@, Open Journal of Composite Materials, 2019, 9, 338-354
Q‘ @ Scientific . . .
‘ “ Research https://www.scirp.org/journal/ojcm

94% Publishing ISSN Online: 2164-5655
¢ ISSN Print: 2164-5612

Relationship between the Initial Fracture
Stress and Fatigue Limit—Simple Prediction
Method of Tensile Fatigue Limit of Composite

Y. Imai, K. Nishitani, G. Fortin, A. Ohtani, H. Hamada

Department of Advanced Fibro-Science, Kyoto Institute of Technology, Kyoto, Japan
Email: kitktkshym24@gmail.com

How to cite this paper: Imai, Y., Nishitani, ~ Abstract

K., Fortin, G., Ohtani, A. and Hamada, H.

(2019) Relationship between the Initial  This article presents an experimental study that clarifies the relationship be-
Fracture Stress and Fatigue Limit—Simple

tween the initial fracture stress and fatigue limit of glass fiber reinforced un-
Prediction Method of Tensile Fatigue Limit

of Composite. Open Journal of Composite saturated polyester resin specimens with a laminated structure taken from a

Materials, 9, 338-354. pultruded square pipe. Quasi-static bending and tension tests are performed
https://doi.org/10.4236/0jcm.2019.94021

with acoustic emission (AE) measurements to identifying the occurrence of

Received: July 23, 2019 initial fracture during testing. AE and observation results have clarified the

Accepted: September 21, 2019 occurrence of initial fracture was detected by maximum acoustic energy val-
Published: September 24, 2019 ues and corresponding fiber breakage in the unidirectional (UD) bundles.

. Moreover, the ratio of initial fracture stress to ultimate strength is 32% in
Copyright © 2019 by author(s) and

Scientific Research Publishing Inc. bending and 26% in tension, when comparing stress and strains on the ten-
This work is licensed under the Creative sion side of the UD layer. These values are in good agreement with each other
Commons Attribution International

License (CC BY 4.0). . .. . . .
http://creativecommons.ore/licenses/by/ao/ € tensile strength. Initial fracture stress obtained by static tests is close val-

ues to the fatigue limit which will greatly contribute to the prediction of the

fatigue limit.

and with the measured tensile fatigue limit when the cyclic stress is at 25% of

Keywords

Initial Fracture, Fatigue Limit, Acoustic Emission Testing, Tensile Testing,
Bending Testing

1. Introduction

Global warming is a serious problem which causes increase average temperature
and sea temperature and sea-level rise. Human-made gases such as carbon dio-

xide, methane, nitrous oxygen give a large influence to the environment [1].
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IPCC reported the emission of carbon dioxide from fossil fuels is said to be
58.6% in the world and about 13.1% is from transportation [2]. For this reason,
the weight reduction of automobile parts has become critical. In terms of max-
imizing performance at a minimal weight, fiber-reinforced polymer (FRP)
composites are at the fore. Compared with conventional steels, they are far supe-
rior in specific properties including bending characteristics, impact resistance,
among others. While FRPs are primarily used in the automotive industry for
outer panels where medium strength and high design are required, they will be
increasingly applied to structural members in the future [3] [4] [5]. In order to
realize this, it is necessary to guarantee the period of use as a component and to
measure the characteristics of the material, the fabrication method, and the
structure in consideration of fatigue characteristics. It is necessary to carry out
research and development in this area.

Critical experimental investigations on the tensile fatigue behavior of compo-
site materials have been performed in the literature. Wisnom et al. [6] investi-
gated the fatigue behavior of pseudo-ductile unidirectional thin-ply car-
bon/epoxy-glass/epoxy hybrid composites. They tested specimens in static ten-
sion to determine the fragmentation initiation stress level. When the same pris-
tine samples were tested in fatigue at stress amplitudes significantly lower than
the stress initiation level, no stiffness reduction up until 105 cycles was observed
as a result of being loaded well below the first carbon layer fracture strain [6].
Pandita et al [7] studied the tensile fatigue behavior of glass plain-weave fabric
composites in on- and off-axis directions. The fatigue behavior was observed to
be anisotropic.

