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Abstract

The study on natural aging of fiber reinforced composite, delamination damage behavior and damage pattern recogni-
tion plays a significant role in structural health monitoring of the material. In this study, acoustic emission is used to inves-
tigate damage evolution process and damage mechanisms in unidirectional glass and carbon-glass orthogonal woven
fiber reinforced composites containing symmetric multiple delaminations under three point bending testing. Based on
the principle of control variables, four kinds of specimens are manufactured to investigate the comparative study for
the effects of delaminations, reinforced materials and fiber orientation on buckling failure behaviors and the effects of
aging on mechanical properties. The results indicate that the degradation of strength and stiffness of composite can be
influenced by the existence of delamination defects and natural aging condition. Both negative and positive effects can
be generated by natural aging condition. Moreover, reinforced materials, porosity and fiber orientation are important
factors influencing the reliability of composite. Clustering results of unidirectional fiber reinforced composites indicate
interphase failure is the main damage component, moreover, the existence of symmetrical multiple delaminations will

aggravate the damage of composite and make instability failure characterized by intermittency.
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1 Introduction

Fiber reinforced polymer (FRP) composite has gained its
reputation in the fields of automobile, aerospace and
sports due to a series of good mechanical properties
such as high specific strength and specific modulus, good
design-ability and resistance to dynamic fatigue [1-3].
However, a lot of damages such as matrix cracking, delami-
nation, fiber-matrix debonding and fiber breakage might
appear during the manufacturing and service processes,
among which delamination is the main form of destruc-
tion [4, 5]. Layered buckling is easy to occur in laminated
composite plate structure at a low load level due to the
existence of delamination, resulting in the expansion of

delamination as well as other damages and leading to
the early occurrence of overall instability and failure of
the structure. Moreover, FRP composite will be exposed
to air, water, sunlight and other environments in process-
ing, storage and application. Polymer is sensitive to these
environmental factors and susceptible to aging due to
the effects of these factors. Degradation will occur at the
interface between matrix and fiber with the aging time
extending, so that the natural aging of the composite also
has a certain impact on its service. Therefore, the study
on natural aging of FRP, delamination damage behavior
and damage pattern recognition plays a significant role in
structural health monitoring of the composite.
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For FRP composite, the environmental conditions such
as humidity, heat and light have obvious influence on its
mechanical properties, which will lead to the decrease
of its strength and stiffness as time passes by. Hence, the
aging property of FRP is an essential part of structural
health monitoring. In order to evaluate the correlation
between natural aging and accelerated aging, the degra-
dation of the mechanical and physical properties of graph-
ite-epoxy composites exposed to natural environments
and accelerated environmental conditions respectively
was investigated by Shin et al. [6]. The results show that
transverse flexural property of composite is sensitive to
environmental damage, moreover, the strength and stiff-
ness of the material after exposure decrease exponentially
with the aging time. Furthermore, the mechanical proper-
ties of hybrid composite and glass fiber composite after
accelerated environmental aging were evaluated by Rod-
rigues et al. [7]. The results indicate that there is a mechani-
cal degradation in the aged material and hybrid composite
is more sensitive to aging than glass fiber composite.

Because of the low interlaminar strength of compos-
ite laminates, interphase failure can be easily caused by
interlaminar stress. Delamination damage easily occurs at
the interior of the composite if the laminate is physically
impacted in the process of assembly, repair and adapta-
tion, which is not easy to find but with a high probability
and can reduce the bearing capacity of the structure [8,
91. In order to study the failure behavior of delamination,
some scholars have done many researches. Zhou et al.
[10] carried out three kinds of specimens to study the
effects of delamination positions and lengths on com-
pressive behavior of the composite. The results indicate
that multi-delamination defects lead to the reduction of
mechanical properties, and the lengths and positions of
delaminations and the thickness of sub-layer have signifi-
cant influence on buckling behaviors. The mixed-mode
delamination failure properties of composite laminates in
hygrothermal environment were investigated by Liu et al.
[11]. The analysis of initial defect of delamination and dif-
ferent failure modes indicates that load mode and hygro-
thermal environment affect the delamination properties
remarkably and the delamination shear resistance of unidi-
rectional laminates is less than that of angle-plylaminates.
Furthermore, the unity between computational predic-
tions and experimental results in terms of the emergence
and growth of delamination, growth stability, structural
response and the maximum strains was certified by Wim-
mer etal.[12].

