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The tensile properties of E-glass, which is the most popular reinforcement fiber in compos-
ite materials, were determined from the experimental results of fiber bundle testing under a
high strain rate. The tests were performed by using two types of experimental methods.
One is the tension-type split Hopkinson bar system and the other is the universal high-
speed tensile-testing machine. In the results, it was demonstrated that the tensile strength
and fracture strain of E-glass fiber increased with the strain rate. The absorbed strain
energy, therefore, significantly increased. It was also shown that the strain rate dependency
of E-glass fiber tensile strength was strongly affected by fiber diameter. The smaller diame-
ter of E-glass fiber has the stronger strain rate dependency. Finally, the impact tensile
strengths of high-strength glass and carbon fibers were investigated. It was confirmed that
the tensile strength of the high-strength glass fiber also increased with the strain rate, but
the tensile properties of carbon fiber were almost independent of the strain rate.

Keywords: glass fiber; impact property; strain rate effect; tensile strength; energy absorption

1. Introduction

The use of composite materials in the fields of sport and automotive has been growing since
these materials exhibit high stiffness, strength, and low density [1]. To design composite
structure in the above fields, the impact properties such as the energy absorption property and
strength are very important. Therefore, characterizing the impact properties of composite
materials can be essential. According to the previous studies[2–5], the composite material as
represented by fiber-reinforced plastics (FRP) shows the strain rate dependency on mechanical
property. The authors investigated the strain rate effect on tensile properties of unidirectional
FRP based on thermoplastic epoxy resin [6]. They demonstrated that the tensile strength was
almost independent of the strain rate in case that carbon fiber was employed as reinforcement.
On the other hand, those of E-glass and high-strength glass fiber composites were obviously
affected by the strain rate. Staab and Gilat [7] investigated the effects of tensile strength in
the case of angle-ply glass/epoxy laminates. They concluded that the fibers had a greater
influence on the strain rate effect than the matrix. These may be useful information to design
the composite structure in the above industrial fields. However, the impact properties of glass
fiber itself must be investigated for the application.
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Limited data on impact property of glass fiber have been obtained by Xia et al. [8,9].
They proposed the statistical model from the impact tensile test of E-glass fiber bundle. Their
model prediction was in good agreement with the experimental data. However, the further
discussion, such as the effect of glass fiber diameter and material constitution, must be
needed.

This study aims to characterize the impact tensile properties of glass fiber. In order to dis-
cuss the effect of strain rate on the properties, typical E-glass bundle is tested at the static
and impact loading conditions. Furthermore, the effect of fiber diameter on the strain rate
dependency of tensile strength is investigated. Finally, the energy absorption property of E-
glass fiber is compared with those of high-strength glass and typical carbon fibers.

2. Experiment

E-glass bundle specimen was employed as shown in Figure 1. The average diameter of single
filament is 17.0 μm and the number of fiber is 1000. The aluminum tabs are glued at both the
ends of the specimen. In this study, the impact tensile properties were measured from two
types of experimental machines. One is the tension-type split Hopkinson bar (SHB) apparatus.
And the other is the high-speed tensile testing machine controlled by hydraulic pressure
(Hydroshot HITS-T10, Shimadzu Corporation). Figure 2 shows a schematic drawing of ten-
sion-type SHB apparatus in this study [6]. It consists of an input bar with a flange, an output
bar, and a cylindrical striker. The data obtained from the SHB method comprise the strain his-
tories of the input and output bars. In this study, the strain histories are recorded from the
strain gages with a gage length of 1.0mm at a sampling rate of 1.0MHz via a DC amplifier
(upper frequency limit: 100 kHz). In the SHB system, the stress, strain, and strain rate can be
calculated by the one-dimensional wave propagation theory [10], that is,

r ¼ AEet
NAs

; ð1Þ

e ¼ �2c0
l0

Z t

0

erds; ð2Þ

_e ¼ �2c0
l0
er; ð3Þ

where ɛr and ɛt denote the reflected and transmitted strain waves, respectively. Further, E
denotes the bar’s Young’s modulus; A, the bar’s cross-sectional area; As, the fiber’s
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Figure 1. Geometry of specimen used in this study.
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cross-sectional area; N, the number of fiber; c0, the elastic wave speed; and l0, the specimen’s
gage length.

