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A B S T R A C T

This study is devoted to the damage characterization of Non-Crimp Fabric (NCF), 2D plain-woven (2D-PW) and

3D orthogonal plain-woven (ORT-PW) carbon/epoxy laminates, subjected to compression after multiple-impact

loading, using Acoustic Emission (AE). The ultrasonic C-scan images showed that the interlaminar damage area

induced by the single and 3-impact in ORT-PW architecture is 3 and 2 times smaller than NCF and 2D-PW

architectures respectively. The impacted specimens were then subjected to the in-plane compression load. Two

indices, one based on the mechanical response and another one based on the AE behavior of the laminates, were

proposed to compare the performance of different architectures. These indices showed that the ORT-PW had the

best performance among all the architectures. Finally, AE was used to distinguish the different damage me-

chanisms including: matrix cracking, intra and inter-yarn debonding, defected-fiber breakage, intact-fiber

breakage and z-binder fiber breakage in the CAI tests of the architectures.

1. Introduction

Fiber-reinforced composites have been extensively used in aero-

space, automotive and wind energy industries thanks to their high

strength and stiffness to weight ratio compared to traditional metals.

Nowadays, the most popular type of composites, used in industrial

applications, are in the form of two-dimensional (2D) composites, made

of unidirectional or woven plies. They are characterized by high in-

plane properties while their out-of-plane properties are relatively poor.

This makes them susceptible to severe damage when subjected to low

velocity/low energy impact loading. Three-dimensional (3D) woven

composites have been introduced as an alternative to enhance the out-

of-plane properties of composite materials [1]. However, low velocity

impact (LVI) still represents a serious threat to their use in real life

applications as they can cause barely-visible impact damage (BVID)

which can go undetected. Thus, several studies investigated the impact

resistance of unidirectional (UD) [2], non-crimp fabric (NCF) [3], 2D

[4,5] and 3D [4–7] woven composites subjected to LVI. In addition,

damage tolerance, defined as the ability to maintain the undamaged or

initial strength at the presence of damage, was quantified by measuring

the residual strength after impact in tension (TAI), compression (CAI)

and flexure (FAI). Having a reliable real-time damage detection tech-

nique is important for monitoring the structural integrity of 2D lami-

nated and 3D woven composites, especially when it comes to the non-

visible damage that may lead to catastrophic failure. Structural health

monitoring (SHM) techniques, such as: optical fibers [8], acoustic

emission (AE) [9,10], lamb waves [11,12], electromagnetic sensors

[13] and electrical resistance monitoring [14], have been widely used

for damage detection in composites.

Among aforementioned SHM techniques, AE has demonstrated a

good performance for damage assessment in laminated composites.

This technique has been widely used for damage characterization in

NCF and 2D woven architectures under different loading conditions

such as interlaminar fracture modes: I [15–18], II [19–21] and mixed-

mode I&II [22,23], tensile [24,25], compressive [26], out-of-plane in-

dentation [27,28], LVI [29–31] and CAI [32]. However, in the case of

3D woven composites, the available literature has been mostly con-

centrated on the AE-based damage evaluation in these materials under

tensile loading condition. For example, Li et al. [33] clustered the da-

mage mechanisms in 2D and 3D woven carbon/epoxy laminates under

tensile loading using AE. The principal component analysis showed that

the peak amplitude and frequency are the best features to discriminate
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AE signals. They reported that the high frequency AE signals were

originated from the fiber bundle breakage. The same authors [34] used

AE to differentiate four damage mechanisms including matrix cracking,

fiber/matrix debonding, delamination and fiber breakages in 2D and 3D

glass/epoxy laminates under tension loading. They used the waveform

shape, amplitude and frequency features to identify the different da-

mage modes. The results showed that matrix cracking was identified

with low amplitude, medium rise time and medium duration; while

interface debonding was characterized with short rise time and short

duration. Furthermore, delamination signal was represented by

medium amplitude, medium rise time and long duration. In a similar

manner, Lomov et al. [35] investigated the sequence of damage modes

in tension. They reported that the damage initiated in the form of

matrix cracks normal to the loading direction located around the yarns.