In the last decades, mechanical testing is generally used
to study the failure characteristics of composite, most of
which only provide information about final failure without
damage evolutionary propagation. Acoustic emission (AE)
technique as a non-destructive testing technology primely
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overcomes the limitation, which can monitor the damage
and failure behaviors of composite in real-time and pro-
vide useful information for investigating the damage pat-
tern recognition through cluster analysis [13, 14]. Based
on AE signals, the combined method including k-means
algorithm and k-nearest neighbor was used by Godin et al.
[15] to investigate the progressive damage mode in glass/
polyester composite under tensile loading. It is found that
matrix creaking and interfacial decohesion are main dam-
age modes, which indicates that this method has a good
effect on the clustering results of AE signals from different
mechanical sources. Furthermore, the delamination onset
and propagation under quasi-static and fatigue loading
were determined by Silversides et al. [16]. The results indi-
cate that micro-damage mechanisms occurring before
delamination can be detected by AE monitoring and AE
signals can be related to delamination growth rate.

This paper investigates the comparative study of
mechanical properties and AE response behavior of uni-
directional glass and carbon-glass orthogonal woven fiber
reinforced composites containing symmetric delamina-
tions under three point bending testing. Moreover, the
damage mechanisms of specimens are recognized by
k-means clustering analysis. The effects of delaminations,
reinforced materials and fiber orientation on buckling fail-
ure behaviors and the effects of natural aging on mechani-
cal properties are discussed.

The organizational structure of this paper is as follows:
firstly, the influence of delaminations on the buckling
behavior of specimens under three-point bending load is
studied in Sect. 3.1 by comparing and analyzing the dam-
age evolutionary behavior of Specimen A and Specimen
B. Next, based on the control variables, the effects of rein-
forced materials and fiber orientation on the buckling fail-
ure of specimens have been discussed in Sect. 3.2 through
the comparative analysis of Specimen B with Specimen C
and Specimen C with Specimen D respectively. Finally, in
order to research the effects of natural aging on mechani-
cal properties of specimens, the mechanical behaviors of
two unidirectional glass fiber reinforced composites (with
and without delaminations) exposed to natural environ-
ment is characterized in Sect. 3.3.

2 Experimental procedure
2.1 Materials and specimens

Four types of composite laminates were prepared
with 12 layers fiber fabric, among which Specimen A
and Specimen B contained 12 layers of unidirectional
glass fiber (ECW 600-1270, 600 g/m?), specimen C and
specimen D contained 8 layers of unidirectional glass
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fiber and 4 layers of carbon-glass orthogonal woven
fiber (placed on 2nd, 5th, 8th and 11th layers respec-
tively). The lay-ups are [0g,(05/90(),0¢,,(05/90.),0¢]s and
[06.(0c/90¢),042.(0/90¢),0¢]5 resulting in laminates of
specimen C and D. A summarization of the characteris-
tics of Specimen A, B, C and D is shown in Table 1. The
composites were manufactured by vacuum assisted resin
infusion (VARI) method. The mass ratio between epoxy
resin (3329A) and curing agent (3329B) is 10:4. The as-
prepared composites were cured for 48 h at room tem-
perature and then solidified for 8 h at 130 °C. After cooling
to room temperature, the prepared laminated plates with
the thickness of 5+0.2 mm were cut into specimens with
the size of 140 mm x 25 mm. Teflon films with the size of
30 mm x 25 mm were sandwiched between 2 and 3th lay-
ers, 5th and 6th layers, 7th and 8th layers, 10th and 11th
layers in Specimen B, C and D respectively to simulate the
symmetric multiple delaminations. There is no delamina-
tion in Specimen A, but Specimens B, C and D have the
same symmetrical multiple delaminations. Sketch map
and fiber laying direction for four types of composite
specimens are shown in Fig. 1 and Fig. 2 shows that Speci-
men B, C and D are divided into 5 daughterboards and
substrate part by four delaminations, of which D-®) are
daughterboards and ® is substrate.