Compared with the SHB apparatus used in this study, the testing speed and displacement
of the high-speed tensile testing machine is very large. Namely, it is possible to carry out the
impact tensile test in higher range of strain rate. However, it is suggested from the specifica-
tion that the prospective maximum displacement, which is approximately 1.0mm in this
study, may be beyond the error tolerance level of the testing machine. Therefore, only stress
history of the specimen was measured at a sampling rate of 1.0MHz.

3. Experimental result

3.1. Stress–strain curve

Typical example of stress–strain curve for E-glass fiber, whose average strain rate is 250 s�1,
is shown in Figure 3. Stress–strain curve under quasi-static loading condition, the average
strain rate of 8.33 × 10�4 s�1, is also shown in Figure 3 for comparison. It is shown that the
initial slope of stress–strain relationship between quasi-static and strain rate of 250 s�1 is
almost same. However, the maximum stress and strain at the strain rate of 250 s�1 are much
larger than those at quasi-static condition.
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Figure 3. Comparison of stress–strain curves between quasi-static and strain rate of 250 s�1 from E-
glass bundle test.
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Figure 2. Tension-type SHB apparatus used in this study.
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3.2. Dependence of strain rate on mechanical property

The relationships between strain rate and representative mechanical properties are shown in
Figure 4(a)–(c). In this study, the maximum stress and strain in Figure 3 are defined as tensile
strength and fracture strain As already presented, the data obtained from the high-speed
tensile testing machine is just a stress history. Thus, the strain rate effect on Young’s modulus
and fracture strain was investigated from the experimental data of the tension-type SHB appa-
ratus only. In Figure 4(a), it is demonstrated that the resultant Young’s modulus is almost
independent of strain rate. This phenomenon is caused by that E-glass fiber behaves almost
elastically. The tensile strength of E-glass fiber is plotted in Figure 4(b) as a function of strain
rate. In this figure, it is implied that the tensile strength increases with the strain rate. Further-
more, it significantly increases in the strain rate range from 8.33 × 10�4 to 50 s�1. Beyond the
strain rate of 50 s�1, it tends to increase slightly. Its increasing ratio from quasi-static condi-
tion to the strain rate of 250 s�1 is almost 60%. This tendency is the same as that of Xia’s
work [9]. It can be concluded that the strain rate effect of tensile strength for unidirectional
GFRP reported in Ref. [6] is mainly due to that for glass fiber.

Although there are some reasons about the strain rate dependency of tensile strength for
glass fiber: (1) temperature rise during the test, (2) effect of thermal residual stress, and (3)
molecular structure, we have an eye on a subcritical crack growth which is unique character-
istic of glass. According to classical linear elastic fracture mechanics, an apparent glass fiber
strength σf can be described as follows.

rf ¼ Kc

Y ðaÞ � ffiffiffiffiffiffiffiffiffiffiffi
paðtÞp ; ð4Þ

where Kc is critical stress intensity factor, and Y(a) and a(t) are the geometric correction fac-
tor and crack length, respectively.

Suratwala [11] and Freiman [12] reported the presence of subcritical crack growth region
before final fracture of glass. Since crack length is a function of time as shown in Equation
(4), it may be possible that the length of subcritical crack growth at final fracture under
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Figure 4(a). Dependence of strain rate on Young’s modulus of E-glass fiber.
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quasi-static loading condition is different from that under impact loading condition. As a
result, tensile strength of glass fiber increases with strain rate. However, there is room for fur-
ther investigation. The experimental or theoretical verifications are the challenges for the
future.

