J Fail. Anal. and Preven. (2015) 15:101-121
DOI 10.1007/s11668-014-9901-8

TECHNICAL ARTICLE—PEER-REVIEWED

A Study on the Intralaminar Damage and Interlaminar
Delamination of Carbon Fiber Composite Laminates Under
Three-Point Bending Using Acoustic Emission

Liu - J. Yang - B. Wang * Z. F. Zhou -

P. F.
J. Y. Zheng

Submitted: 30 July 2014 /in revised form: 19 October 2014 /Published online: 11 November 2014

© ASM International 2014

Abstract The complicated failure mechanisms are
always distinct features of composite materials which lar-
gely affect the stiffness and strength as well as the
structural integrity. Yet, until now there are still no mature
methods based on various test approaches for accurately
predicting the failure mechanisms and damage evolution
behaviors of composite structures by considering the
effects of loads, environments, and material defects. This
research designs and prepares the [0°4//0°%6], [30°6//
30°6], and [15°/—15°]34//[15°/—15°]3, carbon fiber com-
posite specimens with initial interlaminar cracks, and
performs the single-leg and over-leg three-point bending
mechanical experiments and acoustic emission (AE) tests
of composite specimens under 70 °C temperature. The
effects of the layup patterns, the loading conditions, and the
initial interlaminar crack length on the intralaminar dam-
age and interlaminar delamination behaviors of composite
laminates are comparatively studied by analyzing the
response process of the AE characteristic parameters
including the amplitude, energy, and counting. The AE
analysis provides theoretical and technique support for
further elucidating the complicated failure mechanisms and
their interactions of carbon fiber composite laminates.
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Introduction

Carbon fiber-reinforced resin composites have been
increasingly used in areas of the aerospace, mechanical
engineering, new energy vehicles, ocean and boats, pres-
sure vessel and piping, wind-power generation, and gas and
oil industry due to their excellent properties such as high
strength and stiffness-weight-ratios. An important feature
of the composites lies in the designability. The composites
are generally designed in the form of laminated structures
to achieve a good combination of lightweight and high-
strength performance. The laminated structures can resist
the external loads from different directions due to the dif-
ferent principal fiber orientations for each layer.

For the lightweight design, the conception of structural
integrity of composite structures integrates a series of
performance including the strength, stiffness, damage tol-
erance, and lifetime [1]. An important task in process of the
design and application of composites is to understand the
mechanical properties of composites under various loads
and environments, and to evaluate how long the applied
composite structures can be used by considering the
propagating cracks which can be properly tolerated in the
composite structures. It is well known that the failure
mechanisms of composites are generally very complicated,
which include the matrix cracking, fiber-matrix debonding,
fiber breakage, and delamination. In particular, the
delamination growth due to the low strength of resin
materials that is distinctly characterized by the irreversible
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Fig. 1 Composite specimens (a)
under (a) single-leg three-point
bending (SLB) and (b) over-leg

three-point bending (OLB).
Where a is the crack length, L is

the half span length, b is the
truncation length, A/2 is a half of L

hr2 l_b—_wﬁ
w2

the specimen thickness, and P is
the external force (b)

hr2 b 4‘»
h/2

Table 1 Geometry sizes and layup patterns for four composite specimens

Number Length x width x thickness (mm) Initial crack length (mm) Delaminated interface (mm) Layup patterns

@ 150 x 20 x 3.5 50 25 [0°16//0°16]

@ 150 x 20 x 3.5 50 25 [30°16//30°6]

® 150 x 20 x 3.5 75 37.5 [0°16//0°16]

@ 150 x 20 x 3.5 50 25 [15°/— 15°]54//[15°/— 15°]3¢

st

Where the subscript

crack propagation and energy dissipation, will decrease the
stiffness and strengths as well as the structural integrity of
composite structures to a large extent [2, 3]. In addition, the
interaction between the intralaminar damage and inter-
laminar delamination is also an important challenging
issue.

Currently, some advanced nondestructive inspection
technique including the X-ray, ultrasonic and acoustic
emission (AE) has been used to explore the damage and
failure mechanisms of lightweight composite structures.
This test technique develops with the goal of achieving
high sensitivity, rapid response speed, and high precision.
Especially, the AE is demonstrated to be able to dynami-
cally monitor the damage and failure process of composites
through detection of transient wave propagation generated
by the rapid energy release in the damaged composites. In
general, the AE test whose signals originate from various
sources such as matrix cracking, fiber/matrix debonding,
fiber breakage, and delamination of composites, attempts to
establish the mapping correlations between the failure
mechanisms and AE characteristic parameters [4].

