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In this study, we determined the strength distribution of high-strength polyacryloni-
trile-based carbon fibers of different short gauge lengths (~1 mm) using both the
single-fiber-composite four-point bending test and the single-fiber tensile test. We
employed the bimodal Weibull model to explain the experimental data. We found
that the value of the Weibull shape parameter for short gauge lengths was higher
than that for long gauge lengths. This implies that the tensile strength distribution of
carbon fibers is governed by two different flaw populations. The tensile strength of
resin-impregnated fiber bundles predicted on the basis of the bimodal Weibull distri-
bution was in better agreement with the experimental result than the tensile strength
of those predicted on the basis of the unimodal Weibull distribution.

Keywords: carbon fiber; tensile strength; single-fiber-composite test; bimodal
Weibull distribution

1. Introduction

Carbon fibers exhibit high tensile strength and high tensile modulus while being low in
weight. As a result, they have come to play an important role in the fabrication of
lightweight structural materials. The performance of carbon fiber-reinforced plastics
(CFRPs) has improved dramatically with the rapid expansion of their global market,
given the improvements in the characteristics of carbon fibers. Furthermore, it is possi-
ble to tailor the properties and internal structure of carbon fibers such that they exhibit
the required Young’s modulus [1] and tensile strength.[2] Although it is important to
have an accurate idea of the tensile strength distribution of carbon fibers at short gauge
lengths, in order to be able to predict the tensile strength of composites based on them,
the distribution has not yet been studied in sufficient depth. A number of studies have
proposed statistical theories to account for the tensile strength of carbon fiber compos-
ites.[3—8]

The analyses made of the tensile strength distribution of single carbon fibers have
been reviewed previously. The strength distribution has traditionally been approximated
by the two-parameter Weibull distribution on the basis of the weakest-link theory. This
theory assumes that, in an assembly of n small elements linked together in a chain-like
structure, fracture occurs when the weakest element fails. According to this model, two
parameters, the Weibull shape parameter and the Weibull scale parameter, should
remain constant regardless of the fiber gauge length. Short gauge lengths are usually
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used to evaluate carbon fiber strength.[2,9—11] However, a few studies have pointed
out that the average strength at short gauge lengths is smaller than that expected on the
basis of the values of the shape and scale parameters determined through the single-
fiber tensile (SFT) test for long gauge lengths (25 or 50 mm).[12-15] A number of
studies have also discussed methods of estimating the flaw distribution as well as deter-
mining the structural changes during the carbonization treatments involved in the fiber
manufacturing process.[9,10,12—16] In addition, the dependence of axial scaling on the
strength has been assessed experimentally in order to extrapolate fiber strength at short
gauge lengths from the Weibull parameters for different gauge lengths.[17-19] It was
found that, for long gauge lengths, the Weibull shape parameter remain almost constant
at 4, and is independent of the carbon precursor used and the fiber strength.[10] In the
case of short gauge lengths, the average strength is underestimated because the actual
gauge length is longer than the nominal one owing to the ‘clamp effects,” which arises
because of slippage between the fibers and the adhesive, as pointed out by Phoenix and
Sexsmith [20]. If the fiber is brittle and elastic, and the clamp matrix (adhesive) is per-
fectly plastic under shear stress during the SFT test, then the tensile stress field in the
matrix, which can be described by the shear-lag model, causes fiber breaks in the
clamping resin. The shorter the gauge length during the test, the more likely it is that
the fiber breaks will occur within the clamping region.

In contrast, the single-fiber composite fragmentation test yields the number of fiber
breaks as a function of the applied strain for fibers embedded within a matrix. The fiber
break number is not only indicative of the properties of the interface between the fibers
and the matrix but also indicative of those of the strength distribution of the fibers (i.e. of
the Weibull shape and scale parameter values).[2,21-23] Because the breaking behavior
of fibers has been investigated in detail, [9] their strength at short gauge lengths can be
evaluated on the basis of the experimentally determined number of fiber breaks.

