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Abstract

This study aims to characterize the dynamic tensile strength of unidirectional carbon/epoxy composites.
Two different carbon/epoxy composite systems, the unidirectional T700S/2500 and TR50S/modified epoxy,
are tested at the static condition and the strain rate of 100 s~!. A high-strain-rate test was performed using
a tension-type split Hopkinson bar technique with a specific fixture for specimen. The experimental results
demonstrated that both tensile strength increase with strain rate, while the fracture behaviors are quite dif-
ferent. By the use of the rosette analysis and the strain transformation equations, the strain rate effects of
material principal directions on tensile strength are investigated. It is experimentally found that the shear
strain rate produces the more significant contribution to strain rate effect on dynamic tensile strength. An
empirical failure criterion for characterizing the dynamic tensile strength was proposed based on the Hash-
in’s failure criterion. Although the proposed criterion is just the empirical formula, it is in better agreement
with the experimental data and quite simple.

© Koninklijke Brill NV, Leiden, 2008
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1. Introduction

Carbon/epoxy composites have been widely used not only in traditional aerospace
structures, but also in sports gear [1], which are subjected to dynamic loads. The
tensile strength of composite materials is one of the most important material prop-
erties in the design process. It has been recognized that carbon/epoxy composite
exhibits a rate dependency [2, 3]. Therefore, it is important to obtain the accurate
tensile strength under the high strain rate condition.
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There are a number of researches who have investigated the dynamic tensile be-
havior of composite materials [4, 5]. Thiruppukuzhi and Sun [6] characterized the
rate-dependent tensile behavior of the unidirectional S2-glass/8553 and the woven
E-glass/7781 composites. Although the model prediction is shown to be adequate
for capturing the strain rate effect on tensile strength, the maximum strain rate,
i.e. 1.0 s7!, is not sufficient as a high strain rate condition. Harding and Welsh
[7] conducted an impact tensile test of unidirectional carbon/epoxy composite with
a modification of split Hopkinson bar (SHB) method. It has been shown that the
tensile strength and failure mode in the fiber direction were independent of strain
rate. Staab and Gilat [8] investigated the strain rate dependence of tensile strength
in the case of angle-ply glass/epoxy laminates. They concluded that the fibers had
a greater influence on strain rate effect than the matrix. The authors [9] proposed
the tension-type SHB apparatus with a specific fixture for impact tensile specimen.
Their experimental results show that the shear and transverse tensile strength in-
crease with the strain rate, while the tensile strength in the longitudinal direction
is independent of the strain rate. Further, the strain rate dependence of the shear
strength is much stronger than that of the transverse strength.

This study aims to characterize the dynamic tensile strength of unidirectional
carbon/epoxy composites, whose dominant failure mode is shear and transverse
fracture. The two different material systems, whose interfacial and matrix proper-
ties are different, are tested at the static condition and the strain rate of 100 s~1. The
strain rate effect on tensile strength of carbon/epoxy composites is experimentally
examined. In order to investigate the difference of fracture behavior, the fracture
surface observation is also performed. Further, the strain rate effect of the material
principal directions on tensile strength is individually discussed. Finally, the em-
pirical rate-dependent failure criterion, which is based on Hashin’s failure criterion
[10], is proposed.

2. Static Test

The 0, 10, 15, 30, 45, 60, 75 and 90° coupon specimens were fabricated from uni-
directional composite prepregs. The two different carbon/epoxy composite systems
— the unidirectional T700S/2500 (Toray Industries, Inc.) and TR50S/modified
epoxy (Mitsubishi Rayon Co. Ltd.) — were tested. The end tabs were cut from
glass/epoxy composite panels and then bonded on the specimens. The specimen
geometry is shown in Fig. 1.

Static tensile test was carried out using the universal testing machine, Instron
4204, with a constant strain rate of 1.04 x 10™* s~!. Longitudinal strain was mea-
sured from the strain gauges (KFG-3-120-C1-11, Kyowa Electronic Instruments
Co. Ltd.) glued at the center of coupon specimens. The shear strength were calcu-
lated from the 10° off-axis specimens by the transformation equations of stress as
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Figure 1. Specimen geometry and position of strain gauge for static test.

follows [11]:

0] =0y cos29,
07 = 0y sin 0, (1)

Ti2 = —0, sinf cos O,

where the stresses o;; refer to the principal material direction and oy is the applied
stress. The parameter o denotes the angle between loading and fiber direction.