2.2 Experimental equipment and process

Referring to ASTM D7264 standard, the three-point bend-
ing tests of the composite specimens were carried out at
a crosshead speed of 2 mm/min by the LD24 machine.
The span for three-point bending tests was 90 mm. At the
same time, the AE real-time signals during the damage
and evolution process were collected by using AE equip-
ment (DS-2A). Two wideband sensors with frequency
range of 100-900 kHz (VS900-RIC) were symmetrically
distributed on both sides of the specimen with a center
spacing of 90 mm. Experimental test system is shown in
Fig. 3. In order to ensure good acoustic coupling, the lead-
break test should be carried out before bending loading

test, and vacuum silicone grease should be fully applied
between the sensors and the composite specimens. In
order to effectively eliminate the electric and mechanical
noise, the suitable threshold was fixed to 5 mV (34 dB) by
repeated tests. The sampling frequency was 3 MHz. The
peak definition time (PDT), hit definition time (HDT) and
hit lock out time (HLT) were set to 30 ps, 150 us and 300 ps,
respectively [17].

3 Results and discussions

3.1 Effects of delaminations on damage evolution
of specimens

In order to understand the effects of delaminations
on damage evolution of specimens, the mechanical
performance curves of unidirectional glass fiber rein-
forced composite specimens with and without sym-
metric delaminations under three point bending test-
ing are investigated. As shown in Fig. 4, the ultimate
load of 3.47 kN is reached when the load of Specimen
A increases at an approximately uniform rate to the
point of instability failure. However, due to the exist-
ence of delaminations, Specimen B goes through |, Il
and Il stages corresponding to the instability failure of
daughterboard of D, @ and Q) respectively. The ulti-
mate strength of Specimen B is much less than that
of Specimen A, indicating the degradation of carrying
capacity of composite can be extremely influenced by
the existence of delaminations, which is confirmed by
Kazemianfar et al. [18]. According to the comparison of
the two mechanical curves, the slope of Specimen A is
higher than the overall slope of Specimen B. This out-
come suggests that the defect of symmetrical multiple
delaminations may result in a decrease in the stiffness of
composite [19, 20]. Furthermore, the slope in stage |, Il
and Il of Specimen B successively decreases with bend-
ing load increasing, which shows that the resistance to
deformation when the structure is under stress becomes

Table 1 Comparison of

. Reinforced materials and number of layers  Lay-ups Existence of
characteristic parameters of delamina-
Specimen A, B,Cand D tions

Specimen A 12 layers of unidirectional glass fiber [06]15 No
Specimen B 12 layers of unidirectional glass fiber [06]15 Yes
Specimen C 8 layers of unidirectional glass fiberand 4 [0,(05/90),04,,(05/90¢),0cls  Yes
layers of carbon-glass orthogonal woven
fiber
Specimen D 8 layers of unidirectional glass fiberand 4 [05,(0/905),05,,(0c/905),0cls ~ Yes

layers of carbon-glass orthogonal woven

fiber
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Fig. 1 Schematic diagram and fiber laying direction diagram for four types of composite specimens
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Fig.2 Sketch map of specimen with symmetric multiple delamina-
tions

increasingly weaker because of the instability failure of
the previous daughterboard. It is generally known that
three point bending loading makes the upper and lower
sides of Specimen B bear pressure and tension respec-
tively. Therefore, the sequential fractures of the daugh-
terboard of 1), @ and Q) illustrate that delamination is
more sensitive to pressure than tension [21, 22]. From a
macro perspective, the catastrophic failure of specimen
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without defects is explosive but the instability failure of
specimen containing symmetrical multiple delamina-
tions is intermittent.

In order to better reflect the AE response behavior
and identify the damage evolution of Specimen B, the
parameters of AE signal should be combined for analysis.
The distribution characteristics of AE relative energy of
Specimen A and B with the variation in time are shown
in Fig. 5. Signals appearing in the first 50 s of loading
might be noise signals, which may be caused by fric-
tion between specimens and loading system. It can be
observed from Fig. 5a that for Specimen A, there are
few damage signals during early- and medium-period
of loading, but abundant high-energy damage signals
occur in the later-period. This phenomenon indicates
that the damage of Specimen A is concentrated in the
point of buckling failure. This acoustic result is consistent
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Fig. 4 Comparison of mechanical properties of Specimen A and B