When considering the strength distributions of carbon fibers determined using the
SFT test and the single-fiber-composite (SFC) test, the representative models used are
the following: the conventional Weibull distribution model, which is expressed by a
power-law in stress; [2] the power-law accelerated Weibull model (PLAW), which con-
siders the dependence of the tensile strength on the fiber gauge length scale effect
which is different from the conventional Weibull distribution model;[24,25] and the
Weibull of Weibull model (WoW), which utilizes a mixture of Weibull distributions
mixed over the Weibull scale parameter.[26] As the lower tails of the empirical data
plots tend to curve downward from the conventional Weibull line, it is utilized some-
times to fit the plots of the bimodal Weibull distribution, which is narrow in the low-
characteristic-strength region and wide in the high-characteristic-strength region.[14,17]
However, Tanaka et al. showed that a good agreement of the unimodal Weibull expres-
sion for four different gauge lengths (5-50 mm) could be obtained and that a simple
two-parameter Weibull model could be applied for gauge lengths as wide as nearly 5
mm.[2] In contrast, little is known about the true distribution, as determined by the
SFT test, for gauge lengths as short as approximately 1 mm. Because the strength distri-
bution for long gauge lengths is strongly correlated with the strength distribution for
short gauge lengths, determining the strength for short gauge lengths using the SFC test
does not allow one to explain the strength distribution for short gauge lengths without
taking into account long gauge lengths.

In this study, we investigated the tensile strength distribution of carbon fibers rang-
ing from long to short gauge lengths. We first determined the strength distribution for
long gauge lengths using the SFT test. Next, we investigated the strength distribution
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at short gauge lengths through the SFC test, using the elastoplastic shear-lag model to
determine the number of fiber breaks. Finally, we predicted the tensile strength of
resin-impregnated fiber bundles on the basis of the determined strength distributions.

2. Experimental
2.1. Materials

TORAYCA ™ T800S carbon fibers (TORAY Industries, Inc.), which are high-strength
polyacrylonitrile (PAN)-based carbon fibers and are used in the primary structures of
aircraft, were used in this study. Since this grade of carbon fibers is used in aircraft pri-
mary structures, it is essential to be able to predict their composite strength with preci-
sion. Table 1 shows the physical and mechanical properties of the T800S carbon fibers.
The tensile strength of resin-impregnated bundles of the fibers (i.e. the so-called bundle
strength) was determined in accordance with the method suggested by the JIS standard
R 7608 (2007): ‘Carbon fibre — Determination of tensile properties of resin-impregnated
yarn.” The composites (epoxy-resin-impregnated carbon fiber bundles) whose strengths
were to be measured were prepared by impregnating the carbon fibers with 3,4-epox-
ycyclohexyl methyl-3,4-epoxycyclohexyl carboxylate (100 parts by weight)/boron tri-
fluoride monoethyl amine (3 parts by weight)/acetone (4 parts by weight) and by
curing the mixture at a temperature of 130 °C for 30 min. The volume fraction of the
carbon fibers in the composites was controlled to be ~50%. The bundle strength is
defined as the actual strength divided by the volume fraction of the fibers. The diame-
ters of the individual carbon fibers were determined using scanning electron microscopy
(SEM) (S-4800; Hitachi Ltd, Japan). The thickness and orientation parameter of the
fiber crystallites were determined through X-ray diffraction analysis.[27]

2.2. SFT test

The tensile strength distribution of individual fibers of long gauge lengths was deter-
mined using the SFT test. Single fibers were mounted on paper cards that have a rect-
angular hole at their center: cyanoacrylate adhesive (TB1782; Three Bond Ltd, Japan)
was used to mount the fibers. The paper cards were then placed between the grips of a
universal tensile testing machine (Tensilon RTC-1210; A&D Ltd, Japan). The sides of
the cards were cut and the load—elongation curves were recorded. Fibers with gauge
lengths of 10, 25, and 50 mm were used. The initial strain rate was 0.02 min~'. A total
of 50 specimens were tested for each gauge length. Single fibers with gauge lengths of
25 and 50 mm were evaluated in the same single fibers.

2.3. SFC ftest

The tensile strength distributions of individual fibers with short gauge lengths were also
determined using the SFC test. Diglycidyl ether of bisphenol A (DGEBA) and the

Table 1. Physical and mechanical properties of TORAYCA ™ T800S fibers.