Figure 2(a) and 2(b) shows typical examples of stress—strain curve for all spec-
imens. The measured tensile strength in material principal directions is also sum-
marized in Table 1. No difference can be confirmed in the longitudinal strength in
the two composites. On the other hand, it is shown that the shear and transverse
strength of TR50S/modified epoxy (TR5S-m) are higher than that of T700S/2500
(T7S-2). These experimental results imply that the interfacial or matrix properties
of TR5S-m, such as the strength and toughness, are higher than those of T7S-2.

3. Dynamic Test
3.1. Off-axis Specimen With an Oblique Tab

Two different carbon/epoxy composite systems described in the previous section
were tested. It has been experimentally demonstrated that the tensile strength in
the longitudinal direction is independent of the strain rate [9]. Hence, the 10, 15,
30, 45, 60, 75 and 90° coupon specimens were employed in the dynamic test.
Figure 3 shows the geometry of the off-axis specimen. In order to minimize the
extension-shear coupling effect, the oblique tab proposed by Sun and Chung [12]
was employed, in which the oblique angle ¢ is expressed as follows,

cotep = —&, )

St
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Figure 2. (a) Stress—strain curves for the 0, 10, 15, 30, 45, 60, 75 and 90° specimens under the static
condition (T700S/2500); (b) stress—strain curves for the 0, 10, 15, 30, 45, 60, 75 and 90° specimens
under the static condition (TR50S/modified epoxy).
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Table 1.
Tensile strength for each material under static loading condition

Material principal direction T700S/2500 TR50S/modified epoxy

Longitudinal X (GPa) 2.36 2.31
Transverse Y (MPa) 63.1 72.6
Shear S (MPa) 56.5 65.4

Glass/epoxy tabs

A1y , | ,
X f I I

0: Fiber orientation angle
Unit: [mm]

Strain gauge

Figure 3. Geometry of off-axis specimen with oblique tab.

where S; ; 1s the compliance coefficients with respect to the x—y coordinate system.
The employed oblique angle is shown in Fig. 4 as a function of fiber orientation
angle. It is noted that the conventional tabs are employed for the 90° specimens.

3.2. Experimental Method

A high-strain-rate test was performed using a tension-type SHB technique. Figure
5(a) and 5(b) shows schematic drawings of the experimental system employed in
this study. The system consists of an input bar with a flange, an output bar, and
a cylindrical striker. The input and output bars made of steel have a diameter of
16 mm, and a length of 2000 and 1500 mm, respectively. A cylindrical striker made
of steel has an outer diameter of 22.8 mm, and an inner diameter of 16.2 mm.
In order to control the fluctuating behavior during tensile loading, a piece of brass
(outer and inner diameter: 22.0 and 16.2 mm, thickness: 1.0-5.0 mm) is sandwiched
between a cylindrical striker and an input bar. Hence, a ramped incident wave is
induced by the plastic deformation of brass [13]. The data obtained from the SHB
method comprise the strain histories of the input and output bars. In this study, the
strain histories are recorded from the strain gauges with a gauge length of 1.0 mm
at a sampling rate of 1.0 MHz via a DC amplifier (upper frequency limit: 100 kHz).
General-purpose foil (KFG-1-350-C1-11, Kyowa Electronic Instruments Co. Ltd.)
and semiconductor strain gauges (KSP-1-350-E4, Kyowa Electronic Instruments
Co. Ltd.) are glued onto the input and output bars, respectively. A special fixture
for the impact tensile specimen is employed in this study [9]. The fixture design is
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Figure 4. Employed oblique angle for T700S/2500 and TR50S/modified epoxy off-axis specimen at
strain rate of 100 s~ .

schematically illustrated in Fig. 5(b). The bar end has a tapered thread and a slot
that is diametrically parallel to the region where the specimen is inserted. A saw-
toothed slotted area is machined with precision. A compression ring with a thread,
which compensates for the area loss caused by the slot, is mounted at the bar ends
to fix the specimen. It was found that this fixing technique can transmit tensile loads
of up to 3000 N at the present.

In the SHB system, the stress can be calculated by the one-dimensional wave
propagation theory [14], that is,

o — AE (g +¢&r) _ AE((&)
A A

where ¢i, &; and &; denote the incident, reflected and transmitted strain waves,
respectively. Further, E denotes the Young’s modulus of the bar; A, the cross-
sectional area of the bar; Ag, the cross-sectional area of the specimen.

Figure 6 shows a typical example of strain gauge output for a 15° specimen. An
important assumption in equation (3) is that the wave propagation effects within
the specimen are negligible. In other words, the load P; between the input bar and
specimen may be equivalent to the load P, between the output bar and specimen
(it follows that ¢; + &r = &¢). Figure 7 shows the comparison of load P; and P,
for 15° specimens. The experimental result shows that the values for the load P,
almost agree with the load P,, except for the initial stage. Hence, the equation (3) is
applicable in this study; the tensile strength can be determined from the transmitted
strain wave. Also, strain and strain rate of the specimen are directly measured from
the strain gauge glued onto the specimen [9, 15].