The fracture strain of E-glass fiber is plotted in Figure 4(c) as a function of strain rate.
Although the experimental data are obviously scattered, the fracture strain increases with the
strain rate.
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Figure 4(c). Dependence of strain rate on fracture strain of E-glass fiber.
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Figure 4(b). Dependence of strain rate on tensile strength of E-glass fiber.
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3.3. Fracture behavior of E-glass fiber

In order to investigate the strain rate effect on the mechanical properties of E-glass fiber more
precisely, fracture behavior was recorded using a digital high-speed video camera (HyperVi-
sion HPV-2, Shimadzu Corporation). Figure 5 shows the summary of photographs at the
strain rate of 8.33 × 10�4, 10, 100, 250, and 500 s�1 when the applied stress reached at just
after the maximum value. It is clear that E-glass fiber was reduced to shorter particles with
increasing of strain rate. The further experiment was conducted about the above results. Frac-
ture behavior of three E-glass fibers, whose diameter is 100 μm, was recorded under tensile
loading at the strain rate of 500 s�1. A series of fracture progressive photographs are shown
in Figure 6(a–e). First of all, fiber break occurs at the single point as shown in Figure 6(b, c).
And then, it is confirmed that each fiber is getting shattered in Figure 6(d, e). This phenome-
non is caused by the stress wave propagation effect within E-glass fiber after breakage. Judg-
ing from these results, it is concluded that the shattered fracture behavior of E-glass fiber
bundle in Figure 5 is due to the stress wave propagation effect after fiber breakage. Thus, the
fracture behavior change from quasi-static to high strain rate condition has little effect on the
strain rate dependency of tensile strength for E-glass fiber.

4. Discussion

4.1. Effect of fiber diameter on strain rate dependency

Generally, the tensile strength of glass fiber is determined by pre-existing surface flaws, which
occur with a statistical nature. This increases the probability of encountering a more severe
flaw with increase in surface area. Thus, it is important for material designing to understand
the effect of E-glass fiber diameter on strain rate dependency of tensile strength. In this sec-
tion, five types of E-glass fiber bundles whose average diameters are 3.2, 5.3, 7.2, 9.2, and
13.8 μm were tested and compared. The specification of specimen is summarized in Table 1.
The important point to note is that the average fiber diameter is controlled by changing the
spinning speed of E-glass fiber in this study. The tensile strength for each fiber diameters is
plotted in Figure 7 as a function of strain rate with the data from Figure 4(b). In this figure,
the experimental result of E-glass plate is also demonstrated as a reference. The E-glass plate
specimen has the gage length of 20mm, the width of 5.0mm, and the thickness of 0.5mm.
The surfaces of specimen are mirror polished. As well as the case of E-glass bundle speci-
men, the aluminum tabs are glued at the ends. As clearly shown in Figure 7, any types of
specimens show strain rate dependency. The tensile strength increases with strain rate. How-
ever, it is confirmed that the tensile strength of E-glass plate is relatively less affected by
strain rate as compared with that of bundle specimens.

Figure 5. Comparisons of fracture behavior in E-glass bundle.
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Figure 8 shows the relationship between tensile strength and fiber diameter at static and
strain rate of 250 s�1. It is confirmed that the tensile strength at the strain rate of 250 s�1 is
higher than those at static loading condition for any fiber diameter. The average increments of
tensile strength from static to strain rate of 250 s�1 are 1.46 GPa (diameter of ϕ= 3.2 μm),
1.49GPa (ϕ= 5.3 μm), 1.31GPa (ϕ= 7.2 μm), 1.09GPa (ϕ = 9.2 μm), 0.89GPa (ϕ= 13.8 μm),
and 0.87GPa (ϕ= 17.0 μm), respectively. The smaller diameter of E-glass fiber causes the
higher tensile strength and strength increment at both strain rate conditions. Judging from
these results, it is concluded that the fiber diameter makes a great influence on the strain rate
dependency of tensile strength. Furthermore, these results also imply that the characteristic of
E-glass fiber surface is one of the important factors for characterizing the strain rate
dependency.
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Figure 7. Dependence of strain rate on tensile strength of E-glass fibers and plate.