For the theoretical methods using the AE technique, the
characteristic parameters such as the amplitude [5], the
waveforms [6-9], the frequency [10], the clustering [11,
12], and the rise angle [13] are used, respectively, to study
the failure mechanisms of composites. Specially, the AE
test technique was reviewed by Hamstad [14] in terms of
the detection efficiency for quantitative and qualitative
estimation for the quality of composites. Fotouhi et al. [15]
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s” denotes the symmetry and (“//”) denotes the delaminated interface

Table 2 Elastic parameters of T700/8911 composites

E, E, Es G2 Gis Gos
(GPa) (GPa) (GPa) (GPa) (GPa) (GPa) vy, vy vp3

135 1141 1141 792 3792 792 033 049 033

Where E, G and v denote the Young’s modulus, shear modulus, and
Poisson’s ratio, respectively

Table 3 Strength parameters for T700/8911 composites

X, (GPa) X. (GPa) Y, (GPa) Y. (GPa) S (GPa)

2600 1422 60.3 241 94

Where X, X, Y., Y., and S represent the longitudinal tensile strength,
longitudinal compressive strength, transverse tensile strength, trans-
verse compressive strength, and in-plane shear strength, respectively

used three methods (sentry function, AE energy distribu-
tion, and AE count distribution) to investigate the
delamination of composite laminates. Oskouei and Ahmadi
[16] and de Morais et al. [17] performed the research on the
mode-I delamination of composite laminates by AE. Sil-
versides et al. [18] performed the research on the
delamination onset in carbon fiber composites by AE.
Reeder and Rews [19] and Szekrenyes and Uj [20] per-
formed the mixed-mode bending tests for the delamination
crack growth of composites. Fotouhi et al. [21] studied the
damage characterization of composites under three-point
bending using AE. Bohse [22] explored the micro-failure
processes in composites using AE. Salavatian and Smith
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[23] studied the damage evolution due to the shear and
transverse loading and their effects. Campbell and Mott
[24] studied the damage tolerance of composites by AE.
Ciampa and Meo [25] proposed a new algorithm for the AE

Fig. 2 Delamination tests: (a) single-leg bending (SLB) and (b) over-
leg bending (OLB)

Fig. 3 High temperature
cabinet and high precision
temperature controller

Fig. 4 Schematic description of
acoustic emission test system

localization and flexural group velocity determination in
anisotropic structures. Hill et al. [26], Scholey et al. [27],
and Gutkin et al. [28] explored the failure mechanisms
including the matrix cracking and delamination of com-
posite laminates by AE. Furthermore, Czigany [29] proved
it possible to correlate the AE features such as the number
of events, the amplitude, and energy to the physical prop-
erties of composites. Ativitavas and Pothisiri [30], Godin
et al. [31], Philippidis et al. [32], and de Oliveira and
Marques [33] identified the failure mechanisms by AE and
neural network. Recently, Liu et al. [34] performed the
tensile experiments and AE tests on the composite lami-
nates with a central hole, and explored the progressive
failure properties of carbon fiber composites. Unfortu-
nately, there are still no mature theoretical methods by AE
for accurately predicting both the intralaminar and inter-
laminar failure mechanisms of composites.

In this research, we design and prepare the carbon fiber
composite specimens with three layup patterns and initial
defects, and performed the single-leg and over-leg three-
point bending mechanical experiments and AE tests of
composite specimens under 70 °C temperature and room
temperature environments, respectively. The intralaminar
microscopic damage and mixed-mode delamination
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behaviors of composite laminates with different layup
patterns and defect sizes are explored by analyzing the
response of the amplitude, energy, and counting.

Experimental Procedures
Material Specimens

The single-leg three-point bending (SLB) and over-leg
three-point bending (OLB) specimens are shown in Fig. 1,
and the sizes and layup patterns for four composite speci-
mens are listed in Table 1. The material parameters for the
unidirectional composites are listed in Tables 2 and 3,
respectively. The T700/8911 composite specimens include
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Fig. 5 The load—displacement curves under single-leg bending for
four composite specimens
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Fig. 6 The load—displacement curves under over-leg bending for four
composite specimens
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three layup patterns [0°;6//0°6], [30°,6//30°6], and [15°/
—15°]54//[15°/—15°]3,. Each specimen includes 32 layers.
The fiber volume fraction of composite is 62%. The initial
delaminated interface and the initial crack length are
specified.

