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Abstract.

Fiber reinforced polymer (FRP) has received widespread attention in the field of civil engineering because of its

superior durability and corrosion resistance. This article presents the damage mechanisms of a novelty composite called carbon
nanofiber modified flax fiber polymer (CNF-modified FFRP). The ability of acoustic emission (AE) to detect damage evolution
for different configurations of specimens under uniaxial tension was examined, and some useful AE characteristic parameters
were obtained. Test results shows that the mechanical properties of modified composites are associated with the CNF content
and the evenness of CNF dispersed in the epoxy matrix. Various damage mechanisms was established by means of scanning
electron microscope images. The fuzzy c-means clustering were proposed to classify AE events into groups representing
different generation mechanisms. The classifiers are constructed using the traditional AE features -- six parameters from each
burst. Amplitude and peak-frequency were selected as the best cluster-definition features from these AE parameters. After
comprehensive comparison, a correlation between these AE events classes and the damage mechanisms observed was proposed.

Keywords:

acoustic emission; flax fiber reinforced polymer; carbon nanofiber; damage mechanisms

1. Introduction

Large-scale projects, such as long-span bridges, super-
tall buildings, underground structures, and subsea tunnels,
have high strength and durability requirements for building
materials because these projects are usually undertaken in
hostile environments. The civil engineering searches for
new building materials constantly to replace traditional
reinforced concrete (RC) material. Fiber reinforced polymer
(FRP) is a promising material with good properties, such as
excellent corrosion resistance, high specific strength and
stiffness, as well as outstanding fatigue behavior (Coelho,
Sena-Cruz et al. 2015, Hollaway 2010). Currently, FRP has
been widely applied in structural repairment and
strengthening (Kara, Ashour et al. 2015, Yu and Kodur
2014). Although FRP has several superior mechanical
properties, this material is brittle given that failure would
occur directly with a small deformation when its tensile
strength is reached. Many researchers are attempting to
improve the mechanical performance of FRP. At present, a
few studies have shown that carbon nanofiber (CNF) can
strengthen epoxy resin matrix, and a very small amount of
CNF can improve the mechanical properties of composite
materials significantly (Mahfuz, Adnan et al. 2004).
Allaoui, Bai et al. (2002) added some carbon nanotubes to
epoxy resin matrix, and their study found that the
mechanical properties of epoxy has increased substantially
after adding a certain amount of carbon nanotubes
(1~4wt%). What's more, CNF can also improve the
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durability of composite materials because of its high
hydrophobic and good barrier properties (Prolongo, Gude et
al. 2012). These properties are particularly important for the
application of FRP in the civil engineering field.

The ultimate strength of modified composite has a close
relationship with CNF content. Most researchers focused on
investigating the mechanical behavior of such material.
However, studies on the characterization and identification
of failure mechanisms of CNF-modified FFRP during
tensile testing have not been reported in literature to date.
And mechanical testing was measured considering the
capacity only. The information of failure and damage
evolution was neglected in determining what CNF content
was adopted. Typical methods for characterizing failure
mechanisms are X-ray and scanning electron microscope
(SEM). Another method that may be used to quantitatively
characterize and identify the failure mechanisms of CNF-
modified FFRP composites is acoustic emission (AE)
technique, which is a real-time monitoring method and a
non-destructive testing technique. This technique is based
on the detection of transient elastic waves produced by
internal micro placement because of plastic deformation or
cracks propagation. Many studies have proven that AE is a
very useful technique to detect and evaluate the failure
process of composite material (Karimi, Heidary et al. 2012,
Kempf, Skrabala et al. 2014). The present study aims to
investgate the damage mechanism of flax fiber composite
plates under uniaxial tension using AE technique. During
the test, the AE system showed a few characteristic
parameters, such as AE hits, peak-frequency and amplitude.
These parameters can help to describe the failure
mechanism of a material efficiently. The failure
mechanisms of metallized glass fiber-reinforced epoxy
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Table 1 AE characteristics of the main damage mechanisms in the literature

