like the critical
slippage length (I.) in the pullout test used to evaluate
the interfacial shearing stress of carbon fibers. The inef-
fective adhesion length, which is equal to /., depends
on the adhesive, so I varies with various adhesives.

The interfacial shearing force between the fiber sur-
face and the epoxy resin must be no smaller than the
tensile force in the carbon fiber. Otherwise, the fiber
will be pulled from the epoxy resin, and the tensile
force cannot be obtained. Figure 4(c) shows two tensile
curves of carbon fibers that were pulled out instead of
being broken. Curve A indicates that the interfacial
shear force was less than the tensile fracture force of
the carbon fiber, so the interface between the carbon
fiber and epoxy resin was broken, but there still was
friction between the surface of the carbon fiber and the
epoxy resin. Curve B indicates that the interfacial shear
force was even less than the friction between the sur-
face of the carbon fiber and the epoxy resin.

According to the classical calculation,” I, can be cal-
culated. Because

2nrl.t = nr*c (3)

l.is
I.=rc/2t 4)
where r is the radius of the carbon fiber, 1 is the interfa-

cial shear strength of the carbon fiber, and o is the ten-
sile strength.

Shearing force
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Figure 5 Scheme of the ineffective adhesion length.
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TABLE II
Effect of Calibration on the Ineffective Adhesion Length
o (GPa)  CV. (%) & (%) CV. (%) Eo(GPa) CVg (%)
Before calibration 3.39 22.04 1.54 21.43 220.13 18.56
After calibration 3.39 22.04 1.46 19.52 232.19 19.84
Different rate 0% 0% —5.48% —9.78% —5.19% 6.45%

As we can see in Figure 5, the distribution of the
interfacial stress on both of the adhesion ends makes
the stretched fiber length, namely, the actual gauge
length (GL,7), longer than GL,. The actual length is the
sum of GL, and 2I.. However, at the I, section of the
fiber, the interfacial shear stress decreases with an
increase in the value of x in the I section; that is, the
strain caused by the shearing stress decreases with x
increasing. Consequently, the effective strain at I cor-
responds only to that of I./2, so the extra gauge length
is half of 2/,

Al=2x05x1I.  GLp=GLy+1I ®)
where Al is extra gauge length caused by the “inef-
fective length” of the adhered fibers. The question is
how to find the exact /. value, which is an important pa-
rameter for the calculation of GL, because of the
obvious volume dependence of carbon fibers,® espe-
cially for the length dependence.” There are two
approaches to evaluating the .. The first way is an expe-
riential way in round numbers. /., similar to that in the
pullout test, can be evaluated by means of the pullout!®
or fragmentation test'' empirically. Therefore, the pre-
viously tested results for I, (10" to 10° mm'*"?) can be
regarded as the reference of the evaluation. The second
method is to follow our measurements because the slip-
page occurred in this experiment when the length of
the adhesion joint was less than 2 mm, as shown in Fig-
ure 4(c). This result is close to that of the previous inves-
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Figure 6 Calibration of the gauge length.

tigation.'® Therefore, we use our result to estimate the
strain error caused by the reason.

The tested results for the tensile properties were cali-
brated according to the modification and are shown in
Table II. The effect of the ineffective adhesion length
(i.e., I.) on the tested strain is about 5.48% in the differ-
ence rate and approximates the modulus (5.19%).

According to the aforementioned analysis, if the
fiber is parallel to the stretch direction, the real gauge
length considering the pretension and adhesion effect
is the sum of GLy, OO/, A, and ..

Gauge length = GLy + O0" + Ay + Ay + 1. (6)

Just as in the previous A discussion, only if I, is less
than the centesimal of GL( can it be neglected. Thus,
if GLg is large enough, the sum of all errors, that is,
OO0’ + A; + Ay + 1, can be neglected.

The influence can be evaluated in total by tests at dif-
ferent gauge lengths, as illustrated in Figure 6. First,
we measure the elongations at small GL, values (at
least <50 mm), and Kj is determined as the extrapo-
lated value of elongation/GLj at the zero gauge length;
then, we measure the elongation at high GL, values (at
least >200 mm), and K; is determined as the extrapo-
lated value of elongation/GL at the zero gauge length.
The value of (1/K; — 1/K5) stands for the effect of
OO0 +A; + Ay + 1.