Bundle strength GPa 59
Tensile modulus GPa 294
Density g/em’ 1.8
Diameter pm 54
Crystallite thickness nm 2.0

Orientation parameter - 0.82
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curing agent diethylenetriamine (DTA) were used to form a matrix: the weight ratio of
DGEBA and DTA was 100/10. All the samples were cured at 50 °C for 5h. Table 2
and Figure 1 show the material properties and the stress—strain curve of the formed
matrix. As shown in Figure 2, each specimen was fabricated such that five carbon
fibers were aligned parallel to the load axis and located at a depth of 50-80 pum from
the surface of specimen; no special equipment was used for this purpose. Further, so
that the fibers were not affected by the breaking of adjacent fibers, the interfiber spac-
ing was controlled to be ~1 mm.[28] In order to control the depth at which the fibers
were placed pieces of plastic tape were used as spacers on the molding. The depth of
each fiber was measured using an optical microscope after the curing of the specimens.
The matrix beam was deformed in a four-point bending manner, and the strain was
monitored using a strain gauge attached to the top surface. The strain was increased in
steps of 0.1%, and for each straining step, the number of fibers breaking within the
central part of the beam (10 mm in length) was counted using a polarized optical
microscope. Any fiber breaks outside the central 10-mm-long zone were ignored to pre-
vent the effects of a strain gradient arising from the four-point bending of the beam.
The number of fiber breaks in 11 SFC test specimens, which contained 55 single car-
bon fibers, was determined. The strain applied to each single fiber, &5 was calculated

using Equation (1):
2.0 D —2d
8]':86X7X< D )—8, (1)

where &, is the composite strain, x is the gauge factor (=2.03), D is thickness of the
beam, d is the depth at which the individual fibers were placed, and ¢, is the residual

Table 2. Material properties of the matrix used for the SFC test.

Matrix initial modulus E° GPa 3.9
Matrix modulus after yielding MPa 57
Matrix yield stress E MPa 77
Matrix shear modulus GPa 1.4
100
E"
80 ....ooo---
g 60
=
2 40
=]
wn
20
0 1 1
3 4 5
Strain (%)

Figure 1. Stress—strain curve of the matrix used for the SFC test.
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compressive strain. Here, the residual compressive strain was 0.14%, as determined
from the thermal expansion coefficient of the matrix resin. Figure 3 depicts the birefrin-
gence patterns of single-fiber composites subjected to different strains (1.7, 2.7, and
3.6%). No debonding around the fiber breaks was observed in these singe-fiber com-
posites because of the strength of the interface between the fibers and the matrix. As
shown in Figure 4, the onsets of the birefringence patterns shown in Figure 3

(a) Observed area (b)
Single fibers 74 mm
\‘ ng‘}m \/743 mm @ ________ 50mm 5 mm
26 mm "2 ——————— -Il§7-‘-'->JI --------------- \,]@2 mm
= )
% \/7.3 mmi om 18mm 5Smm 74 mm
Strain gauge Thickness of the beam: 2 mm
Figure 2. Schematics of (a) the test specimen and (b) the four-point bending rig.
(a) (b) (c)

1.7% 2.7% 3.6%

Figure 3. Birefringence patterns around a fiber break at a strain of (a) 1.7%, (b) 2.7%, and (c)
3.6% single-fiber strain.

0 1(a) (b) 1 (c) in Eigure 3. 1
0 200 400 600 800 1000
Distance from fiber break(um)

Figure 4. Predicted behavior (elastoplastic shear-lag model [8]) and experimentally determined
stress-recovery length values. The images (a), (b), and (c) in Figure 3 were converted to gray-
scale images. The brightness distributions of the fiber-break point in the images were measured
to determine the lengths corresponding to (a), (b), and (c).
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corresponded well with the stress-recovery behavior predicted using the elastoplastic
shear-lag model.[8] The stress applied on the fibers was calculated by multiplying the
Young’s modulus by the strain, &z In order to determine the Weibull parameters, we
employed the elastoplastic shear-lag model, [7] which considers the nonlinear stress—
strain curve of the matrix, and used them to determine the stress distribution for the
fiber fragments.

3. Results
3.1. Strength distribution at long gauge lengths

We investigated the strength distribution of carbon fibers with long gauge lengths
(10-50 mm) using both the SFT test and the SFC test. These tests were performed
before considering the strength distribution at short gauge lengths, because it is obvious
that the strength distribution at long gauge lengths is correlated with that at short gauge
lengths.