Three-Point Bending Testing

The three-point bending test is performed in the electronic
universal test machine (UTM5000) according to the Chinese
composite standard “fiber-reinforced plastic composites-
determination of flexural properties (Number: GB/T1449-
2005)” published in 2005 [35], as shown in Fig. 2. The
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Fig. 7 The load—displacement curves of composites under single-leg
bending and over-leg bending under high temperature for eight
composite specimens
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Fig. 8 The load—displacement curves of composites under single-leg
bending under high temperature and room temperature for eight
composite specimens
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Fig. 9 Schematic description of Ascending time
waveform AE parameters <

Amplitude
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support span (2 L) is 112 mm and the load speed is
1.75 mm/min. Before tests, the specimens are placed in the
high temperature chamber (as shown in Fig. 3) under 70 °C
temperature for 10 min and then loaded up to the collapse of
composite specimens.

AE Monitoring

The AE equipment is composed of the transducer, the
preliminary amplifier, and the PAC Samos-48 AE appara-
tus including the AE software, and the signal gathering,
processing, recording, and display systems, as shown
schematically in Fig. 4. The AE tests are performed based
on the Chinese spaceflight industry standard °‘acoustic
emission inspection method of composite structures
(Number: QJ2914-97) published in 1997 [36], and the
Chinese book ‘‘nondestructive inspection technology’’
[37]. Two piezoelectric transducers are used to search the
signal sources of AE activities. In order to improve the
acoustic coupling quality between the sensor and the
specimens, the high vacuum grease covers the surface of
sensors. The signals are detected by the 2/4/6-AST pre-
amplifier which employs the enlarging circuits with the
frequency range of 50 kHz-2 MkHz. The gain selector of
the preamplifier is set to 40 dB to filter the noise. The
calibration of AE signals is necessary before tests to
improve test precision. The attenuation of AE signals is
measured by repeating the breakage test of pencil lead for
several times at different positions between the AE sensors.
During the test, the AE signals are monitored by two
sensors according to the difference of the arrival time of the
AE signals received by the two transducers. The energy—
time curve, the counting—time curve, and the amplitude—
time curve are also recorded by the AE software during the
test. The timing parameters are: peak definition time

\ 4

(PDT) = 50 ps, hit definition time (HDT) = 200 ps, and
hit lockout time (HLT) = 300 ps.

Results and Discussion
Mechanical Properties of Composite Specimens

Figures 5 and 6 show the load—displacement curves for
the single-leg and over-leg three-point bending for four
composite specimens, respectively. By comparison, five
points can be found: (1) the early damage appears on the
border of the initial interlaminar crack arising from severe
stress concentrations and the final collapse for all speci-
mens are at the loading end. Load suddenly drops when
the delamination crack starts to propagate and the slope of
the load—displacement curve decreases until the final
collapse; (2) for the specimens with the same layup pat-
tern, at the early stage (0-100 s), the single-leg bending
specimen-® and specimen-® take on different load
responses. The specimen-® shows an obvious sudden load
drop point, yet for the specimen-® this feature is not
obvious. The reason might be that the initial crack length
for the specimen-® is shorter than that for the specimen-
®. The SLB test indicates that the critical load reaches the
highest value if the crack length exhibits the lowest value
[20]. The difference of the initial crack lengths has large
effect on the early stage of the tests, but small effect in
the late stage of crack propagation; (3) the [0°¢//0°]
specimen shows stronger ability to resist the damage and
failure than other two layup patterns when the geometry
sizes are the same. In the same way, the [30°,4/30°¢]
specimens show weaker bending strength than the [15°/
—15°]54//[15°/—15°]3¢ specimens; (4) Fig. 7 shows the
load—displacement curves for eight composite specimens
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Fig. 10 Acoustic emission
response of composite
specimen-® under single-leg
bending under 70 °C
temperature: (a) counting—time
curve, (b) energy—time curve,
(c) amplitude—time curve, and
(d) amplitude—location curve
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specimen-® under single-leg
location curve at different time