AE feature Matr_lx Debonding Fiber Fiber Material Reference
cracking pull-out breakge
Amplitude 40-50 45-60 60-80 55-75 80-96 Flax/LPET Aslan (2013)
(dB) 40-50 50-60 >80 Flax/resin Monti, El Mahi et al. (2016)
frepﬁz'r‘]c 90-180  240-310  180-240 >300  CFRP/epoxy De Groot, Wijnen et al. (1995)
((I]<Hz) y 0-50 200-300  500-600  400-500  CFRP/epoxy Gutkin, Green et al. (2016)
composites under tensile loading were identified Table 2 Physical properties of the epoxy resin

successfully using AE analysis (Njuhovic, Brau et al. 2015).
Each AE event can be considered as a signature of one of
different damage modes for cluster algorithm (Huguet,
Godin et al. 2002). Aslan (2013) and Monti, El Mahi et al.
(2016) utilized time domain features (amplitude, duration,
rise time, counts, and energy) and found that damage
mechanisms are highly correlated with amplitude. Many
others found that peak-frequency can be regarded as the
best AE descriptor for damage characterization, whereas
there is an obvious overlap for other parameters (Gutkin,
Green et al. 2011). Table 1 summaries damage mode links
to AE features proposed by different authors. In the latest
literature (Li, Lomov et al. 2014, 2015), damage modes
were determined by AE events combining amplitude and
peak-frequency, and AE events are classified into low
frequency/low amplitude, low frequency/high amplitude
and high frequency clusters.

The present study focuses on identifying the failure
mechanisms of CNF-modified FFRP under uniaxial tension
using AE analysis. A few representative features, such as
cumulative AE hits, amplitude and peak-frequency, were
extracted to determine their failure modes. Furthermore, the
comparative analysis on the AE signal difference of
specimens were conducted. Assessment and analysis proved
that the mechanical properties of CNF-modified FFRP
composite are closely related to the content of CNF in the
matrix.

2. Experimental procedure
2.1 Material characteristics

The epoxy resin adopted in the experiment is a special
resin called SWANCOR 2511-1A/BS, which is produced by
Swancor Wind Blade Materials Co., Ltd., China. The
detailed parameters are shown in Table 2. The type of CNF
is PR-24-XT-HHT, which is manufactured by Pyrograf
Products Inc., USA. The diameter of PR-24-XT-HHT is 100
nm and the length is 50~200 pm. In consideration of its
environmental friendliness, low cost and superior
performance, we chose flax fiber to replace the traditional
fiber as the reinforced fiber of the composites in this test.
Table 3 lists the unidirectional mechanical performance of
flax fiber.

SWANCOR 2511-1 SWANCOR 2511-1

Type A oS
Viscosity ~ }
(CpS, 2soc) 900~1300 10~50

Density _ }

(g/cm3, 25°C) 11-12 0.9-1.0
weight ratio 100:30
T9(°0) 80~90

Table 3 Unidirectional mechanical performance of flax fiber

Tensile Elongation at

Density strength E-modulus failure Thickness
3Y
(g/cm?) (MPa) (GPa) (%) (mm)
1.4 800~1500 60~80 1.2~1.6 0.16

2.2 Specimen preparation

In this work, the modified epoxy (CNF/epoxy) was
prepared at first. High-speed mixer, ultrasonic dispersion
and vacuum were used to disperse the CNF evenly in the
epoxy matrix. The CNF were first added to the SWANCOR
2511-1A resin and hand-stirred. Then, the mixture was
stirred in a blender at a high speed of 2000r/min for 30
min. Whereafter, the mixture was sonicated in a
temperature-controlled sonicator at 60°C. Then the curing
agent SWANCOR

2511-1BS was added and mixed by blender for 5min.
The mixture was finally placed in a vacuum chamber for 20
min to remove air bubbles. Thus the CNF/epoxy matrix was
well prepared. The fax laminates were made by hand lay-up
method. Flax laminates adopted the form of a sandwich, in
which both faces of the flax fiber were covered by the
epoxy matrix. The schematic of CNF dispersion in
composite are shown in Fig. 1. Three types of flax fiber
composite plates with different CNF contents in their matrix
were tested. For the purpose of matrix cracking studies,
corresponding resin specimens were made at the same time.
The basic information of these types of specimens is shown
in Table 4. The shape and size of the P-type specimens were
designed according to ASTM D3039, as shown in Fig. 2.
The central measurement range of the test specimens is 100
mm and the width is 25 mm, particularly, 50 mm long end
tabs were used to clamp the specimens to the testing
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machine. To prevent the end socket of test specimens from
fracturing in an untimely manner during the tensile process,
four aluminum strengthened sheets were set on both ends of
each specimen according to the test method (GB/T 3354-
1999) for tensile properties of oriented fiber reinforced
plastics.