Figure 6. Successive photographs of fracture in f100mm E-glass specimen at the rate of 500 s�1.

Table 1. Specification of E-glass bundle specimens used in this study.

Specimen EG 17 EG 13.8 EG 9.2 EG 7.5 EG 5.3 EG 3.2

Average diameter (μm) 17.0 13.8 9.2 7.5 5.3 3.2
Number of fiber 1000 906 200 200 200 1600
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4.2. Effect of reinforcement fiber type on strain rate dependency

The experimental data of the strain rate dependency for various reinforcement fibers are use-
ful not only for unified discussion but also the practical designing of composite materials. In
this section, high-strength glass (T-glass, Nitto Boseki Co., Ltd) and typical carbon fiber
(Torayca T300, Toray Industries, Inc.) bundles were tested. The specification of specimen
used in this section is summarized in Table 2. The resultant stress–strain curves under static
and strain rate of 250 s�1 are shown in Figure 9(a) and (b), respectively. As well as E-glass
fiber, the resultant Young’s modulus of both fibers is almost independent of strain rate. The
tensile strengths are plotted in Figure 10 as a function of strain rate. It is confirmed that the
tensile strength of high-strength glass increase with the strain rate. These results cause better
energy absorption property under impact loading condition rather than those of carbon fibers.
Figure 11 shows the relationship between the absorbed specific strain energy at maximum
tensile stress and strain rate. It is confirmed that the experimental data of glass fibers signifi-
cantly increase with strain rate, while that of carbon fiber is almost constant. The mean values
under static loading condition are 8.54 J/g for E-glass fiber, 19.8 J/g for high-strength glass
fiber, and 10.7 J/g for carbon fiber. On the other hand, those at strain rate of 250 s�1 are
17.9 J/g for E-glass fiber, 32.2 J/g for high-strength glass fiber, and 11.6 J/g for carbon fiber. It
is shown that those of glass fiber at strain rate of 250 s�1 are 1.5–2.8 times higher than those
of carbon fibers. Judging from these results, it is concluded that the glass fibers possess
higher energy absorption properties under impact loading conditions rather than carbon fibers.

Table 2. Specification of E-glass bundle specimens used in this study.

E-glass High-strength glass (T-glass) Carbon (Torayca T300)

Density (g/cm3) 2.58 2.49 1.76
Average diameter (μm) 17.0 13.0 6.0
Number of fiber 1000 400 1000

Figure 8. Comparison of tensile strength between quasi-static and strain rate of 250 s�1 for
representative fiber diameters.
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5. Concluding remarks

The tensile properties of E-glass fiber under a high strain rate were experimentally investi-
gated from fiber bundle test. The experimental results showed that the tensile strength and
fracture strain of E-glass fiber increased with the strain rate. The effect of fiber diameter on
impact tensile strength was discussed. It was shown that the strain rate dependency of E-glass
fiber strength was strongly affected by the fiber diameter. In other words, the smaller diameter
of E-glass fiber causes the stronger strain rate dependency. The impact tensile properties of
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Figure 9. Comparison of stress–strain curves between quasi-static and strain rate of 250 s�1 from (a)
high-strength glass and (b) carbon fiber bundle test.
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Figure 10. Dependence of strain rate on tensile strength of E-glass, high-strength glass, and carbon
fibers.
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high-strength glass and carbon fibers were also investigated. It was confirmed that the tensile
strength of the high-strength glass fiber also increased with the strain rate. On the other hand,
the tensile properties of carbon fiber were almost independent of the strain rate. Judging from
these results, it is concluded that the glass fibers possess higher energy absorption properties
under impact loading conditions rather than carbon fibers.
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