with mechanical result: the catastrophic failure of Speci-
men A is explosive. Specimen B undergoes three energy-
release stages, and high energy signals are concentrated
at three critical failure points. The damage signals of
stage |, Il and Ill can be clearly observed from Fig. 5b.
There are a few low-energy signals in stage |, and the
quantity of signals in stage Il increases, furthermore, the
quantity and energy of signals in stage lll increase obvi-
ously. The gradual damage indicates that with damage
accumulating, the energy at each stage tends to increase
until the instability fracture of daughterboard producing
the highest energy signal at that stage. By comparing
the energy and quantity of damage signals in each stage,
the overall damage degree of Specimen B increases

gradually and the instability failure shows intermittent
development.

For visualization, good classification results (see Fig. 6)
are obtained by using k-means algorithm with three
possible classes and the chosen features (amplitude, fre-
quency and RA value (the ratio of rise time to amplitude)).
The signals are divided into three clusters: low-frequency,
medium-frequency and high-frequency, corresponding
to matrix cracking, interphase failure and fiber breakage
respectively [23, 24]. The cluster bounds of each damage
mechanism and the number of AE events of Specimen A
and B are shown in Table 2. It is clear that the amplitude
distribution range of fiber breakage is lower than that of
matrix cracking and interphase failure, which is consist
with the experimental result of Zhou et al. [25]. Combine
Fig. 6 with Table 2, due to the low interlaminar strength of
composite laminates, interphase failure is the main dam-
age component in Specimen A and B. However, because
of the existence of multiple delaminations, there are more
interface failure signals in Specimen B than Specimen A.
The cumulative hits of damage signals versus time is a
good indication of damage evolution. As observed from
Fig. 6, cumulative hits of Specimen A increases gently in
early- and medium-period, but rapidly in later-period.
As for Specimen B, cumulative hits continues to increase
rapidly except for early-period. The cumulative hits-time
curves of Specimen A and B are concave and convex
respectively, indicating the damage degree of Specimen
B is significantly severer in medium-period than that of
Specimen A.

Based on the damage evolution process, the devel-
opment of signal frequency over time of three damage
mechanisms can be seen from Fig. 6. Some signals appear-
ing in the first 50 s of loading might be related to exter-
nal environment. It can be clearly observed that damage
signals of Specimen A are concentrated in later-period,
while damage signals of Specimen B are concentrated
in middle- and later- loading period, which is consistent
with cumulative hits growth trend. Matrix acting as a sup-
port first contacts and bears applied stress, however, the
interphase structure of composite laminates is the most
fragile. Therefore, damage signals of matrix cracking and
interphase failure including fiber-matrix debonding and
delamination expansion almost occur at the same time.
It is well known that damage first develops in the direc-
tion of least resistance, so damage first appears in matrix
and interphase. Subsequently, stress concentration pro-
motes the propagation of cracks and delaminations. With
the increase of load and bending deformation, fiber yarns
gradually support the main load and the signals associated
with fiber failure are gradually generated. Finally, buck-
ling instability occurs and signal superposition results in
the generation of a large number of high-energy damage

SN Applied Sciences

A SPRINGERNATURE journal



Research Article

SN Applied Sciences (2020) 2:1596 | https://doi.org/10.1007/542452-020-03424-4

(a) .

oo | Specimen A

~
Force/kN

0 50 100 150
Time/s

Specimen B

Force/kN

Fig.5 The distribution characteristics of AE energy of Specimen A and B versus time

signals (see Fig. 5). The evolution process of three types of
damage in Specimen A and B is similar, except that Speci-
men B undergoes three gradual processes. To sum up,
the existence of symmetrical multiple delaminations will
aggravate the damage of composite and make instability
failure characterized by intermittency.