2.3 Experimental setup

The test specimens were fixed on the electronic
universal testing machine. Then, sandpaper was used to
wipe clean the material surface before conducting tensile
test. An extensometer was also set on the specimens to
conduct the measurement of tensile strain. According to
ASTM D638, the loading process employed the
displacement control method with a loading rate of
2mm/min. The loading procedure was continued with
increasing load until ultimate failure was reached. The
entire damage process of specimens was monitored by
using Physics Acoustic Corporation system and AE win
software. Two RS-2A resonant sensors (50-400kHz) were
respectively pressed onto the two sides of the tensile
specimen and were connected to the AE monitor system via
a preamplifier. The AE sensor was fixed by a rubber band
wrapped around the specimen and sensor. Prior to the
experiment, a broken lead experiment was performed to
eliminate ambient noise. The basic parameters of AE
monitor system were set as follows: the main amplifier gain
of AE system was set at 20 dB, preamplifier gain was 40
dB, sample rate was 5 MHz, and a threshold of 40dB used
to avoid detecting most noise from the surrounding area.
The tensile test of CNF-modified composite plates is shown
in Fig. 3.

N ecoo

m—"CNF

Fig. 1 Schematic of CNF dispersion in composite

aluminum sheet

CNF/epoxy matrix
50 | 100 ‘ 50
250

Fig. 2 Shape and size of CNF/ Epoxy/Flax specimens
(units:mm)

flax fiber

Table 4 Basic information of specimens

Content of
Type Thickness(mm) Ingredient CNFin Number of
. test sample
matrix
A-0.25 3 CNF/ Epoxy  0.25% wt 3
A-0.5 3 CNF/ Epoxy  0.5% wt 3
A-1.0 3 CNF/ Epoxy  1.0% wt 3
P-0.25 2 CNFl 25wt 5
' Epoxy/Flax '
CNF/
P-0.5 2 Epoxy/Flax 0.5% wt 5
CNF/
P-1.0 2 Epoxy/Flax 1.0% wt 5

AE Sensor

A

Extensometer

Fig. 3 Experiment loading system

3. Fuzzy c-means clustering

Fuzzy c-means (FCM) is a data clustering technique
wherein each data point belongs to a cluster to some degree
that is specified by a membership grade. This algorithm was
first put forward by Jim Bezdek in 1981, as an improvement
for traditional hard clustering. The aim of FCM is to find
cluster centers C; that minimize the function J: (Bezdek
2013, Marec, Thomas et al. 2008)

JUM)=Y S K C) o

Where U is fuzzy partition matrix with m lines and n
columns, V is cluster center matrix.

Uy (%) Uy (%) U (%,)
P GO A CO T )
um(xl) UZ(XZ) um(Xn)

V=[C1|C2|...Cm] (3)
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In which U;(X;) is the membership value of jth data
point to the ith cluster, under the condition

dulx)=1 Vi (4)
i=1

£ is a scalar which represents the fuzzy degree (f' =2).
And d*(x;, C)) is the distance between the pattern vector x;
and the cluster center C;, uauslly adopt the square of the
Euclidean distance.

m 2
dz(xj,Ci)z\/Zj_l(xkj -V, (5)

In order to determine the appropriate number of clusters
in the data set, the most popular validity criteria for fuzzy
clustering is adopt: Xie and Beni’s Index (XB). It aims to
quantify the ratio of the total variation within clusters and
the separation of clusters (Xie and Beni 1991). The optimal
number of clusters should minimize the value of the index.
It is defined as follows

c 2
330" v
XB(c) = i=1 j=1 : (6)
N min,, v, =vi|

i#]

4. Experimental results and discussion

4.1 AE parameter analysis and the explanation of
SEM

Table 4 lists the mechanical properties of test specimens.
P-0.5 has the highest tensile strength and modulus, followed
by P-1.0 and P-0.25 as the lowest. This illustrates that 0.5
wt% CNF content has the best improvements effect on this
improved composites in this experiment. Similar result has
been reported in (Xiao, Song et al. 2015). In order to verify
the results, SEM images of the failure surface of CNF-
modified composites were applied. It should be noted that
enhancement effect depends on the modified epoxy matrix.
SEM images of the fracture section of A-type specimens are
shown in Fig. 6. Joint surface increased with the raise of
CNF content. The increased surface roughness implies that
the path of the crack tip was distorted because of the carbon
nanofiber. Actually, the essence of this modified material is
closely related to the fiber-bridging as elaborated in
(Tsantzalis, Karapappas et al. 2007). The fiber-bridging is
the major energy absorbing mechanisms. Therefore,
cracking resistance was improved significantly and the
mechanical properties of modified composites strengthened
accordingly. However, the performance of the composite
material is associated with the CNF content, and is affected
by the evenness of CNF dispersed in the epoxy matrix
(Xiao, Song et al. 2015, Zhou, Pervin et al. 2008). When
the CNF concentration was 1 wt%, a portion of CNF in the
epoxy resin matrix began to agglomerate as shown in Fig.
7(d). The crack initiation was caused by the stress

concentrations resulted from the agglomerated CNFs,
thereby deteriorating the mechanical performance of the
composites. This reason explains why P-0.5 possessed the
best mechanical properties.