The SFT test was performed on high-strength T800S carbon fibers (bundle strength:
5.9 GPa), with gauge lengths of 10, 25, and 50 mm. The data were plotted (see
Figure 5) according to the rearranged Weibull equation, which is Equation (2), so as to
normalize the length dependence of the strength.

o) o)) e

where L, is a representative length (Lo =10 mm), o is the fracture stress at the gauge
length L, and o, and m are the Weibull scale and shape parameters, respectively.

& SFT L=10mm
O SFT L=25mm
ASFT L=50mm

(e
T

o SFT L=10mm*
o SFT L=25mm*
a SFT L=50mm*

B X
*py=41xIln=—
Y 71

Inln(1/(1-F))-In(Z/L,)

1
n
T

o (GPa)

Figure 5. Weibull plots (Lo=10mm) of T800S (filled symbols) and T800G (*, unfilled
symbols) [2] determined using Equation (2).
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Previously reported results for T800G fibers, [2] which possess mechanical properties
similar to those of T800S fibers, are also plotted in Figure 5; the two sets of data
exhibited similar trends. The values of the Weibull parameters for each gauge length
are listed in Table 3. The plots in Figure 5 suggest that the experimental data were in
good agreement with the unimodal Weibull expression. The values of the Weibull
parameters for a statistically treated representative length (Lo=10mm) were m=4.1
and oyp="7.1 GPa; these are also consistent with those reported previously.[2] Although
the lower tails of the data plots curved downward from the Weibull line fits at fixed
gauge lengths, the fact that there was good agreement between the statistically treated
gauge lengths indicates that the smooth fitting of the plots for the different gauge
lengths was inappropriate. This was because the data included experimental errors aris-
ing because of the testing of weak fibers, which are easy to break and ought to be
removed before the test.

In addition to using the SFT, we also determined the tensile strength distributions
of carbon fibers with long gauge lengths using the SFC test, testing single-fiber com-
posites containing 55 individual fibers. The number of fiber breaks (V) in the compos-
ites was determined as a function of the applied single-fiber strain (Figure 6). The axial
strain at which the first break occurred varied widely, ranging from 1.3 to 3.2% (the
fiber strength ranged from 3.9 to 9.6 GPa). In contrast, the axial strain for approxi-
mately 85% of the 15th fiber breaks converged in the range of 3.5-4.0%. Since the
fiber stress corresponding to the initial breaks was assumed to be uniform, given the
fact that the interfiber distance was sufficiently large, the strength distribution estimated
from the fiber axial strain at the first break for each single-fiber composite was com-
pared with that obtained using the SFT test (Figure 7). The strain was converted into
strength, and the tensile modulus, which remained constant over the entire strain range,
is listed in Table 1. It can be seen from the figure and the table that the Weibull distri-
bution and Weibull parameters determined using the SFC test were almost similar to
those obtained using the SFT test. While the first fiber breaks follow the unimodal
Weibull distribution, the WoW model, which does not take into account the strength
scattering of the strength of the first breaks in the composites, was not suitable for
analyzing the strength distribution obtained using the SFC test.

Table 3. Weibull parameters for T800S and T800G fibers [2].

L =10, 25 and 50 mm Lo =10mm L=10mm""
N L 09 m 09 m 0o m
- mm GPa - GPa - GPa -
SFT Test T800S 50 10 72 45 6.9 4.1 7.0 3.9
50 25 5.2 42
50 50 4.6 45
T800G" 50 5 8.4 47 7.1 4.1
50 10 6.8 43
50 25 5.7 42
50 50 4.7 3.9
SFC Test T800S 55 10 7.3 5.1 7.3 5.1

:E’revious study [2].
Slope from the curve in Figure 8, which was plotted using Equation (3).
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Number of fiber breaks (/10 mm)
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Figure 7. Weibull distribution of the single-fiber strength estimated from the elongation at the
first breaks for each single-fiber composite and those obtained by the SFT test.