Padmaraj et al. [8] performed an experimental study on the tension-tension
fatigue behavior of glass/epoxy quasi-isotropic laminates using constant ampli-
tudes at different stress levels. Damage growth in the material was characterized
by evaluating degradation in stiffness. They observed that with increasing stress
amplitude levels, the number of cycles to failure was significantly reduced. They
represented the static stress-strain curve as a bi-linear curve and reported that
fibers normal to the loading direction failed at a lower fracture strain and that
the failure strain of fibers oriented in the loading direction resulted in the final
failure of the specimens [8]. Echtermeyer et al [9] evaluated the lifetime and
Young’s modulus changes of glass/phenolic and glass/polyester composites un-
der fatigue. They performed static tension and compression on the samples, and
later tested their tensile and compressive fatigue properties at varying stress am-
plitudes. They observed that fatigue stiffness at stress amplitudes beyond the li-
near limit of the static stress-strain curve lose tensile stiffness slowly and linearly
with the logarithm of the cycle number. The stiffness decreases to a lower value
until a critical value is reached, likely due to matrix cracking. Beyond the critical
value, the stiffness decreases rapidly. However, when fatigue stress amplitudes
are below the linear limit of the stress-strain curve, there is an initial period be-

fore the stiffness drops, and after a slow linear decrease in stiffness with the log
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of cycle number, reduction in stiffness gradually stops. They reported that fati-
gue at relatively high-stress amplitudes the matrix has an influence, and at lower
stresses, fatigue is dominated by the fibers. Kenane and Benzeggagh [10] per-
formed delamination fatigue-crack growth experiments on unidirectional
glass/epoxy laminates. They applied mixed-mode bending tests to characterize
several cases of mixed-mode delamination under fatigue loading.

There are various fracture modes of fiber reinforced plastics, and even micro-
scopic fractures that cannot be seen from the material surface may cause signifi-
cant damage leading to final fracture. In materials testing, acoustic emission
(AE) testing can be used as a method to evaluate the fracture mode and mechan-
ism of materials. This method is well known for its applicability in the nonde-
structive inspection. AE consists of an elastic wave emitted when local deforma-
tion or crack propagation occurs in a material [11]. The emissions are measured
when stress is applied to a material using an AE sensor composed of piezoelec-
tric elements allowing to identify the type and source of failure. It is possible to
measure the onset of failure during material testing in real-time. From the mea-
surements of AE, information such as the number, frequency, and energy of
generated emissions can be obtained and based on these, it is possible to gain
knowledge on the destruction of materials. The AE method has been applied
successfully in the literature to identify and evaluate damage in composites.
Some good examples include studies by Fotouhi e al. [12], Aggelis et al [13],
and Arumugam et a/. [14]. Imai et al investigated the quasi-static flexural prop-
erties of a pultruded glass fiber/unsaturated polyester square pipe. They reported
the relationship between AE measurements and bending test. AE measurements
were able to find out the initial fracture stress [15].

In this paper, we investigated the relationship between the initial fracture and
fatigue limit of glass fiber reinforced unsaturated composite. AE measurement
was performed to obtain fracture information on the tensile test. Tensile test and
bending test were performed to clarify the fracture mechanism of laminated
structures. The tensile fatigue test was conducted to clarify the relationship be-

tween fatigue properties and initial fracture stress.

2. Materials and Test Methods
2.1. Materials

Fiber reinforced unsaturated polyester resin with a laminated structure, manu-
factured in the form of a square pipe by the pultrusion process was used in this
study. Details on the square pipe geometry and dimensions are presented in
Figure 1. Experimental tests were performed on small specimens cut out from
the flat sections of the laminated square pipe. As shown in the figure, the lami-
nated structure consists of the following 5 layers: a combination of a chopped
strand mat and screen type mat on the two outside layers, followed by a
screen-type mat on the second layers, and unidirectional (UD) fibers oriented

along the longitudinal axis of the pipe (0° direction) in the inner-most layer.
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Figure 1. Square pipe geometry and laminated structure [15].

2.2. Quasi-Static Bending Properties

The bending test pieces were cut out from the square pipe as strips 2.4 mm in
thickness, 90 mm in length, and 25 mm in width as shown in Figure 2.
Three-point bending tests were performed using an Instron Universal Testing
Machine (model 55R4206) at a displacement speed of 2.0 mm/min, span length
of 60 mm, at room temperature. For measurement of strain, a strain gauge with
a gauge length of 10 mm (KFGS-10-120-C1-11) was used. During the bending
tests, the initial damage was also evaluated using the AE method. Using an AE
sensor (Nihon Physical Acoustics, Inc., micro-30), the AE measurement thre-
shold was set to 55 dB.