Nonaxial stretching
Various sorts of nonaxial stretching

Because of the experimental operation, not all carbon
fibers were parallel to the shifting direction of the

L

Upper clamp

Bending

joint

Bending
joint

adjust

Lower clamp

Figure 7 Nonaxial stretching: (a) fiber inclining in the
window card, (b) nonaxial clamping, and (c) noncoplanar
clamping faces.
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TABLE III
End Effect on the Axial Stretching
Sample o (GPa) CV, (%) &0 (%) CV., (%) e (%) CV. (%) E, (GPa) CVe (%)
Axial stretching 3.39 22.04 1.58 24.86 1.46 19.52 232.19 19.84
End effects 3.16 19.84 1.59 24.44 1.40 21.59 225.71 17.85

lower clamps in the monofilament tensile test. A test in
which a carbon fiber is not parallel to the clamp-shift-
ing direction is called nonaxial stretching here. The
nonaxial stretching may be caused by two incorrect
operations. One is the fiber inclining in the window
card; that is, the fiber is not parallel to the symmetrical
axis of the window card, as shown in Figure 7(a). The
other is nonaxial clamping; that is, the central axis of
the window card is not parallel to the direction of
stretching, as shown in Figure 7(b). In addition, non-
axial stretching will occur if the two clamping faces are
not coplanar. Nevertheless, it is not considered here
because the error can be adjusted before the test.

Theoretical discussion

When the fiber or window card is gripped in the jaws
of a tensile machine not parallel to the direction of
stretching, both tested stress and strain values become
inaccurate. The reasons are twofold.

First, there is a joint-end effect, that is, bending dam-
age at the bending joints. Some fibers fail because of the
stress concentrations at each end of the fiber adjacent to
the adhesion joints: there is bending and shearing stress
because of angle 6. These are called end effects.

€ and CV, in Table III represent the calibrated strain
and its coefficient of variation. More nonaxially
clamped fibers failed adjacent to the glue spots than
those of the axial-stretching sample, and the fiber ten-
sile strength in the end effect was smaller than that of
the axial-stretching test. One of the reasons is that the
nonaxially clamped fibers were bent and sheared at the
adhesion joint. The results of Table IV are proof
because the percentage of end breaking increases with
an increase in the indicated angle (0).

Second, the tested strain of nonaxially clamped
fibers was larger than that of the axial-stretching sam-
ple because the angle between the axes of the window
card and the direction of stretching became smaller
gradually during the stretch process, corresponding to
alow actual strain in the fibers.

TABLE IV
End-Effect Percentage of Nonaxial Stretching

Axial 7° 10° 20°
stretching clamping adhesion adhesion

12.43 12.96 14.20 18.12

Sample
End breaking (%)

Journal of Applied Polymer Science DOI 10.1002/app

If the upper clamp is fixed while the lower clamp
moves down only in the vertical direction without any
horizontal movement

&=l %
lo
Chi—hy Li—1y I
g = o = o = o &r (8)
B Ae _e1—¢e
& = ? = 2 ©)

where ¢, is the reading strain, ¢, is the tested strain, ¢,
is the fiber strain, Ae is the true elongation of the car-
bon fiber during stretching and e is the actual fiber
gauge length. Figure 8 shows that e; is equal to h; sec
0,1, and ¢ is equal to K sec 0. €, can be obtained:

Ae sec 0, 1+ tan? 6,

gy ) = (1)t — 1

e ( +8a)(sec90> (1+¢) 1 + tan? 6
(10)

Rearranging eq. (10), we find

A
se:;:\/l +2¢g, - cos? 0 + &,2 - cos? 0y — 1

= \/1 + 2g, - I - cos? 0o /ho + &2 - [% - cos? 0 /hp? — 1
(11)

where ¢y is the uncalibrated strain when the angle
between the fiber axial and the stretching direction is 6.

Upper clamp ‘

Carbon

e et | TR

Lower clamp ‘

Figure 8 Strain analysis of nonaxial stretched fibers.
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where Cs is the system compliance factor and F is the
stretching force.

If the samples are nonaxially clamped, e is the
stretched fiber length. For the fiber inclining in the win-
dow card

The true strain is

(12)

eg =GLy x secO+ 00" + A +1.
ho =g x cos0 = GLg + (OO0’ + A+ 1) x cos 6
For the nonaxial clamping
ep =GLo+ 00" + A +1,
ho = ep x cos0 = (GLg + OO0’ + A+ 1) x cos 6

For the axial-stretching sample

eo =hyg=GLy+ 00 +A+1.
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If the end effect is not considered and the stress—
strain curve of carbon fibers is a linear line, the tensile
behavior can be estimated with the theoretical calcula-
tion, as illustrated in Figure 9. The solid line is the ten-
sile curve for axial stretching, whereas the dashed line
is g, [eq. (8)] when 0is 10°. The theoretical 6—¢ curve for
nonaxial stretching (8 = 10°) is different from axial
stretching on its low slope and high strain. Hence, the
effect of nonaxial stretching should be considered and
calibrated.