Owing to form of the Weibull equation (Equation (2)), the strength at any given
gauge length is related to the strength at any other gauge length, suggesting that the
probability of failure, which is given by the following equation, is similar:

o 1. L
20— 2 3)

0-0(1) m L]

In
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where oo, and oy are the characteristic strengths (i.e. the Weibull scale parameters) for
gauge lengths L, and L,, respectively. The values of the Weibull scale parameter, o, as
a function of gauge length, determined using the SFT test and the SFC test were in
good agreement. From these values, the value of the Weibull shape parameter, which
was 4.1, could be obtained, as shown in Figure 5; this value was nearly similar to the
value of the Weibull shape parameter (3.9) shown in Figure 8. This implies that the dis-
tribution of the tensile strength in between the individual fibers was the same as the
strength distribution along the fibers and that the flaws and structures determining fiber
strength were randomly distributed over the individual fibers. In addition, the relation-
ship between the apparent gauge length and the characteristic strength, oy, estimated on
the basis of the Clamp effect (which occurs owing to slippage between the fibers and
the adhesive in the clamping region) [20] and using the Weibull parameters for long
gauge lengths is also shown in the figure (dotted line). In case of gauge lengths of less
than 5 mm, the values estimated were quite different from the ones predicted on the
basis of the unimodal Weibull distribution, which should be a straight line. It is likely
that the Clamp effect has a significant effect on the strength for short gauge lengths.
Therefore, the data corresponding to gauge lengths of more than 5 mm can be used
regardless of the Clamp effect.

3.2. Strength distribution at short gauge lengths

We also investigated the strength distribution of the carbon fibers at short gauge lengths
using the SFC test. The averaged fragmentation behavior of 55 single-fiber composites
is shown in Figure 9. To estimate the strength distribution at shorter gauge lengths, the
Weibull shape and scale parameters were calculated in order to fit the data correspond-
ing to the initial 5-10 breaks. This was done using the Gulino model, which can be
described using the following formula: [29]

16

o (GPa)

& Experimental (SFT)
¢ Experimental (SFT)*
X Experimental (SFC)

Predicted
- = - = Clamp effect

2 L
1 10 100

L (mm)

Figure 8. Characteristic strength measured by both the SFT test and the SFC test as a function
of gauge length. The solid line is the line predicted by the simple Weibull model and the dotted
line is the line predicted by taking into account the Clamp effect by Phoenix and Sexsmith [20].
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Figure 9. Number of fiber breaks versus the strain measured during the SFC tests performed 55
single-fiber composites. Unfilled circles: experimental results; line: behavior predicted using the
Gulino model.

- QD) )] o

2tLy\
b= (T 0) Lo 5)
0o
1
21Lo\ 7
g" = (&) a0 (6)
dG()

where E (V) is the estimated number of fiber breaks, 7 is fiber—matrix interfacial shear
strength (57 MPa), and d is the fiber diameter (5.4 x 107> mm). The representative
length, Ly, and the gauge length, L, are equal to 10 mm. The values of the parameters
oo and m were found to be 8.0 GPa and 15, respectively; these values were different
from the values obtained from the tests performed on fibers with long gauge lengths.
As it is highly likely that the Weibull parameters are not constant over the entire range
of gauge lengths, we employed the bimodal Weibull distribution to analyze the tensile
strength, as shown below.

L/oc\™ L /c\™
F<">”"p{fo(a—m) L—(—> } @)

where oy and o, are the Weibull scale parameters, and m; and m, are the Weibull
shape parameters, which were determined using the following procedure. First, the
Weibull parameters in the first term, that is, oo, and m, are assumed to be equal to the
Weibull parameters obtained by the SFT test (Lo=10mm). Then the Weibull
parameters in the second term, that is, oy, and m,, are determined by curve fitting of
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the experimental data using the elastoplastic shear-lag model. Figure 10 shows the
number of fiber breaks versus the axial fiber strain as measured during the SFC tests;
the values are plotted on a log—log scale. The slope of the curve representing the
fragmentation behavior on the log—log scale represents the Weibull shape parame-
ter.[22] It can be seen that the experimental plots exhibit a curvature at a strain of
approximately 3%, which means that this distribution includes two different Weibull
shape parameters. Thus, it is a bimodal Weibull distribution. This suggests that the
tensile strength distribution for short gauge lengths of 1-10 mm could be expressed by
a bimodal Weibull distribution instead of a unimodal Weibull distribution. The Weibull
parameters are listed in Table 4. The value of the Weibull shape parameter in the sec-
ond term was 13. This value is much bigger than that of the parameter in the first term,
which was 4.1, indicating that the strength distribution for short gauge lengths
(high-strength range) was narrower than the strength distribution for long gauge lengths
(low-strength range). This suggests the existence of the two different flaw factors for
short and long gauge lengths.