Fig. 11 Acoustic emission
response for the composite
bending under 70 °C
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under the single-leg bending and over-leg three-point
bending. The over-leg three-point bending specimen
shows higher bending strength than the single-leg three-
point bending. The crack propagation is prohibited
because of smaller bending moment for the over-leg
bending; (5) Fig. 8 shows the single-leg bending load—
displacement curves under two temperature conditions. It
is shown the 8911 resin shows strong ability to resist the
70 °C temperature.
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AE Feature of Composite Specimen-O

During three-point bending tests of composites, the AE
signals are received from the damaged specimens. Fang
et al. [38] performed high-fidelity simulation of multiple
fracture processes of composite laminates under tensile
loads and divided the failure mechanisms into the delam-
ination, splitting crack, transverse matrix cracks, and fiber
breakage. In general, the AE amplitude ranges for the
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matrix cracking, fiber/matrix interface debonding, delami-
nation, and fiber breakage are about 40-60, 50-70, 60-80,
and 80-100 dB, respectively [34, 39]. In Refs. [8, 9, 20],
the AE amplitude and energy were used to identify the
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failure mechanisms in fiber composites. The schematic
description of waveform AE signal parameters is shown in
Fig. 9, including mainly three characteristic parameters:
energy, counting, and amplitude [37]. In this work, these
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Fig. 14 The single-leg bending and over-leg bending for the [30,¢//
30;¢] specimen under 70 °C temperature

three parameters are used to analyze the failure mecha-
nisms of composites.

Figure 10 shows the AE response in terms of the
evolvement of energy, counting, and amplitude for the
single-leg three-point bending [0°;6//0°;6] specimen under
70 °C temperature. The damage process includes three
stages: (1) at the early stage, the energy, counting, and
amplitude of AE signals are small, which are consistent
with roughly linear deformation behavior. Little matrix
cracking with 50-60 dB amplitude signals start to appear.
Then, little fiber/matrix debonding, delamination, and
fiber breakage with 60-90 dB amplitude signals also
emerge; (2) at the middle damage stage, the increasing
bending stress leads to the progressive delamination
growth and more severe damage, which is represented by
more high-amplitude signals, counting, and energy. The
main failure is still the matrix cracking, interface deb-
onding and delamination, and little fiber breakage with
beyond 80 dB amplitude signals; (3) at the stage of col-
lapse, the low- and middle-amplitude of signals remain
the same, the energy decreases little, and the counting
adds, which show more fiber breakage with 80-100 dB
amplitude signals, and the progressive matrix cracking
and interface debonding with the low- and middle-
amplitude signals. From the amplitude—location curves,
the high-amplitude signals appear between the 45 and
115 mm positions with severe stress concentrations, close
to the initial delamination crack.

Figure 11a—e shows the amplitude—location curves for
the single-leg three-point bending composite specimen
[0°,6//0°6] at different time under 70 °C. However, the
case is different for the composite specimens with the
layup and initial interlaminar cracks. In Fig. 11a (0-62 s),

@ Springer

many middle- and low-amplitude and few high-amplitude
signals concentrate on the area near the initial crack. The
high-amplitude signals with beyond 80 dB arise from the
fiber breakage and the signals below 70 dB from fiber/
matrix debonding, respectively, which all appear at the
90-115 mm position. This is because the deflection is
large and the fiber breakage leads to high-amplitude sig-
nals near the loading end. The delamination crack
propagates from 100 to 90 mm position. As shown in
Fig. 11b (62-100 s), the area with 60—-80 dB amplitude
dense signals moves left to the middle position. The
failure modes are mainly fiber/matrix debonding and
delamination. The delamination crack propagates from 90
to 75 mm position. As shown in Fig. 11c (100-200 s), the
signals with below 60 dB amplitude increase at the 10—
60 mm position and aggregates with below 65-90 dB at
the 60-75 mm position. The delamination crack propa-
gates from 75 to 60 mm position. As shown in Fig. 11d
(200-500 s), the signals with high amplitude move left
and the crack propagates to 45 mm position. As shown in
Fig. 11e, (500 s-end), the crack propagates to 40 mm
position and the specimen collapses. From the theoretical
analysis, the delamination crack growth results in the
progressive matrix cracking and fiber/matrix debonding
and fiber breakage, which leads to the interactions
between various failure mechanisms.