For the observation of fracture in the specimen, a small metallurgical micro-
scope (Olympus, Inc., GX41) was used. In addition, in order to observe the frac-
ture progression, the test was interrupted at displacement intervals of 0.5 mm,

and cross-sectional observation at each displacement was conducted.

2.3. Quasi-Static Tensile Properties

Tensile specimens were also cut out from the square pipe, with dimensions of
2.4 mm in thickness, 250 mm in length, and 15 mm in width as shown in Figure
3. The tensile tests were performed at a displacement speed of 2.0 mm/min, a
grip distance of 150 mm, and at room temperature. The tests were performed
using strain gauges and AE sensors, and the initial damage of the material dur-
ing tensile testing was evaluated. In addition, in order to observe the fracture

progression, cross-sectional observations were conducted.
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2.4. Tensile Fatigue Properties

The shape and dimensions of the specimens used for the tensile fatigue tests were
the exact same as those for the static tensile tests as shown in the previous section.
A Shimadzu Corporation Servo Pulser fatigue testing machine was used (model
EHF-EDI10) at a frequency of 5 Hz which this value is commonly used in the
composite material field [16] [17]. The load waveform was a sine wave, and testing
was conducted at room temperature. The load conditions were determined from
the tensile test results to investigate the relationship between tensile stress level and
fatigue limit tensile stress level. The testing conditions were shown in Table 1. The
fatigue properties were evaluated according to the S-N diagram, and the value of

cyclic stress that was repeated over 107 times was taken as the fatigue limit.

90

v

25

AE sensor Strain gauge

7y
<
«

Figure 2. Specimen geometry for bending test.

Table 1. Fatigue test conditions.

Applied stress level [%] Tensile stress [MPa]
55 241
50 219
45 198
40 175
35 152
30 132
25 110
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Figure 3. Specimen geometry for Tensile test.

3. Results and Discussion
3.1. Bending Properties

After the bending tests, final failure occurred on the tensile side and signs of
failure on the compression side could not be observed. The bending test results
are presented in Table 2, the relationship between the AE amplitude and dis-
placement is shown in Figure 4, the AE energy and displacement are shown in
Figure 5, and the relationship between the cumulative AE count number and
displacement is shown in Figure 6. Part (a) in each figure shows the corres-
ponding stress-strain diagram taken from a specimen. In the stress-strain dia-
gram shown in (a), stress-strain data from other samples are not included due to
broken strain gauges during testing. In (b), the stress-displacement diagram is
shown.

From the stress-displacement diagram, a linear relation is observed up to a
displacement of 3.0 mm, after which it becomes non-linear until a final fracture
occurs. Also, Figure 6(b) shows that in the linear region, as the displacement is
increased, the number of AE counts increases only slightly. However, in the
non-linear region, the number of AE counts increases significantly. Figure 4
shows amplitude values as high as 95 dB, however, near the end of the test at fi-
nal failure, the amplitude is as low as 75 dB and does not exceed this value. The
resulting energy in Figure 5(b) shows relatively high energy values of 500 pV *
sec/count or more immediately after transitioning from the linear region to the
non-linear region of the stress-displacement curve. In addition, the maximum

energy value occurs at a displacement of 3.5 mm (=strain 0.011) and stress

DOI: 10.4236/0jcm.2019.94021

343 Open Journal of Composite Materials


https://doi.org/10.4236/ojcm.2019.94021

Y. Imai et al.

w
(=3
(=}

N
(=3
(=]

300

200

Bending stress [MPa]

100

0 0.005 0.01 0.015 0.02 0.025
Bending strain

()

——Bending stress « Amplitude

500

400

Bending stress [MPa]
Amplitude [dB]

Displacement [mm]

(®)

Figure 4. Results of bending test and AE amplitude. (a) Stress-Strain curve; (b) Relation-
ship between bending stress, Amplitude and displacement.
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Figure 5. Results of bending test and AE energy. (a) Stress-Strain curve; (b) Relationship
between bending stress, Energy and displacement.
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Figure 6. Results of bending test and cumulative AE counts. (a) Stress-Strain curve; (b)
Relationship between bending stress, cumulative AE counts and displacement.

Table 2. Bending test results.