: 3)
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Figure 5. (a) Tension-type SHB apparatus constructed in this study; (b) a schematic drawing of fixture
design in this study.
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Figure 6. Strain gauge outputs from the input and output bars for the 15° specimen.

3.3. Stress—Strain Curves

In off-axis specimens, it is important to achieve a state of uniform stress (uniform
strain) during dynamic tensile loading. To obtain the strain distribution, three strain
gauges were mounted on 15° off-axis specimen, where the extension-shear coupling
effect is the most prominent. The strain distribution with rectangular tab is also mea-
sured for comparison. Figure 8(a) and 8(b) shows the comparison of strain between
the conventional and oblique tabs at strain rate of ¢ = 100 s~!. The strain gauge
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Figure 7. Comparison of load histories of 15° specimen at each face of the bars.

positions and the photograph of fractured specimens are also shown. In Fig. 8(a),
a large stress concentration can be observed at gauge position 3, which leads to the
premature failure at the tabbed area. On the other hand, the strain distribution is
almost uniform when oblique tabs are employed (see Fig. 8(b)). Further, the failure
position was mainly in the gauge section of the specimen. These experimental re-
sults indicate that the oblique tab is superior to the conventional tabs for evaluating
the dynamic tensile strength of off-axis specimen.

Typical examples of stress—strain curves for the 10, 15, 30, 45, 60, 75 and 90°
specimens, whose strain rates are ¢ = 100 s~! are shown in Fig. 9(a) and 9(b) for
T7S-2 and TR5S-m, respectively. Compared with the Fig. 2(a) and 2(b), it can be
said with fair certainty that the dynamic tensile strength of both materials is higher
than those of static test for all fiber orientation angles.

4. Discussion
4.1. Strain Rate Effect on Tensile Strength

Tensile strengths of 10, 15, 30, 45, 60, 75 and 90° specimens tested at two strain
rates are obtained. Figure 10(a) and 10(b) shows the comparison of tensile strength
between static and strain rate of ¢ = 100 s~! for T7S-2 and TR5S-m, respectively.
The summary of tensile strength is listed in Table 2. In both materials, it is obvi-
ous that the higher fiber-orientated specimens, such as 10, 15 and 30° specimens,
produce the more significant contribution to the strain rate dependency of tensile
strength. It is experimentally possible to divide the strain rate in the loading di-
rection ¢ into each principal material direction, that is €1, &, and ;7. In order to
investigate the effect of strain rate in the principal material directions on tensile
strength, the triaxial strain gauge (KGF-1-120-D17-11, Kyowa Electronic Instru-
ments Co. Ltd.) was glued onto each specimen. Typical examples of strain gauge
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Figure 8. (a) Strain distributions and fracture position of 15° specimen with rectangular tabs; (b) strain
distributions and fracture position of 15° specimen with oblique tabs.

outputs measured from triaxial gauge are shown in Fig. 11. By the application of
the rosette analysis and the strain transformation equations expressed as follows,
the strain rate in the material principal directions can be obtained:

&1 =&y cos? + &y sin% 6 + Yxy sinf cos 6,
&y =&y sin? 6 + &y cos26 — Yxy sinf cos ), 4)
2
2
where &;; denotes the strain rate component. The subscripts correspond to an x—y
and 1-2 coordinate systems as shown in Fig. 3.

The relationship between fiber orientation angle and strain rate of each mater-
ial principal direction under & = 100 s~! is shown in Fig. 12 for T7S-2. For the
higher fiber-orientated specimens, it is clear that strain rate in the shear direction
is much larger than those in longitudinal and transverse direction: y1, = 428 s~
&1=79.1s ' and & = —11.6 s~ ! at 10° off-axis specimen. On the other hand, for
the lower fiber-orientated specimens, strain rate in transverse directions becomes

= —&, sinf cos O + &, sinf cos 6 + %(00520 — sin? 0),
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Figure 8. (Continued.)

dominant. According to the experimental results of 90° specimens in Table 2, the
transverse strain rate effect on tensile strength is relatively small. This result implies
that the shear strain rate has a great influence on the strain rate effect on tensile
strength of carbon/epoxy composites.