3.2 Effects of reinforced materials on the buckling
failure of specimens

In order to determine the effects of reinforced materials
and fiber orientation on the buckling failure of specimens,
the mechanical properties of epoxy composite reinforced
by unidirectional glass fiber and carbon-glass orthogonal
woven fiber are investigated experimentally, as shown
in Fig. 7. Based on the control variables, the independ-
ent variable between Specimen B and C is the reinforced
material placed on 2nd, 5th, 8th and 11th layers and the
independent variable between Specimen C and D is the
layer orientation of carbon-glass orthogonal woven fiber.
Itis generally known that 90°-oriented unidirectional fiber
basically does not bear stress under the action of three-
point bending, while 0°-oriented unidirectional fiber bears
the main load. For both Specimen B and Specimen C,
although glass fiber is subjected to bear the applied load,
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the carbon-glass woven fiber cloth is thicker than unidirec-
tional fiberglass cloth resulting that Specimen Cis slightly
thicker than Specimen B and the energy absorption capac-
ity of Specimen Cis stronger than that of Specimen B. This
well explains why the ultimate strength of Specimen C are
greater than that of Specimen B, as shown in Fig. 7. The
strength and stiffness of carbon fiber are higher than glass
fiber [26]. Based on lay-ups, the glass fiber in Specimen
C and the carbon fiber in Specimen D are subjected to
bending load respectively. Hence, the ultimate strength of
Specimen D is higher than that of Specimen C. However,
the ultimate load of Specimen D is only slightly higher
than that of C, the reason of which may be that there is
an angle deviation in the laying direction of carbon-glass
hybrid fiber bundle (the direction of carbon fiber is not
completely perpendicular to the loading direction). As
a parameter to characterize the stiffness of the material,
the slope of the mechanical curve indicates that the resist-
ance to deformation of specimen B and D is basically the
same, which is higher than that of Specimen C. The cause
of this phenomenon is as follows: due to the high flow
resistance of the liquid resin in the hybrid woven fabric,
the resin perfusion quality on hybrid woven fabric is lower
than that on unidirectional fabric leading to the genera-
tion of more random void defects, which has influence on
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Fig.6 Clustering results and cumulative hits of Specimen A and B

Table 2 Cluster bounds of each damage mechanism and the num-

ber of AE events of Specimen A and B

Amplitude/dB  Frequency/kHz ~ Number

Specimen A

Matrix cracking 40-93 47-114 5431

Interphase failure ~ 40-100 117-156 51,509

Fiber breakage 40-90 156-235 11,640
Specimen B

Matrix cracking 40-90 35-126 6826

Interphase failure ~ 40-96 127-187 65,963

Fiber breakage 41-49 210-328 10

the mechanical properties [27, 28]. As shown in Table 3,
the microphotography technology is used to calculate
the void percentage of specimens. It can be observed that
there are a small quantity of small voids in Specimen B,
but more large voids in Specimen C and Specimen D. The
void percentages of Specimen B, Cand D are 1-3%, 5-7%
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Fig.7 Comparison of mechanical properties of Specimen B, Speci-
men C and Specimen D

SN Applied Sciences

A SPRINGERNATURE journal



Research Article

SN Applied Sciences (2020) 2:1596 | https://doi.org/10.1007/542452-020-03424-4

Table 3 Calculation and characterization of porosity of Specimen B,
CandD

Specimen Microscopic image Void per-
centage
(%)
Specimen B 1-3
Specimen C 5-7
Specimen D 5-7

and 5-7%, respectively. Although the bearing structure
of Specimen B and Specimen C is glass fiber, the greater
porosity may be partly responsible for the smaller slope. As
for Specimen D, the dual effects of the porosity and carbon
fiber bearing load result in its slope is approximately the
same as that of Specimen B. In conclusion, layer thickness,
porosity and fiber orientation are important factors influ-
encing the reliability of fiber reinforced composite plates.
With respect to acoustic results of Specimen B, Cand D,
the distribution characteristic of AE energy versus time is
shown in Fig. 8. Because of the existence of symmetrical
multiple delaminations, Specimen B, C and D experience
three partial buckling failures, in addition, the overall insta-
bility failure is characterized by intermittency. The signal
energy of Specimen B, C and D have a similar evolution:
with the accumulation of damage, the quantity and energy
of damage signals increase gradually until a large number
of high-energy signals are generated when specimen is
suffering from partial buckling failure. As for the clustering
results of Specimen B, C and D, Fig. 9 indicates that there
are three damage mechanisms in each specimen: matrix
cracking, interphase failure and fiber breakage. It is clear
that signals associated with fiber damage are character-
ized with the highest frequency and lowest amplitude.
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The AE signals of Specimen B and Specimen C are clus-
tered into three classes, the distribution of frequency and
the number of signals in each class are shown in Figs. 9 and
10. As for Specimen B, the most AE signals about matrix
cracking have a low frequency in the range of 0-50 kHz,
the frequency of interphase failure is slight higher mainly
in the range of 50-100 kHz, fiber breakage with the high
frequency is centralized in the range of 150-200 kHz. In
terms of Specimen C, the frequency of matrix cracking,
interphase failure and fiber breakage are mainly in the
range of 0-100 kHz, 100-150 kHz and 200-300 kHz. By
comparison, the frequency range of each type of dam-
age in Specimen C is wider than that of Specimen B. It
is clear that the number of signals relating to interphase
failure in specimen B is the largest, indicating interphase
failure plays a leading role in damage evolution process of
Specimen B due to the existence of symmetrical multiple
delaminations. However, there are the most signals cor-
responding to matrix cracking in Specimen C. The main
reason for this phenomenon is that the effect of porosity
on matrix plays a leading role in the buckling failure pro-
cess of specimen, and the effect of delamination defects
on mechanical properties plays a secondary role [27, 28].
This again confirms that the porosity of hybrid woven fab-
ric is higher than that of unidirectional fabrics. Compared
with Specimen C, there is more severe interphase failure in
Specimen D, which may have a relationship with damage
behavior of carbon fiber.