Number Bending modulus [GPa] Bending strength [MPa]
1 19.1 417.2
2 18.6 354.7
3 18.7 409.7
Ave. 18.8 393.9

value of approximately 265 MPa, regardless of the test piece. It is suggested that
at this displacement, a fracture with relatively high energy release such as fiber
breakage occurs in the specimen [18].

Figure 7(a) shows the relationship between amplitude and displacement in
the interrupted tests, and Figure 7(b) shows the relationship between energy
and displacement. In the previous bending test results, a high energy value of
500 uV * sec/count or more was shown near a displacement of 3.0 mm. In Fig-
ure 7, the individual bending stress lines and AE amplitude and energy plots
were shown in a different color which indicates the test was performed with each
displacement 0.5 mm.

Figure 8 shows the results of cross-sectional observation accompanied by
schematic diagrams at displacements of 0 mm, 2.5 mm, 4.0 mm and 6.5 mm. A

transverse crack is observed in the fiber bundle oriented in the 90° layer at a
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Figure 7. Results of step-by-step bending test and AE. (a) Relationship between bending
stress, Amplitude and Displacement; (b) Relationship between bending stress, energy and
displacement.

Figure 8. Cross-section observation and schematic diagram on each displacement in
bending test. (a) 0 mm; (b) 2.5 mm; (c) 4.0 mm; (d) 6.5 mm.
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displacement of 0 mm. It is considered that this is caused by the difference in
curing and shrinkage parameters during the pultrusion process [19]. At a dis-
placement of 2.5 mm, debonding of the mat layer is observed, and transverse
cracks can be seen in the fiber bundles oriented at 90° in the screen type mat
layer.

At a displacement of 4.0 mm, beyond the linear to non-linear transition at a
displacement of 3.0 mm, a fracture that resulted in high released energy oc-
curred, as seen by transverse cracking in the 90° layers as well as fiber fracture of
UD layers. After that, at a displacement of 6.5 mm prior to final failure, both
types of fractures developed until the final fracture of fibers in the UD layer
bundles.

Since the final breakage was caused by the fracture of fibers in the UD layer,
the fiber breakage in the UD layer generated at a displacement of 3.5 mm is con-
sidered to be the cause of final destruction. From the above observations, the
failure with a high energy value of AE is regarded as the initial fracture in the
UD layer. The initial fracture of the UD layer in the bending test occurs at ap-
proximately 3.5 mm (a strain of 0.011) at the corresponding stress of approx-
imately 265 MPa. In this case, the initial fracture stress is about 60% of the ulti-

mate strength of the material.

3.2. Tensile Properties

As failure occurred on the tension side of the samples during the bending tests,
it is considered that tensile failure contributes to the final failure, therefore ten-
sile properties were examined carefully. Upon observing the fracture appearance
following the tensile tests, final fracture of all specimens was characterized by fi-
ber breakage of the UD layer. Tension test results are presented in Table 3, the
relationship between the AE amplitude and displacement is shown in Figure 9,
the AE energy and displacement are shown in Figure 10, and the relationship
between the accumulated AE counts and the displacement is shown in Figure
11.

Part (a) in each figure also shows the corresponding stress-strain diagram. In
the stress-strain diagram, linear behavior can be seen until the final fracture.
According to Figure 11(b), the cumulative AE count number increases rapidly
when the displacement reaches 1.0 mm. Beyond that point, the cumulative
number increases gradually, and then the AE count increases at approximately

3.0 mm of displacement. With respect to the sudden increase of the AE count,

Table 3. Tensile test results.

Number Tensile modulus [GPa] Tensile Strength [MPa]
1 39.2 438.9
2 36.5 438.0
3 38.2 446.7
Ave. 37.9 441.2
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Figure 9. Results of tensile test and AE amplitude. (a) Stress-Strain curve; (b) Relation-
ship between Tensile stress, Amplitude and Displacement.

Figure 10(b) also shows high energy values over 700 uV * sec/count at 1.0 mm
of displacement. At this displacement (a strain of 0.0027) and stress of approx-
imately 100 MPa, the maximum energy values are observed. As in the bending
tests, it is suggested that fracture is caused by relatively high energy release
events such as fiber breakage that occurred in the test piece at this displacement
[18].

