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Abstract: Experimentally characterizing the through-thickness tensile behavior of composite laminates is challenging.
This paper investigates the through-thickness tensile fatigue behavior of woven glass fiber reinforced plastic (GFRP)
composite laminates at low temperatures. Cyclic through-thickness tensile tests were performed with cross specimens at
room temperature and liquid nitrogen temperature (77 K), and the maximum interlaminar stress versus number of cycles
to failure (S-N curve) was evaluated. The interlaminar tensile fatigue mechanisms of the woven GFRP composite
laminates at low temperatures were also discussed. It was shown that resin fracture is dominant at room temperature,
and the interface bonding fracture between the fiber and the matrix is dominant at 77K.
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INTRODUCTION

Woven GFRP composite laminates are used as
electrical, thermal insulation and structural support in
superconducting magnets such as the International
Thermonuclear Experimental Reactor (ITER) [1]. On
the other hand, failure between layers is one of the
most critical failure modes in woven composite
laminates.  Therefore, interlaminar ~ mechanical
properties can govern the design of composite
structures. Up to now, many studies have been
conducted regarding interlaminar shear strength of
woven composite laminates. For example, Shindo et al.
have investigated the interlaminar shear strength of
woven GFRP composite laminates [2, 3] and hybrid
composite laminates consisting of woven GFRP
composites and polyimide films [4, 5] at cryogenic
temperature. Takeda et al. [6] have examined the
shear strength and damage self-sensing of woven
CFRP composite laminates at cryogenic temperatures.
Recently, it have been clarified that the interlaminar
mechanical properties of FRP are improved by the
nano-filler in the epoxy matrix. Zeng et al. [7, 8]
investigated the effect of multi-walled carbon
nanotubes (MWCNTs) on the interlaminar fracture
toughness in the woven GFRP composite laminates.
Tessema et al. [9] also researched the effect of the
silica nano-particles on the interlaminar shear
properties in the woven CFRP composite laminates.

There are only a few studies about interlaminar
tensile strength of woven GFRP composite laminates.
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ASTM standard test method [10] is used to determine
the through-thickness tensile strength and elastic
modulus of fiber-reinforced polymer matrix composite
materials. A tensile force is applied using adhesively
bonded thick metal end tabs. However, since the bond
strength of adhesive may be lower than the through-
thickness strength of the composite laminates, failures
at the adhesive bondline between the composite
specimen and the end tabs is one of the drawbacks of
this test method. In addition, it is especially difficult to
find an adhesive suitable for use at cryogenic
temperatures.

Recently, Gerlach et al. [11] proposed a cross
specimen to characterize the through-thickness tensile
properties of three-dimensional (3D) woven carbon
fiber reinforced composites. Takeda et al. [12] also
proposed a cross specimen to investigate interlaminar
tensile behavior of woven GFRP composite laminates
at cryogenic temperatures. The cross specimen was
designed by performing three-dimensional finite
element analysis. Static through-thickness tensile tests
were performed on woven GFRP composite laminates
using this cross specimen, and failure mechanisms
were investigated. In the study by Zeng et al. [7], it was
reported that the interlaminar tensile strength of the
woven GFRP composites laminates was enhanced due
to the MWCNTs in the matrix. Ranz et al. [13] carried
out the four point bending tests in accordance with
ASTM D 6415 and calculated the interlaminar tensile
strength of the woven CFRP composite laminates by
the simplified formulation.

In this study, cyclic through-thickness tensile tests
were performed to investigate the interlaminar tensile
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fatigue mechanisms at low temperatures using the
Cross specimen.

EXPERIMENTAL PROCEDURE

G-11 woven GFRP laminates were considered in
this study. The fiber reinforcement was a plain weave
E-glass fabric and the matrix was a bisphenol-A epoxy
resin. The overall fiber volume fraction was 39 %. The
specimen used was the cross specimen of woven
GFRP composite laminates. Figure 1 shows the
schematic of the specimen.

Cyclic through-thickness tensile tests were
performed with a frequency of 4 Hz and the load ratio
(2) was equal to 0.1 at room temperature (RT) and
liquid nitrogen temperature (77 K). The maximum
applied stress B in the fatigue tests are listed in the
Table 1; where By denotes the static failure stress.