Figure 12 shows the AE response in terms of the
evolvement of energy, counting, and amplitude for the
over-leg three-point bending [0°;¢//0°¢] specimen under
70 °C temperature. The analytical solutions on the
delamination fracture toughness and mechanical proper-
ties for the SLB specimen and OLB were derived by
Szekrenyes and Uj [20]. In general, the amplitude signals
for the over-leg specimens are more than those for the
single-leg specimens. In addition, the over-leg specimens
show more counting and more complicated delamination
properties. The damage evolution includes three stages:
(1) at the early stage, the energy, counting, and amplitude
are few; (2) at the middle stage, the matrix cracks and
delamination cracks propagate with high amplitude,
indicating more severe damage area. At the same time,
some signals with beyond 90 dB amplitude start to
appear; and (3) at the stage of collapse, the signals with
middle- and low-amplitude become constant and the
signals with 80-100 dB amplitude add, showing more
matrix cracking, fiber/matrix debonding, delamination,
and few fiber breakage. From the amplitude—location
curves, the high-amplitude signals locate at the 50-
100 mm position.

Figure 13a—d shows the amplitude—location curves for
the [0°¢//0°¢] composite specimens under over-leg three-
point bending at different time under 70 °C temperature.
As shown in Fig. 13a (0-70 s), many signals with middle-
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Fig. 16 Acoustic emission 100
response for the composite
specimen-@ under single-leg
bending under 70 °C
temperature: amplitude—
location curves at different time
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and low-amplitude and few signals with beyond 80 dB
amplitude concentrate on the area near the loading end and
initial crack. The crack propagates from 100 to 92 mm
position. As shown in Fig. 13b (70-200 s), many signals
with middle- and low-amplitude and few high-amplitude
signals appear at the 70-110 mm position. The failure
modes are the matrix cracking, fiber/matrix debonding,
delamination, and fiber breakage. As shown in Fig. 13c
(200420 s), the signals with below 75, 100, and 60 dB
amplitude appear at the 10-55, 55-75, and 75-115 mm,
respectively, corresponding to the interface debonding,
fiber breakage, and matrix cracking. The crack propagates
from 75 to 55 mm position. As shown in Fig. 13d
(420 s-end), the signals move left and the specimen col-
lapses. It is concluded from the analysis above after the
continuous delamination crack growth, only upper subla-
minates resist the bending loads. Thus, more fiber breakage
with high-amplitude signals and matrix cracking with
middle-amplitude signals appear, showing the rapid
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decrease of the load-bearing ability of composite structures
due to the delamination.

AE Feature of Representation Composite Specimen-@

Figure 14 shows the single-leg and over-leg three-point
bending for the [30°,¢/30°¢] specimens under 70 °C
temperature. Figure 15 shows the corresponding AE
response about the evolvement of energy, counting, and
amplitude. The [30°4//30°¢] specimens show fewer sig-
nals than other two specimens. The damage process
includes three stages: (1) at the early stage, few matrix
cracking with 50-60 dB amplitude appears; (2) at the
middle stage, the signals with 80-90 dB amplitude add
rapidly and the energy reaches the maximum at 50 s; (3) at
the stage of collapse, the signals with beyond 90 dB
amplitude decrease. From the amplitude—location curves,
many signals concentrate on the 115-140 mm positions.
Figure 16a—c shows the AE response for the amplitude—
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Fig. 17 Acoustic emission 50000
response for the composite
specimen-@ under over-leg 40000
bending under 70 °C a0
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location curve at different time under 70 °C temperature.
As shown in Fig. 16b (40-100 s), the delamination cracks
start to propagate. The signals with below 65 dB amplitude
appear at the initial crack and the dense signals with
70-95 dB amplitude appear at the 110-140 mm position. It
is shown that the composite laminate starts to damage
along the 30° layup direction in the form of few fiber

Location (imm)

breakage. As shown in Fig. 16¢c (100-110 s), the signals
become sparse, showing the lose of the loading—bearing
ability of laminates.