The AE hits is defineed as the number of signals
collected by AE sensor and could indicate the damage
condition of material in real-time. Testing results showed
that the variation trend of AE activity was similar to that of
a specimen of the same type. Therefore, the AE analysis
results of only three typical specimens were shown in this
paper. Fig. 4 shows the relationship between stress and
cumulative hits under uniaxial loading. With the increase of
load, the curve of hits increase continuously and the damage
get further intensified. There are two noticeable locations of
slope change in the curve of cumulative hits. The first slope
change is at low stress level, the AE generation mechanism
is attributed to matrix cracking and the internal defects such
as microvoid and bubble. Subsequently, a slow increase of
AE hits imply that the composites turned into a relatively
stable state. Prior to the final failure (90% ultimate
strength), the rate of AE hits rose significantly again.
Noticed that P-0.5 primarily discriminates with the other
two specimens in the distribution of AE hits. Few damage
signals of P-0.5 were recorded in the initial stage and most
of damage occurred in the final failure stage. This may
indicate that the matrix of P-0.5 has the least defects and the
mechanical properties obtained a significant improvements.
And a considerable number of AE hits was detected in P-1.0
during the initiation of loading. The causes of this
phenomenon is evident, that is agglomerated CNFs. The
rate of AE hits showed high sensitivity to the damage
evolution of modifed composite. And the AE results agreed
with the microscopic analyses well.

Further investigation was conducted to identify the
failure mechanisms of CNF-modified FFRP. In terms of
composite materials, the damage modes mainly include
matrix cracking, interface debonding, fiber pull-out and
fiber breakage. Fig. 7 presents the fracture sectional SEM
images of P-type specimens after breakage. At a
macroscopic scale, the observations of these failure profiles
provided brought a lot of information. And all these damage
modes were also observed. Peak-frequency analysis is one
of the promising techniques to discriminate these failure
modes. Classifications of failure modes based on the
frequency of AE signals have been investigated. Fiber
breakage in the high frequency range and interface
debonding in the intermediate frequency range. Matrix
cracking is usually identified to the low frequency range,
while fibre pull-out have a frequency range between
debonding and fiber fracture (De Groot, Wijnen et al. 1995,
Gutkin, Green et al. 2011). Fig. 5 shows the variation of
peak-frequency with time for the specimen subjected to
tensile test with AE monitoring. Two remarkable ranges of
peak frequency are identified. With few exceptions, the
frequency band of A-type specimens almost located
between 0 and 200 kHz. Since the damage mode of A-type
specimens is single. This illustrates matrix-cracking (bule
dot) is identified to the low frequency range. However, it
seems that the frequency band of another three damage
modes (red dot) are mixed together. It is difficult to
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discriminate each damage mode directly only rely on the
distribution of peak-frequency. Thus, a multi-parameter
clustering analysis would be carried out in the following

section.

Table 5 Mechanical properties of FFRP with different

contents
) Tensile strength Elasticity Elongation at
Specimen (MPa) modulus break
(GPa) (%)
P-0.25 177.46 £5.23 15.39+0.98 1.76 £ 0.10
P-0.5 195.01 £ 4.06 17.42+1.21 2.03 £ 0.09
P-1.0 185.24+6.89 15.89+1.73 1.84 + 0.13
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Fig. 4 Cumulative hits and stress versus time
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Fig. 6 SEM images of fracture area in A-type specimen
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Fig. 7 SEM images of fracture area in P-type specimen