4.2. Comparison of Fracture Behavior

To clarify the fracture behaviors of carbon/epoxy composites under dynamic load-
ing, fracture surface observation was carried out by using a scanning electron mi-
croscope (SEM). The fracture surfaces for 10, 30 and 90° specimens of T7S-2 are
shown in Fig. 13(a) at static and & = 100 57! (dynamic) conditions. In the static
test, it is clear that the crack propagates along the interface between the fiber and
the matrix. On the other hand, in the dynamic test, the crack propagation area con-
sists not only of the fiber/matrix interface but also of the matrix itself. Furthermore,
the area ratio of matrix fracture in off-axis specimen strongly depends on the fiber
orientation angle, i.e. the fracture surface of 10° off-axis specimens is dominated by
the matrix failure, while the interfacial debonding is predominant in 90° specimens.
The comparison of fracture surfaces for 10, 30 and 90° specimens of TR5S-m are
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Figure 9. (a) Stress—strain curves for the 10, 15, 30, 45, 60, 75 and 90° specimens at a strain rate
of 100 s_l, T700S/2500 composite; (b) stress—strain curves for the 10, 15, 30, 45, 60, 75 and 90°
specimens at a strain rate of 100 s~1, TR50/modified epoxy composite.

shown in Fig. 13(b) at static and & = 100 s~! (dynamic) conditions. No significant
difference can be observed in the fracture surface between under static and dynamic
conditions. The fracture behavior translation does not occur virtually in the TR5S-m

system.
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Figure 10. Comparison of tensile strength between static and strain rate of 100 s
Table 2.

A summary of tensile strength for stain rate of 100 g1

Fiber orientation ~ T700S/2500 (MPa) TR50S/modified epoxy (MPa)
1

angle Static condition ~ Strain rate: 100 s~  Static condition  Strain rate: 100 s~
10° 330.4 541.3 382.3 635.5

15° 218.3 382.2 243.5 409.0

30° 113.4 183.5 127.0 194.9

45° 80.9 128.0 100.5 134.2

60° 70.3 98.0 79.6 109.6

75° 65.1 84.0 74.6 97.4

90° 63.1 74.4 72.6 91.6

By comparing the magnitude relation of fracture toughness between the fiber/
matrix interface and matrix itself, the fracture behavior from static to dynamic con-
ditions can be roughly explained. It has been reported that the fracture toughness
of matrix decreases with the strain rate because of the embrittlement of epoxy resin
[16]. Hence, if the decreasing ratio of matrix toughness is larger than that of the
interface, the magnitude relation of fracture toughness will exchange at a specific
strain rate. In other words, the crack propagates into the matrix itself when the
fracture toughness of the matrix becomes lower than that of the fiber/matrix in-
terface. In this study, this fracture behavior translation can be observed in T7S-2
system. It is obvious that this fracture translation produces the effect of matrix vis-
coelasticity more sensitively in relation to the tensile strength under high strain rate.



Downloaded by [Siauliu University Library] at 06:55 17 February 2013

N. Taniguchi et al. / Advanced Composite Materials 17 (2008) 139-156 151

0.020

0.010

0.000

Strain

-0.010

-0.020

<7
80 &y
e
€90
1
i 100 00 €45 300
Egp
Time us

Figure 11. Typical examples of triaxial strain gauge outputs of 15° specimen (T700S/2500).

500

400

300

Strain rate s

-100

Fiber orientation angle deg

Figure 12. Comparisons of the strain rate in material principal direction at a strain rate of 100 s—L.

These results imply that the magnitude relation of fracture toughness between the
fiber/matrix interface and matrix itself is an important factor for characterizing the
fracture behavior of carbon/epoxy composite under dynamic condition.

5. An Empirical Rate-Dependent Failure Criterion

A dual mode failure criterion, which is called as Hashin’s failure criterion, is em-
ployed. This failure criterion is applied for prediction of the fiber breakage and
matrix cracking. For the fiber breakage, it is defined as follows,

o) 2 X, )
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Figure 13. (a) Comparisons of fracture surface between static and dynamic conditions for 10, 30

and 90° specimens (T700S/2500); (b) comparisons of fracture surface between static and dynamic
conditions for 10, 30 and 90° specimens (TR50S/modified epoxy).

where the stresses o;; refer to the principal material direction and X is the lon-
gitudinal strength. This equation is applicable for predicting the dynamic tensile
strength of carbon/epoxy composite, since the experimental result shows that the X
is independent of strain rate [9].