Figure 17 shows the AE response in terms of the
evolvement of energy, counting, and amplitude for the
over-leg three-point bending [30°6//30°¢] specimen under
70 °C temperature. Compared with the single-leg loading,

@ Springer



114

J Fail. Anal. and Preven. (2015) 15:101-121

Fig. 18 Acoustic emission
response for the composite
specimen-@ under over-leg

7~
bending under 70 °C @
temperature: amplitude— ©
location curves at different time ‘E
=
g
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Fig. 19 The single-leg bending and over-leg bending for the
composite specimen-@ under 70 °C temperature

more specimens are completely broken under the over-leg
loading. The reason is that the over-leg loading cross head
is closer to the right end bearing, which leads to larger right
deflection. In this situation, the specimens are subjected to
unbalanced forces and most of the forces concentrate on
the right. The damage process includes two stages: (1) at
the early stage, the energy and counting are few, and the
signals with below 80 dB amplitude appear, different from
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the single-leg loading; (2) at the second stage, the signals
with 40-60 dB amplitude become more dense, but the
signals with 60-80 dB amplitude become sparse. The
energy rate reaches the maximum at 72 s. From the
amplitude—location curves, many signals with below 80 dB
and few signals with beyond 80 dB concentrate on the
110-140 mm position. Figure 18a, b shows the AE
response for the amplitude—location curves for the over-leg
three-point bending [30°6//30°¢] specimens at different
time under 70 °C temperature. As shown in Fig. 18a (0—
46 s), only few signals with 40-85 dB amplitude appear at
the 105-140 mm position. As shown in Fig. 18b (46 s-
end), some signals with 60-85 dB amplitude appear at the
105-140 mm position. From the analysis above, the lami-
nate starts to fracture along the layup direction before the
delamination. Different from the single-leg loading, the
loading end is close to the initial crack, which leads to
larger deflection and damage. The collapse for the over-leg
specimens appears at the loading end, and for the single-leg
specimens appears at the left side of loading end.

AE Feature of Composite Specimen-®

Figure 19 shows the single-leg bending and over-leg three-
point bending for the [15°/—15°]54//[15°/—15°]35 speci-
mens under 70 °C temperature. Figure 20 shows the
corresponding AE response about the evolvement of
energy, counting, and amplitude. Different from the uni-
directional specimens, more complicated delamination
behaviors before the 15° layer and —15° layer appear. The
damage process includes three stages: (1) at the early stage,
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Fig. 20 Acoustic emission 1.0E+006
response for the composite
specimen-@ under single-leg 8.0E+005
bending under 70 °C
temperature: (a) counting—time Eﬁ 6.0E+005
curve, (b) energy—time curve, E
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only few signals with 40-70 dB amplitude appear; (2) at
the middle stage, the decreasing curve starts to appear after
delamination crack growth. More signals with 40-80 dB

[
LI ]

amplitude and few signals with 80-100 dB amplitude
appear. Besides, the energy and counting also add, showing
more damage area; (3) at the stage of collapse, the
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Fig. 21 Acoustic emission T
response for the composite
specimen-@ under single-leg 1
bending under 70 °C
temperature: amplitude—
location curve at different time
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amplitude signals become unchanged and the energy rate
reaches the maximum at 520 s. From the amplitude—loca-
tion curves, many amplitude signals locate at the 10-
115 mm position and dense signals aggregate at the load-
ing end.

Figure 21a—e shows the amplitude—location curves for
the [15°/—15°]54//[15°/—15°]54 specimen under the single-
leg three-point bending at different time under 70 °C
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temperature. As shown in Fig. 21b (65-100 s), many sig-
nals with 40-70 dB amplitude at the 90-115 mm position
and few signals with 70-85 dB and below 65 dB amplitude
at the left of specimens appear, showing the delamina-
tion crack starts to propagate. As shown in Fig. 2lc
(100-260 s), many signals with below 70 dB amplitude at
the 10-115 mm and few signals with 70-100 dB and
below 65 dB amplitude appear. Few high-amplitude
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Fig. 22 Acoustic emission 1.0E+006
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signals mean only few fiber breakage. As shown in  high-amplitude signals move left to the 50-65 mm and the
Fig. 21d (260480 s), the high-amplitude signals move left ~ fiber breakage adds at the loading end.