3.3 Effects of natural aging on mechanical
properties of specimens

The essence of aging is a change in its physical or chemical
structure, that is any destructive reaction caused by physi-
cal, chemical or mechanical factors (i.e. degradation), caus-
ing the progressive deterioration of composite properties
[29, 30]. In order to evaluate the property degradation of
composite in storage, the mechanical behaviour of two
unidirectional glass fiber reinforced composites (with and
without delaminations) exposed to natural environment is
characterized. The specimens are naturally placed indoors
to simulate storage condition. The experimental param-
eters of natural aging are shown in Table 4.

As shown in Fig. 11 and Table 5, the ultimate loads of
unaged Specimen A and B and aged Specimen A and B
are 3.52 kN, 2.2 kN, 2.72 kN and 0.85 kN respectively. It
can be seen that the ultimate strength of the aged Speci-
men A and B is 77.27% and 38.64% of the original Speci-
men A and B, respectively. The ultimate strength of the
aged specimen containing delaminations decreases more
obviously, indicating that the delamination defect is more
sensitive to the aging condition. The reason for this phe-
nomenon is as follows: light, heat, humidity, oxygen and
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Fig. 8 The distribution characteristics of AE energy of Specimen B, C and D versus time

other factors and the change of polymer composition and
state structure are the main external and internal factors
causing the aging of materials [31]. During degradation,
the first barrier to receive external factors is the matrix and
the ultraviolet light from natural light can cause partial
degradation of macromolecular chains in the resin matrix,
so that the mechanical properties of the composite mate-
rial can be significantly reduced after aging [32]. How-
ever, the surface morphology of the specimen is basically
unchanged as the natural aging time is short. Furthermore,
the water in air can lead to internal stress in the specimens
due to the plasticization and swelling of the matrix and the
expansion mismatch between resin and fiber [33], which
will easily result in the expansion and degradation of the
delamination. Therefore, the main reason why the delami-
nation defect is more sensitive to aging is that water dif-
fuses into the specimen resulting in further weakening
of the delamination interface. In addition, it can be seen
from Fig. 11 that the slope of the mechanical curves of
the aged specimens decreases compared with the original
specimens, indicating that the aging condition will have a
certain influence on the stiffness of the material, and make

the resistance to deformation of the material weakened,
which was proved by Gruneberger et al. [34].

As a physical quantity, deflection can evaluate the phys-
ical properties of materials and reflect the toughness char-
acteristic of materials. It refers to the linear displacement
of specimen axis in the direction perpendicular to the
axis. The experimental results show that the deflections
of original Specimen A and B and aged Specimen A and B
are 7.65 mm, 12.52 mm, 8.30 mm and 5.23 mm. Compared
to original Specimen A, the deflection of the aged Speci-
men A increased slightly, which indicates that the natural
aging process has a negative effect on the strength and
stiffness of material, but may have a positive effect on the
toughness of material. The reason why positive effect plays
a leading role in terms of the toughness of Specimen A is
that during a short aging period, the thermal stress gen-
erated in the curing process of the composite is gradually
released by the stress relaxation of the resin matrix, con-
sequently, the ability of material to absorb energy during
plastic deformation and fracture can be improved. How-
ever, due to the existence of delaminations, the negative
effect has more influence on the toughness of Specimen B
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Fig.9 Clustering results of amplitude and frequency of Specimen B, Cand D

than the positive effect. Degradation of surface resin and
weakening of interfacial properties play a leading role in
aged Specimen B, so the deflection decreases significantly.