For the matrix or interfacial dominated failures, the failure criterion is given by

2 2
%ty

ﬁ S2 - (6)
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Figure 14. (a) Comparison of the experimental and predicted tensile strength (Hashin’s failure cri-
terion) at the static condition, and strain rate of 100 s~ for off-axis specimens (T700S/2500);
(b) comparison of the experimental and predicted tensile strength (Hashin’s failure criterion) at the
static condition, and strain rate of 100 s~! for off-axis specimens (TR50S/modified epoxy).

where Y and § indicate the strength in transverse and shear direction for each
strain rate, respectively. The results obtained from this criterion are plotted in
Fig. 14(a) and 14(b) against the experimental data obtained at the static condition,
and ¢ = 100 s~!. In the failure envelope predictions, ¥ at & = 100 s~! is derived
from the experimental results of 90° and S at ¢ = 100 s~ ! is derived from that of
10° off-axis specimens with the transformation equations of stress. For TR5S-m
composite, the tensile strength at both the strain rate conditions can be character-
ized quite well using the Hashin’s failure criterion. Also, it characterizes well the
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Figure 15. An illustration of basic concept for simple rate-dependent failure criterion.

tensile strength of T7S-2 at static condition. However, the model predictions of
T7S-2 at ¢ = 100 s~! are in poor agreement with the experiment. This disagree-
ment is mainly caused by the fracture behavior translation from static to dynamic
conditions. For accurate prediction of dynamic tensile strength of carbon/epoxy
composites, this fracture behavior translation must be incorporated. However, it
accommodates with difficulty the proposal to include the accurate rate-dependent
failure criterion that involves the fracture behavior translation. In this study, an
empirical rate-dependent failure criterion based on Hashin’s failure criterion is pro-
posed as follows:

{02 cos(pé) — Ti2sin(pé)}>  {—oasin(gé) + T12 cos(gé)}?

Y2 - s? -
where the parameter ¢ corresponds to the fracture behavior translation and can be
determined from the experimental results of the representative off-axis specimen.
It is clear from equation (7) that this failure criterion indicates the geometry of
a spheroid and ¢ is the angle of rotation. The basic concept of this criterion is
illustrated in Fig. 15. The proposed failure criterion is represented to exist in the
shaded area, which is surrounded by the two hypothetical curves (dashed line). The
upper and lower curves indicate the hypothetical curve whose fracture behavior
translates perfectly and remains the same, respectively.

Figure 16(a) and 16(b) shows the model prediction of tensile strength for T7S-2
and TR5S-m. In order to give an in-depth discussion, the model prediction of T7S-2
at ¢ =50 s~! is compared with the experimental results. Good agreement can be
seen between experimental data and predicted curves even if strain rate changes.
Further, it is also suggested that the parameter ¢ is related to the level of fracture
behavior translation since ¢ obtained from T7S-2 is lager than that from TR5S-m.

As the proposed failure criterion is just an empirical formula, it is difficult to
find out the physical implications of the parameter ¢. Furthermore, the validity of
this criterion has been just verified until the strain rate of 100 s~'. However, the
model prediction can be calculated from the experimental result of 90° (transverse

1, (7N
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Figure 16. (a) Comparison of the experimental and predicted tensile strength (spheroidal failure cri-
terion) at the static condition, strain rate of 50 s~ 1 and strain rate of 100 s~! for off-axis specimens
(T700S/2500); (b) comparison of the experimental and predicted tensile strength (spheroidal failure
criterion) at the static condition, and strain rate of 100 s~! for off-axis specimens (TR50S/modified
€poxy).

strength), 10° (shear strength), and one typical off-axis specimens. Due to its sim-
plicity, it is easy to incorporate into numerical software.

6. Conclusions

In this study, the tensile strength of unidirectional carbon/epoxy composites is
characterized. Two different carbon/epoxy composite systems — a unidirectional



Downloaded by [Siauliu University Library] at 06:55 17 February 2013

156 N. Taniguchi et al. / Advanced Composite Materials 17 (2008) 139-156

T700S/2500 and TR50S/modified-epoxy — are tested at both static and dynamic
conditions. An oblique tab is found experimentally to be more appropriate for the
measurement of the dynamic tensile property for off-axis specimens. Experimental
results show that both tensile strengths increases with strain rate, while the fracture
behaviors are quite different. Further, the higher fiber-orientated specimens produce
the more significant contribution to the tensile strength. By the use of the rosette
analysis and the strain transformation equations, it is experimentally found that
the shear strain rate produces the more significant contribution to dynamic tensile
strength. An empirical rate-dependent failure criterion, in which fracture behavior
translation is incorporated, is proposed based on the Hashin’s failure criterion. The
model prediction agrees well with the experimental data of two carbon/epoxy com-
posites until the strain rate of 100 s~!. Although the proposed criterion is just an
empirical formula, it is quite simple and easy to incorporate into numerical soft-
ware.
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