RESULTS AND DISCUSSION

Figure 2 shows the fracture location of the
specimen at room temperature after the fracture test
and fatigue test. In both cases, the failure location was
near the center of the specimen, and they were both
interlaminar tensile failures. Figure 3(a) shows the
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fracture location of the specimen at 77 K after the
fracture test. Similar to the results at room temperature,
the failure location was near the center of the
specimen. On the other hand, Figure 3(b) shows the
fracture location of the fatigue test specimen at 77 K.
The fracture was seen at the shoulder radius section in
some specimens, and delamination occurred in multi-
ply. From the stress distribution data obtained by the
finite element analysis [6], it seems that at this location,
in addition to the tensile stress in the through-thickness
direction, shearing stress also occurred, resulting in
complex stress field. Therefore, we defined this
specimen as complex stress failure specimen.

Figure 4 shows the maximum interlaminar stress
Omax Versus number of cycles to failure N at room
temperature and 77 K from the through-thickness
tensile failure (circles) and the complex stress failure
(triangle). Plots of N = 10° represent results of the
fracture tests. The number of cycles to failure tend to
decrease with the increase in maximum interlaminar
stress Omax. Specimens fractured by complex stress
failure account for more than 75% of the data at 77 K.
Thus, the complex stress field is subject to occur at 77
K. This is due to the thermal stress by the difference of
liner expansion coefficient between the fiber and resin.
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Figure 1: Schematic of (a) size and shape of the cross specimen and (b) through-thickness tensile test set up.

Table 1: Maximum Applied Stress in Fatigue Tests
Omax (MPa)
Temperature o (MPa) Omax/0g = 0.8 Omax/0g = 0.7 Omax/0g = 0.6
RT 47.03 37.61 32.92 28.23
77K 84.24 67.39 58.24
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Figure 2: Failure location of cross specimens for (a) fracture test and (b) fatigue test at room temperature.
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Figure 3: Failure location of cross specimens for (a) fracture test and (b) fatigue test at 77 K.

In addition, the effect of the thermal stress is notable in
the fatigue tests.
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Figure 4: Maximum interlaminar stress versus number of
cycles to failure.

Figure 5 shows the fracture surfaces after each test
at room temperature. Resin fracture area can be seen.
Figure 6 shows the resin fracture area ratio at room
temperature. The resin fracture area ratio is defined as
the total area of the resin fracture regions divided by
the area of the overall fracture surface. There was no
remarkable difference between fracture and fatigue
tests at room temperature. Figure 7 shows the fracture
surfaces after each test at 77 K. Little resin fracture
area can be observed for the fatigue tests. Figure 8
shows the resin fracture area ratio at 77 K. The resin
fracture area of the specimen after the fatigue tests
was found to be smaller than that of the fracture test. It
seems that the resin fracture area ratio after the fatigue
test was smaller than that of the fracture test because
fatigue fracture is dependent on delamination of the
fiber/matrix interface bonding. From Figure 5(b) and
7(b), the morphology of the resin was found to be
different between room temperature and 77 K. They
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Figure 5: Fracture surface of (a) fracture test and fatigue tests for (b) Omax/os = 80 %, (c) 70 % and (d) 60 % at room
temperature.
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Figure 6: Resin fracture area ratio at room temperature.
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Figure 7: Fracture surface of (a) fracture test and fatigue tests for (b) 0-max/0-8=80 % and (c) 70 % at 77 K.
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Figure 8: Resin fracture area ratio at 77 K.
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Figure 9: (a) Upper part and (b) lower part for fracture surface of fatigue test at room temperature.
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Figure 10: (a) Upper part and (b) lower part for fracture surface of fatigue test at 77 K.

were then observed at high magnification. Figure 9
shows the fracture surface at high magnification of
fatigue test at room temperature. They are arranged in
line-symmetrically. Regarding upper and lower fracture
surfaces, resin remained on corresponding places in
both parts. Therefore, it can be concluded that fracture
of resin was dominant in fatigue fracture at room
temperature. Figure 10 shows the fracture surface at

high magnification of fatigue test at 77 K. Regarding
upper and lower fracture surfaces, the area where the
resin remained and the area of fiber were found on
corresponding places in both parts. Therefore, it can be
concluded that the interface bonding fracture between
the fiber and the matrix was dominant in fatigue
fracture at 77 K.
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CONCLUSION

We obtained the maximum interlaminar stress
versus number of cycles to failure (S-N curve) of woven
GFRP composite laminate at room temperature and 77
K. It became evident that cooling from room
temperature to 77K causes an increase in the number
of cycles to failure. Furthermore, regarding fatigue
failure of woven GFRP composite laminate, it was
found that resin fracture is dominant at room
temperature, and the interface bonding fracture
between the fiber and the matrix is dominant at 77K.
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