to the 60-75 mm position. The crack propagates to the Figure 22 shows the AE response in terms of the
60 mm position. As shown in Fig. 21e (480 s-end), the  evolvement of energy, counting, and amplitude for the
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Fig. 23 Acoustic emission
response for the composite
specimen-@ under over-leg
bending under 70 °C
temperature: amplitude—
location curve at different time
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over-leg three-point bending [15°/—15°]54//[15°/—15°]5
specimen under 70 °C temperature. Figure 23a—f shows
the amplitude—location curve at different time. As shown in
Fig. 23a (0-70 s), different from the unidirectional speci-
mens, the dense signals appear at the right side of loading
end. As shown in Fig. 23b (70-140 s), the signals with
45-80 dB amplitude appear at the 95-140 mm position.
The crack propagates to the 90 mm position and the
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propagating speed is slow. As shown in Fig. 23c (140-
220 s), the signals with below 80 dB amplitude appear at
the 85-140 mm position and the crack propagates to the
85 mm position. As shown in Fig. 23d (220-290 s), the
signals concentrate on the 70-140 mm position and the
crack propagates to the 75 mm position. As shown in
Fig. 23e (290-480 s), many signals with below 70 dB
amplitude at the 65-140 mm position and few signals with
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Fig. 23 continued

Fig. 24 Acoustic emission
response for the composite
specimen-® under single-leg
bending: (a) counting—time
curve and (b) amplitude—time
curve
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tude at the 10-65 mm position appear.

propagates to the 65 mm position. As shown in Fig. 23f
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The crack

(480 s-end), the high-amplitude signals decrease and the
amplitude of signals become unchanged. From the fracture
specimens, the fiber breakage is sparsely distributed at two
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Fig. 25 The microscopic failure mechanisms of the fracture speci-
mens using scanning electronic microscope

sides of loading end and the area between the loading end
and propagating crack tip. The angle-ply specimens are
shown to resist the crack propagation and fiber fracture
more strongly than the unidirectional specimens.

AE Feature of Composites Specimen-® Under Room
Temperature

Figure 24 shows the AE response in terms of the evolve-
ment of counting and amplitude for the [0°4//0°]
specimen under the single-leg three-point bending under
room temperature. Compared with Fig. 10, two points are
obtained: (1) at the early stage, the counting and energy
under room temperature are fewer than the specimens
under 70 °C temperature, showing more severe damage
due to high temperature; (2) at the next stage, the signals
with 80 dB amplitude and counting for the specimens
under room temperature are more than those under 70 °C
temperature, which means more fiber breakage under room
temperature appears than under 70 °C temperature. Fig-
ure 25 shows the microscopic failure mechanisms of the
fracture specimens using scanning electronic microscope.
It is shown that the distinct failure mechanisms are: fiber
breakage, delamination, and matrix cracking.

Conclusions

This research performs the single-leg and over-leg three-
point bending experiments and AE test of carbon fiber
composite laminates under 70 °C temperature and room
temperature environments. The initial intralaminar and
interlaminar defects are set to activate the interactions of
various failure mechanisms. The AE characteristic
parameters including the amplitude, counting, and energy

@ Springer

are used to identify the dominating failure modes. Effects
of three layup patterns and two initial crack sizes on the
delamination behaviors are studied.

From the signal analysis, the following conclusions are
obtained:

(1) The bending strengths for the [30°,6//30° 6] and
[15°/—15°]34//[15°/—15°]35 specimens are smaller
than those for the unidirectional [0°] specimens.
Besides, the position of crack-tip can be approxi-
mately determined by the signals with beyond 80 dB
for the [0°4//0°¢] specimens. Yet, this method
cannot be suitable for the [15°/—15°]34//[15°/
—15°]55 specimens, which can prohibit the fiber
breakage in process of delamination effectively in
view of the angle-ply layup. By comparison, the
[30°,6,/30°16] specimens can easily fracture before
the delamination under the single-leg loading. Thus,
the angle-ply layup pattern helps to improve the
mechanical properties of composite laminates.

(2) The over-leg loading leads to larger bending
strength than the single-leg loading for the same
specimens. The delamination crack under the single-
leg loading propagates more quickly than the over-
leg loading. The nonlinear load response is mainly
represented by the delamination with 60-80 dB
amplitude, the fiber/matrix delamination with 50—
70 dB amplitude and the matrix cracking with 40—
60 dB amplitude, yet the fiber breakage with the 80—
100 dB amplitude is few. The initial delamination
crack and progressive delamination growth aggra-
vate the intralaminar damage. Finally, the 8911 resin
shows good performance under 70 °C temperature
environment.
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