Combine with the AE cluster results in Sects. 3.2 and
3.3, the SEM analysis for original Specimen B and aged
Specimen B is carried out to verify matrix cracking, inter-
phase failure and fiber breakage, as shown in Fig. 12. The
mechanical results show that the strength degradation
due to natural aging of the specimens with delamina-
tions is more obvious. Compared with original specimen,
it can be seen that the interphase damage of aged speci-
men is more severe. There is only a small amount of sin-
gle fiber debonding in original specimen, but large areas
of interface debonding can be easily observed in aged
specimen. Furthermore, failure morphology about matrix
damage indicates that a large number of matrix fragments
are attached to the periphery of fiber fracture in original
specimen. In contrast, there almost no matrix fragments is
found in the aged specimen. Through comparative analy-
sis, it can be observed that the degree of matrix breakage
of the aged specimen with a greater particle density of
matrix fragments is greater than that of the original speci-
men. These results suggest that natural aging will not only
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weaken the resin matrix, but also reduce the interfacial
adhesion between the matrix and fiber, which has a great
influence on the strength degradation of composite.

4 Conclusion

Three point bending tests are carried out with the aim of
determining the effects of symmetric multiple delamina-
tions, reinforced materials and fiber orientation on dam-
age evolutionary behaviors and the effects of natural
aging on mechanical properties of unidirectional glass
and carbon-glass orthogonal woven fiber reinforced
composites. The experimental results show that the
degradation of carrying capacity and the resistance to
deformation of composite can be extremely influenced
by the existence of delaminations, which leads to the
early occurrence of overall instability of the structure. In
addition, the instability failure of the specimens contain-
ing symmetrical multiple delaminations is intermittent.
The AE cluster analysis results indicate that matrix crack-
ing, interphase failure and fiber breakage are character-
ized with the lowest, medium and highest frequency
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Table 4 The experimental

’ Aging method
parameters of natural aging

Aging duration ~ Temperature  Relative humidity  Lighting condition

Naturally placed indoors

Eleven months  20-25°C 40-50% No direct sunlight
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Fig. 11 Comparison of mechanical properties of original and aged

unidirectional glass fiber reinforced composites

Table 5 Comparison of mechanical experimental results of aged
and unaged specimens

Specimen Original Aged Original Aged
Specimen  Specimen Specimen  Speci-
A A B men B

Ultimate load/kN ~ 3.52 2.72 2.20 0.85

Deflection/mm 7.65 8.30 12.52 523

respectively. Furthermore, signals associated with fiber
damage are characterized with the lowest amplitude. In
addition, the differences of reinforced materials, layer
thickness, porosity and fiber orientation are important
factors influencing the reliability of composite laminates.
Otherwise, the effects of natural aging on mechani-
cal properties indicate that natural aging will reduce
the strength and stiffness of the material but improve
the toughness to a certain extent. Furthermore, the
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Fig. 12 The SEM analysis about failure morphology of original Specimen B and aged Specimen B

existence of delaminations makes the composite more
sensitive to natural aging conditions.

Many uncertain factors in the process of processing and
transportation and low energy impact in the process of
assembly and service are most likely to lead to delami-
nation defects, which have great limitations on the appli-
cation of materials. In addition, the choices of reinforced
materials and their orientation also have important influ-
ence on the performance of composite. Combine with test
measurement, this paper has an important reference value
for evaluating the comprehensive performance of com-
posite laminates. However, in order to further evaluate the
quality of composite, study the effect of delamination on
service property of composite laminates and realize the
visualization of failure morphology, combining with the
common load conditions of composite, a more compre-
hensive experimental scheme needs to be proposed and
more advanced detection methods need to be applied in
future research to provides reference value for the struc-
tural health monitoring and engineering application of
materials.
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