The calibrated results obtained from eq. (12) are
listed in Table V:

C Al/F

As — Calibrated strain value — g,

Calibrated strain value

AE — Calibrated modulus value — E,
" Calibrated modulus value

where | means the true gauge length, C, is the sys-
tem compliance as mentioned in ASTM D3379, Ae
(AE) means the difference rate between the cali-
brated strain (modulus) and the tested strain (modu-
lus), respectively. €, means partly calibrated strain
of carbon fibers, the strain error caused by C; is cali-
brated while the strain error caused by the angle
between the fiber axial and the stretching direction
is not calibrated. The calibrated strain (g) is 2-10%
smaller than ¢, and close to the strain obtained from
axial stretching (1.46%). The calibrated modulus (E)
is 2-9% higher than the tested one. The tested stress
obtained from nonaxial stretching is 1-19% smaller
than that from axial stretching, being dependent on
the increased angle and the percentage of end break-
ing. All these errors are significant and cannot be

as in eq. (6). ignored.
TABLE V
Effect of Calibration on Nonaxial Stretching

Sample 6 (GPa)  CVg (%) & (%) &5 (%)  Aes (%) & (%)  Ag (%)  &(%)  Ae (%)  CV. (%)
Axial stretching 3.39 22.04 147 1.46 ~0.68 1.46 ~0.68 1.46 ~0.68 19.52
7° clamping 3.36 13.23 146 145 —0.69 1.44 ~1.39 143 ~2.10 25.88
10° adhesion 2.95 19.37 1.56 1.55 —0.65 1.53 ~1.96 1.51 -331 23.32
20° adhesion 2.85 18.79 1.59 1.58 ~0.63 1.46 ~8.90 145 ~9.66 27.41

Sample Ea (GPa) Ecs (GPa) AEcs (%) Et (GPa) AEt (%) EO (GPa) AEO (%) CVE (%)
Axial stretching 230.61 232.19 0.68 232.19 0.68 232.19 0.68 19.84
7° clamping 230.14 231.72 0.68 233.33 1.37 234.96 2.05 18.70
10° adhesion 189.10 190.32 0.64 192.81 1.92 195.36 3.20 21.44
20° adhesion 179.25 180.38 0.63 195.21 8.18 196.55 8.80 24.76

Agss (Agr) mean the difference rate between the calibrated strain and the ¢ (¢;), respectively. E,, E,, and Et means /¢,
6/& and o/¢, respectively. AE.; (AE;) mean the difference rate between the calibrated strain and the E.; (E;), respectively.
Ey means the true initial modulus, AE; means the difference rate between the calibrated modulus and the uncalibrated

modulus.

Journal of Applied Polymer Science DOI 10.1002/app
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However, the strain error decreases quickly with the
reduction of the inclining angle. The error at a small
angle of nonaxial stretching (no greater than 4°) can be
neglected according to the estimation of eq. (12). To
avoid the effect, setting an indicator on clamps is advis-
able, so we put an indicating wire on the clamp to
check and adjust the fiber samples in all tests, except
for the purposed setting.

The aforementioned discussion is only for nonaxial
stretching without the horizontal movement of clamps,
but if there is horizontal movement due to various ten-
sile instruments, the error caused by the effect of the
nonaxial stretching can be calibrated similarly. Mean-
while, the end effects and nonaxial stretching effects
on the tensile properties is higher in theory than those
of both vertical and horizontal shifts of the clamps.

CONCLUSIONS

Because of the low strain value resulting from the brit-
tleness of carbon fibers, the tested strain must be
obtained and calibrated to be accurate; otherwise, a sig-
nificant error of the fiber modulus or even stress
occurs. In this experiment, the ratio of the strain error
to the modulus error is about 1 : 1 (as listed in Tables I
and II), and the modulus value of carbon fibers is often
2.1-2.4 x 10? GPa; this means that the strain error,
ranging from 2 to 7%, can cause a modulus error of 4—
15 GPa. Therefore, the accurate evaluation and calibra-
tion of the actual strain are essential.

The wrong pretension, nonaxial stretching, and ad-
hesion effects all influence the tested strain. The
strain error caused by the wrong pretension, about
2.5%, can be taken out accurately by the calibration
of the measured tensile curves. The nonaxial stretch-
ing effect can be controlled within a small range by
careful operation and an indicating wire. If the angle
between the fiber and stretched direction is not big-
ger than 4°, the error caused by the nonaxial stretch-

Journal of Applied Polymer Science DOI 10.1002/app
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ing can be neglected. Among all factors, the adhe-
sion effect induces the biggest error and is difficult
to control and estimate accurately. The experimental
results indicate that the ineffective adhesion length,
that is, 1, is about 5.7% of GL,, the strain error will
be about 5.5% of the strain, and the modulus will be
about 5.1% lower than the real modulus.

The calibration methods for all these factors are
put forward. For the wrong pretension, OO’ should
be added to the gauge length. From eqgs. (11) and
(12), the strain error caused by nonaxial stretching
can be calibrated. Therefore, there exist two ap-
proaches to calibrating the ineffective adhesion, that
is, the experiential method and the method shown in
Figures 5 and 6.
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