3.3. Dependence of tensile strength on gauge length

In this section, we describe the dependence of the characteristic strength of the fibers
on their gauge length using the Weibull parameters determined in Sections 3.1 and 3.2.
Curves of the predicted characteristic strengths versus the gauge length, determined
from the unimodal and bimodal Weibull distributions and the values listed in Table 4
are shown along with the experimental data obtained from the SFT test (L=10, 25,
and 50 mm) in Figure 11. It was found that the curve predicted by the bimodal Weibull
distribution fitted the values obtained experimentally through the SFT test. It can be
seen that the bimodal Weibull distribution obtained using the SFC test can accurately

3
O  Experimental
Predicted(Bimodal)
------- Predicted(Unimodal-1) -
2 [ — — = Predicted(Unimodal-2) g
2 T
2
Z
=
p—
ot
1k
-2
0.0 1.5

Figure 10. Number of fiber breaks versus the strain measured during the SFC tests performed
on 55 single-fiber composites; the values are plotted on a log—log scale. Unfilled circles:
experimental results; lines: behavior predicted using the elastoplastic shear-lag model.
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Table 4. Weibull parameters of T800S fibers obtained through the SFC tests.

001 m 001 my
GPa - GPa _
Bimodal 6.9 4.1 8.3 13
Unimodal-1 6.9 4.1 - -
Unimodal-2 83 13.0 - -
64 * Experilmental(SFT)‘
o Experimental(SFT)*
42 GPa X Experimental (SFC)

Predicted (SFC: Bimodal)
Predicted (SFT: Unimodal)

32

16

o (GPa)

2 L L L
0.01 0.1 1 10 100

L (mm)

Figure 11. Values of the characteristic strength of T800S fibers for gauge lengths of up to 0.01
mm, predicted using both the unimodal and the bimodal Weibull models.

explain the tensile strength distribution of carbon fibers with not only short gauge
lengths (1-10 mm) but also long gauge lengths (10-50 mm). A comparison of the
bimodal distribution with the unimodal one shows that the difference between the two
for a gauge length of 5 mm gauge is 6%. This value is nearly similar to that reported
in a previous study, which suggested that the tensile strength distribution of carbon
fibers with a wide range of gauge lengths [2] can be analyzed using the unimodal
Weibull distribution. In contrast, the difference was more pronounced for gauge lengths
shorter than 5 mm; for gauge lengths of 1 and 0.1 mm, the bimodal Weibull distribution
predicted tensile strengths that were 28 and 82% lower, respectively, than those pre-
dicted by the unimodal Weibull distribution. The relationship obtained using the bimo-
dal model shows that the tensile strength reached a plateau. In addition, when the
relationship between the tensile strength and gauge length determined using the bimo-
dal Weibull distribution was applied to the PLAW model,[26] an additional parameter,
a, which determines the length scaling of the characteristic strength had to be calcu-
lated using the following equation:

Lo\ 7
a=ao(—o); o =" ®)
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where m is the Weibull shape parameter (=4.1), p’ is calculated from the Weibull distri-
bution and is 6.6, and a equals to 0.6. This value corresponded to that reported in a
previous study.[26] The PLAW model which was not supported by physical cause
explained experimentally the bimodal model. Furthermore, although the relationship
between the apparent gauge length and the characteristic strength as determined using
the bimodal Weibull distribution (Figure 11) appears to be consistent with the relation-
ship determined on the basis of the Clamp effect (Figure 8), we believe that there is no
physical cause.

The tensile strength distribution for short gauge lengths was narrower than that for
long gauge length. This suggested that the tensile strength of carbon fibers is governed
by two different flaw populations and that strength-limiting small flaws are more preva-
lent at short gauge lengths. Images of the fractured surfaces of the highest-strength sin-
gle fibers of T800S (gauge length of 5 mm) after the SFT test are shown in Figure 12.
No special features were present on the initiation point. Assuming that no other flaw
distribution except for the bimodal one exists, we could calculate the strengths for short
gauge lengths; there were nearly equivalent to the intrinsic tensile strength of the
T800S fibers. The characteristic strengths at gauge length of 0.1 and 0.01 mm were 12
and 14 GPa, respectively. These results suggest that the tensile strength of T800S fibers,
which are high-strength PAN-based carbon fibers, can be improved by up to 14 GPa
by reducing the flaws in the fibers. In addition, there is considerable scope for improv-
ing the fiber structure, which should allow one to improve their fracture toughness.[2]