This was then followed by the formation of longitudinal cracks parallel

to the loading direction, at the interface of yarns and matrix. The last

activated damage mechanism was cracks formation at the interface of z-

yarns and matrix. To resemble a more complicated but realistic case,

Tableau et al. [36] detected the damage initiation in 3D woven carbon/

epoxy specimens under multi-axial incremental tension loadings using

AE. The AE results were consistent with macroscopic shear rigidity loss

and in-situ video microscopy observations.

Based on the available literature, no work has been done on the

assessment of LVI and CAI-induced damages in 3D woven composites

using AE. Moreover, from the application point of view, the composite

structure are susceptible to repeated impacts at different locations,

which, according to the authors’ knowledge, has not been compre-

hensively investigated in literature. Therefore, the main novelty of the

present study is: using AE for damage assessment in 3D woven

Fig. 1. Schematic of the different types of investigated composites: a) NCF, b)

2D-PW and c) ORT-PW (the warp yarns highlighted in blue, the weft yarns in

grey, the through thickness binders in red, and the stitch yarns for the NCF in

green) [6]. (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of this article.)

Fig. 2. Testing setup: a) first impact, b) second and third impacts and c) CAI.
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composites subjected to compression after multi-impact (CAMI)

loading, and then comparing the damage behavior, detected by AE,

with NCF and 2D woven architectures. With the aid of Digital Image

Correlation (DIC), X-ray Computed Tomography (X-ray CT) and

Scanning Electron Microsopy (SEM), the AE results were verified and

interpretted. Previous researchers [37–40] clearly reported the ad-

vantage of combining such techniques in damage characterization of

composite materials. It is worth mentioning here that the mechanical

characterization of the effect of multiple impacts on the damage re-

sistance and damage tolerance of these architectures has been recently

published in detail by the authors in [6].

2. Materials and manufacturing

The three architectures of interest in this study are non-crimp fabric

(NCF), 2D plain-woven (2D-PW) and 3D orthogonal plain-woven (ORT-

PW). The ORT-PW consists of 5 warp and 5 weft layers, including the z-

binding yarns in the warp. In the case of NCF and 2D-PW, five layers are

used so that all the produced fabrics have approximately the same areal

density (~2000 g/m2). The unit-cell for these architectures is depicted

Fig. 3. Ultrasonic C-scan images of different architectures before and after single and multiple LVI test.

Table 1

The percentage (%) of impacted area for single and repeated impact cases.

Single Impact Three Impacts

NCF 1.81 ± 0.29 4.01 ± 0.11

2D-PW 1.05 ± 0.12 2.35 ± 0.16

ORT-PW 0.66 ± 0.08 1.43 ± 0.27

Fig. 4. 3D X-ray CT image of a) NCF, b) 2D-PW and c) ORT-PW architectures

after single LVI.
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in Fig. 1. The unit-cell is defined as the smallest volume element that

can represent the composite constituents, geometrical features and

yield homogenized properties representative for the whole structure.

The carbon fiber used is T700-12 k; while the resin system is Gurit T-

Prime 130–1 having a mixing ratio of 100/27 by wt% of resin/hard-

ener. A resin transfer molding (RTM) tool of 500 mm × 500 mm,

manufactured by Composite Integration Ltd., was used to infuse the

composite panels, with a thickness of ~ 2.5 mm and fiber volume

fraction of ~ 50%. The curing cycle recommended by the manufacturer

was used as detailed in [41].