4.2 Damage identification based on cluster results

In cluster analysis, feature selection is a vital procedure
and the choice of cluster parameter can influence the
validity of cluster to some extent. The cluster parameter
should include as much descriptive information as possible
and remove the irrelevant messages. Six basic parameters of
the AE signals were selected to describe an AE signal:
risetime, counts, energy, duration, amplitude and peak-
frequency. Each descriptor is normalized to range from 0 to
1 before data analysis. Then, a six-component descriptor
vector represents each typical AE signal. The index of
cluster validity used is Xie and Beni’s (XB) index, as
defined in Eqgs. (6). The number of cluster k is calculated
using the range from 2 to 10. Fig. 7 shows the number of
clusters evaluated by XB Index. The minimum of XB Index
indicates the optimal number of clusters. The optimal
number of clusters for three typical specimens is marked by
a red rectangle. Therefore four is chosen as the cluster
number for analysis of all the data sets. The application of
the classification methodology returned the following
results. Fig. 8(a) presents the amplitudes of these AE classes
with respect to the time. After comparison and
identification, AE events present a best separation in the
space of amplitude and peak-frequency, as shown in Fig.
8(b). This outcome indicates that peak-frequency and
amplitude are the most appropriate to discriminate different
damage modes. This result is consistent with the recent
researches (Li, Lomov et al. 2014, 2015).

To primarily correlate the resulted clusters with different
damage mechanisms, four clusters were compared with
amplitude distribution and peak-frequency band. Based on
previous analyses, CL1 and CL2 with peak-frequency range
0-200 kHz can be attributed to matrix-cracking. According
to the literature as mentioned in Table 1, AE bursts caused
by fiber/matrix debonding usually possess a lower
amplitudes than those of fiber pull-out (Aslan 2013, Monti,
El Mahi et al. 2016). Furthermore, the number of CL4 is
much less than that of CL3 and the occurrence of CL4 is
largely at a high stress level. As a consequence, CL3 with
amplitude distribution 40-50 dB relates to fiber/matrix
debonding. While AE events in CL4 have higher amplitude
and similar frequency distribution with CL3, possibly
associate with fiber pull-out. A small part of fiber breakage
may mix in CL4, but the clustering algorithm fail to isolate
fiber breakage because of its exiguity. The boundaries of the
clusters are summarized in Table 7. Fig. 9 presents the
cumulative hits for each class with respect to time during
tensile process. This is a good indication of AE events
evolution. A significant increase of each class is observed
just before failure. And it is interesting to observe
considerable CL4 events of P-1.0 appeared in elastic stage.
The presence of large porosity regions (cavity among
fibres) weakens transmitting the load sharing between fiber
and matrix (Aslan 2013), therefore more fiber damage was
detected accordingly. With the characteristic descriptors, the
AE classification procedure is efficient to identify damage
mechanisms occurring during tensile tests.

15
0] } P-0.25
—
S e
0
< 15
3 0] P-0.5
£ _ =
S
< 0
15
0] " P-1.0
5 B ST I
0 T T T T T
2 4 6 8 10

Number of clusters
Fig. 8 The number of clusters evaluated by Xie and Beni’s
Index

P-0.25

100

80+

60+

Amplitude(dB)

40+

Time(s)
Continued-



134

Amplitude(dB) Amplitude(dB) Amplitude(dB) Amplitude(dB)

Amplitude(dB)

Fig. 9 Typical AE registration by FCM cluster algorithm
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Fig. 10 AE events progression of different clusters
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Table 7 Cluster bounds of P-type specimen

Cluster Amplitude (dB)  Peak-frequency (kHz)
CL1+CL2 40-80 0-200
CL3 40-50 300-500
CL4 >50 300-500
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5. Conclusions

CNF was used to improve the mechanical properties of
epoxy resin and flax/epoxy composites. The mechanical
properties of modified composites are associated with the
CNF content and the evenness of CNF dispersed in the
epoxy matrix. When the concentration of CNF is 1 wt%,
CNF in the epoxy matrix agglomerates gradually. Thus, 0.5
wt% CNF content has the best improvements effect on this
improved composites in this experiment. The damage
evolution and failure mechanisms of CNF-modified FFRP
were investigated on the basis of the measured AE
characteristic from the present experimental testing and
analysis results. The rate of AE hits showed high sensitivity
to the damage evolution of modifed composite. Cumulative
AE hits in initial stage could reflect the number of internal
defects to some extent. P-0.5 has a significant difference
with the other two specimen on the distribution of AE
signal. Different CNF content may lead to different
mechanical properties, and different mechanical properties
may bring about different AE results. It turns out that
amplitude and peak-frequency are the most important
parameters in this discrimination. The correspondence
between the AE events in the clusters and the damage mode
can be hypothesized, based on literature data, as follows:
CL1 and CL2 -- matrix cracking, CL3 -- fiber/matrix
debonding, CL4 -- fiber pull-out and fiber breakage. This
correspondence should be further confirmed and detailed in
the future work.
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