4. Unidirectional composite strength

In order to evaluate the accuracy of the obtained tensile strength distributions of the
carbon fibers (Table 4), we attempted to predict the bundle strength of the fibers using
the bimodal Weibull parameters. Curtin represented the simplified stress—strain relation-
ship for unidirectional composites using the unimodal Weibull model as follows: [6]

w
o= ViEgs(1-3) 9)
L()‘L' ao

where V,is the volume fraction of the composites, £, is Young’s modulus of the fibers,
Ly is a representative length (Lo =10 mm), r is the fiber radius, 7 is the interfacial shear

500 nm

Figure 12. SEM images of T800S fibers (11 GPa); the fibers were not with carbon, Pt-Pd or
gold to increase conductivity.
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strength between these carbon fibers and the epoxy resin system for bundle strength
tests (10 MPa), ¢ is the composite strain, which is increased in a stepwise manner, and
o is the composite stress for the different composite strains. On the basis of the uni-
modal Weibull model, the composite strength oyrs can be calculated using the follow-

ing equation:
1 1
GmL()T m1 2 mil (- 1
= Vi 2 11
ouTs f( r ) <m+2) (m+2> (an

In the case that the tensile strength distribution of the carbon fibers is a bimodal
one, by modifying the probability survival of a single fiber, the composite strength can
be calculated using Equation (9) and the equation given below.

E Ere\™ Ere\™
o= fs’”{(ﬁ) +<ﬁ> } (12)
Lot [\ oo 002

The value of oy, 09y, m, and m, are listed in Table 4. Figure 13 shows the calculated
bundle stress o/Vpstrain ¢ curve predicted by the bimodal Weibull distribution. The
bundle strength is determined from the maximum point of the stress—strain curve. The
experimentally determined and calculated values of the bundle strength were 5.9 and
6.3 GPa, respectively (Table 5). The predictions based on the bimodal Weibull distribu-
tion were in better agreement with the experimental results than the predictions based
on the unimodal Weibull distribution.

It can be concluded that the tensile strength distribution of carbon fibers can be
expressed using the bimodal Weibull distribution, which is narrow for short gauge
lengths. Therefore, the direct measurement of the fiber strength for short gauge lengths
through the SFC test is preferable to extrapolating the strength from the distribution
obtained through the SFT test. As the strength distribution of fibers determines the
tensile strength of fiber composites, determining the strength distribution of fibers with
precision using the method described in this study can help in the analysis of the
tensile strength of CFRPs.

6.3 GPa

Bundle stress (GPa)

0 \ .
0 1 2 3

Strain (%)

Figure 13. Calculated bundle stress—strain curves for bimodal Weibull distributions.
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Table 5. Experimentally determined and calculated data of bundle strength (Vy=50%).

Experimental GPa 59
Using the bimodal distribution GPa 6.3
Using the unimodal distribution [6] GPa 6.5

5. Conclusions

We have investigated the tensile strength distribution of carbon fibers with short gauge
lengths, as knowing the distribution is essential for predicting the tensile strength of
composites formed using the fibers. The key conclusions of the study were as follows.

(1) We determined the strength distribution of carbon fibers using both the SFT test
and the SFC test. Further, we employed the bimodal Weibull model in order to
describe the experimental data for fibers with a wide range (short to long) of
gauge lengths.

(2) The value of the Weibull shape parameter for short gauge lengths was higher
than that for long gauge lengths. Thus, it can be concluded that the tensile
strength of carbon fibers is governed by different flaw populations.

(3) The tensile strength at shorter gauge lengths was found to be lower than the
predicted strength using the unimodal Weibull model. This result implied that
the tensile strength of T800S fibers, the high-strength PAN-based carbon fibers
investigated in this study, could be improved by up to 14 GPa.

(4) The tensile strengths of resin-impregnated fiber bundles predicted on the basis
of the bimodal Weibull distribution were in better agreement with the experi-
mental data than the tensile strengths of those predicted on the basis of the uni-
modal Weibull distribution.
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