3. Experiments and characterization

3.1. Impact testing

Impact testing for all specimens was conducted using a drop-weight

tower according to ASTM D7136 [42]. To ensure that the impactor

strikes the specimens only once, the impact tower was equipped with a

rebound catcher (see Fig. 2). Based on the ASTM standard, the support

fixture has a cut-out of 125 ± 1 mm in the length direction and

75 ± 1 mm in the width direction. As the scope of this study is the LVI,

impact energy was set to 15 J using a hemi-spherical impactor with a

diameter of 16 mm and a mass of 4 kg, as depicted in Fig. 2. For the first

set of specimens, they were all impacted in the center; while the second

set of specimens were impacted two more times (left and right), 25 mm

apart from the first impact (see Fig. 2) with the same impactor and

impact energy. As the impactor diameter was 16 mm, the location of

the 2nd and 3rd impacts were determined to avoid overlap of the in-

dividual impacts. Due to using the same support fixture, the boundary

conditions for the 2nd and 3rd impacts were different from the 1st

impact. The effect of the boundary conditions during impact testing has

been reported in [6].

3.2. CAI testing

CAI testing for all specimens was conducted according to the ASTM

D7137 [43]. The test set up is shown in Fig. 2c. For baseline compar-

ison, non-impacted specimens from each architecture were tested in

compression using the same test setup. For the impacted specimens as

previously highlighted, there were two sets of CAI testing. The single-

impacted specimens (see Fig. 2a) were directly tested in compression

after the first single impact (see Fig. 2c). However, the multiple-im-

pacted specimens were tested in compression after going through the

process of three impacts as depicted in Fig. 2b&c. All specimens were

loaded in compression, in a displacement-controlled mode, with a

crosshead displacement of 1.25 mm/min. The crosshead displacement

and the applied force were recorded using a 500 kN load-cell MTS 810

hydraulic testing machine. Digital Image Correlation (DIC) was used on

the front side of the specimen while the AE sensor was placed on the

back side as shown in Fig. 2c.

3.3. Ultrasonic C-scanning

Ultrasonic C-scanning was used as a non-destructive testing (NDT)

Fig. 5. The load and cumulative AE energy versus displacement curves for the

CAI tests of a) NCF, b) 2D-PW and c) ORT-PW specimens.

Fig. 6. The residual strength index (RSind) and damage propagation index (DPind) for different architectures.
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technique to quantify the level of induced damage due to impact and

CAI of the different architectures. A Midas NDT system, having 10 MHz

transmitter and receiver transducers, was used. With Zeus software, the

scanning speed was set to 200 mm/min.

3.4. X-ray Computed Tomography (CT)

To reveal the internal damage due to impact, X-ray CT scans were

performed for the different types of impacted specimens using a Nikon

XTH-320 machine. The 225 kV source with reflective target was used

with a 0.125 mm copper filter. The total volume in the field of view was

22.5 × 19 × 5.5 mm3, with a resolution of ~ 13.2 μm. The source

current and voltage were set to 59 μA and 220 kV respectively. With a

total of 3142 radiographs being collected over 360° and ~ 1.4 s ex-

posure time for each radiograph, the total data acquisition time

was ~ 1.25 h. After scanning, the raw data was used to reconstruct the

3D volume using VGSTUDIO MAX software.

3.5. Acoustic emission

The AE events of specimens under CAI tests were recorded by one

AE sensor placed on the back side of the specimen. The used AE sensor,

Fig. 7. The 3D surface scanning of different architecture after CAI tests (the collapse region is shown by a black rectangular).
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AE1045SVS900 M, is a broadband single-crystal piezoelectric trans-

ducer with the operational frequency range of [100–900 kHz] supplied

by Vallen Systeme GmbH. In addition, an external 34 dB pre-amplifier

was used to amplify the recorded signals. In order to eliminate the

signals originated from the friction between the CAI fixture’s parts, the

threshold was set to 50 dB. The AE data was collected with a sampling

rate of 2 MHz by the AMSY-6 Vallen, 8-channel AE system. Ultrasound

gel was applied to improve the coupling between the AE sensor and the

specimen’s surface. The performance of AE system was validated before

each test by conducting a standard pencil lead break procedure [44].