In addition, in order to observe the progress and development of the fracture,
cross-sectional observation of the test piece at a displacement of 1.8 mm was
conducted. The results of cross-sectional observation of Sample A (before the
test) and Sample B (displacement of 1.8 mm) along with a schematic view are
presented in Figure 12. According to Figure 12(a), no fracture is observed in
the fiber bundles of the UD layer and 90° layer before the test. However, at a
displacement of 1.8 mm in Figure 12(b), multiple transverse cracks are observed
in the fiber bundle oriented at 90°, and cracks are further observed in the UD

layer. This is similar to the bending test observations since the final failure was
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Figure 10. Results of tensile test and AE energy. (a) Stress-Strain curve; (b) Relationship
between tensile stress, energy and displacement.

caused by the failure of the UD layer. The fiber breakage of the fibers from the
UD layer generated at a displacement of 1.0 mm is considered to be the cause of
final failure. From this, it is considered that the initial fracture of the UD layer
during tensile testing occurred at a displacement of 1.0 mm (strain of 0.0027), at
a stress of approximately 100 MPa, with the initial fracture stress being 26% of
the ultimate strength.

As a result of observing the progress of the fracture, it was suggested that the
initial fracture of the UD layer was the cause of final fracture in both the bending
tests and the tension tests. The ratio of the initial fracture stress to final strength
was 60% in the bending test, and 26% in the tension test. There is a significant
difference between the two values. To further investigate, the strain value during
the bending tests was considered.

The strain gauge attachment position of the bending test piece was on the
outermost layer of the specimen, on the chopped strand mat layer. Reported

strains during testing were measured on this outermost layer. Therefore, using
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Figure 11. Results of tensile test and cumulative AE counts. (a) Stress-Strain curve; (b)
Relationship between tensile stress, cumulative AE and displacement.

Equation (1), the corresponding strain on the tensile side of the UD layer on the
bending test piece was determined, that is, at the interface between the screen
type mat layer and the UD layer. According to the cross-section observation re-
sults, the distance from the outermost layer to the interface between the 90° layer
and the UD layer is approximately 0.62 mm from the intermediate surface.
e=Yy/p (1)

& Strain;

y- displacement from neutral axis;

p: curvature radius.

From this result, the radius of curvature at a strain of 0.011 corresponding to
high AE energy generation is 108 mm, and the corresponding stress value at this
time is approximately 32% of the bending strength. From this, it can be con-
cluded that the initial rupture stress in the UD layer shows similar values in both

the bending test and the tension test.
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Figure 12. Cross-section observation and schematic diagram on each displacement in
tensile test. (a) 0 mm (Specimen A); (b) 1.8 mm (Specimen B).

3.3. Relationship between Initial Fracture and Fatigue Limit

The results of tensile fatigue tests are presented in Table 4 and Figure 13. The
S-N diagram shows a linear tendency, and when the cyclic stress is 25% of the
tensile strength, the number of cycles exceeds 107 times. From this point, 25% of
the maximum strength can be regarded as the fatigue limit. The initial fracture
stress during the tension test was 26% of the maximum strength and thus
matches with the fatigue limit. This suggests that the fatigue limit obtained from
the results of the tensile fatigue test and the initial fracture stress obtained from
the tensile test are equivalent. In other words, it is possible to predict the fatigue
limit by examining the stress at initial fracture which is the cause of the final
failure by the AE method.

4. Conclusions

This study showed the relationship between the initial fracture stress and fatigue
limit of glass fiber reinforced unsaturated polyester resin specimens. Bending
test and tensile test were performed with acoustic emission (AE) measurements.
Fracture mechanism was investigated by interrupted tensile test and observation.
Tensile fatigue test was conducted to clarify the relationship between fatigue
properties and initial fracture stress. The following conclusions were obtained in
this study:
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Table 4. Fatigue test results.

Amplitude stress level Stress amplitude Number of cycles

[%] [MPa] N

55 241 1.6 x 10°

50 219 6.0 x 10°

45 198 3.0 x 10*

40 (No. 1) 175 3.1x10*

40 (No. 2) 175 1.9 x 10°

35 (No. 1) 152 6.0 x 10*

35 (No. 2) 152 7.3 % 10°

30 132 2.2 x 108

25 110 1.0 x 107

1) The initial fracture stress value obtained from quasi-static tensile testing is
very close to the fatigue limit value obtained by tensile fatigue testing.
2) The fatigue limit of the material can be predicted from the initial fracture

stress during static mechanical testing.
3) The AE method is effective in detecting the initial fracture.
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