3.6. Digital image correlation (DIC)

To capture the displacement contour map during the test, a three-

dimensional (3D) DIC system (see Fig. 2c) was used. The system con-

sisted of two 5 MP 8-bit “Point Grey” cameras with “XENOPLAN 1.4/

23” lenses. The speckle pattern images were captured by ViC-Snap 8

software with an acquisition rate of 2 frames per second (fps). After-

wards, these images were processed using ViC-3D 8 software. The

processing parameters were as follows: subset size of 100 × 100 pixels

and step size (distance between subsets) of 7 pixels. The observation

window was approximately (120 × 70) mm2 which was equivalent to

an image with dimensions of (2048 × 1194) pixels.

Fig. 8. Ultrasonic C-scan images of different architectures after CAI test.

Table 2

The percentage of damage area of different architecture after the CAI test.

Specimen Baseline Single Impact Three Impacts

NCF 8.29 14.49 9.85

2D-PW 7.99 5.32 15.49

ORT-PW 6.03 3.51 7.67

Fig. 9. Cutting planes for observing the cross section of the specimens.
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4. Results and discussion

4.1. Single and multiple impacts

The specimens were subjected to single and three impacts as de-

tailed in section 3.1. Ultrasonic C-scan and 3D X-ray CT were used to

assess the interlaminar and intralaminar damages induced by LVI in the

specimens. The ultrasonic C-scan images of the non-impacted and im-

pacted specimens, before CAI tests, are shown in Fig. 3. The percentage

(%) of damaged area for different architectures were calculated using

the image segmentation tool available in MATLAB software and they

are reported in Table 1. The percentage of damaged area for ORT-PW

architecture is 3 and 2 times smaller than NCF and 2D-PW architectures

respectively. This is due to the presence of binders in the ORT-PW ar-

chitecture which arrest interlaminar damage. As shown in the X-ray CT

images (see Fig. 4), the through-thickness binding yarns of ORT-PW

specimen suppressed the interlaminar damage from propagation along

the plies’ interface, and it finally resulted in the reduction of the da-

mage area in the 3D woven architecture.

Fig. 10. Microscopy images of the cross section of NCF specimen after CAI test.

Fig. 11. Microscopy images of the cross section of 2D-PW specimen after CAI test.
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4.2. CAI results

The load and cumulative AE energy versus displacement curves of

the CAI tests are depicted in Fig. 5. The AE energy was calculated as the

the area under the waveform squared within the waveform’s duration.

By comparing the load–displacement curves for different architectures,

it is clear that the stiffness and maximum strength of the NCF specimen

are significantly affected by the single and multiple impacts; while the

mechanical behavior of ORT-PW specimen shows the minimum de-

pendency on LVIs. To accurately quantify the mechanical performance

of the different architectures, two indices are defined as follows: CAI’s

residual strength, which is defined as the ratio of the maximum load of

the impacted specimen to the maximum load of the non-impacted

specimen for the same architecture during CAI. The second index fo-

cuses on the detection of damage growth using AE. So, if the first sig-

nificant jump/increase in the cumulative AE energy is considered as the

moment that the damage starts to propagate, its corresponding load can

be considered as the AE critical load. The ratio of this load for the

impacted specimen to the non-impacted specimen is defined as the

damage propagation index. As all the specimens have the same nominal

thickness, there is no need to normalize the indecies in the form of

stresses as the ratios/trend should be the same. The residual strength

index (RSind) and damage propagation index (DPind) for different ar-

chitectures are depicted in Fig. 6. RSind shows that the NCF architecture

has the largest reduction in the residual strength due to single and

multiple impacts (~20% and 45% respectively). In the case of 2D-PW,

the residual strength reduction caused by single and multiple impacts is

still considerable (~25% and 35% respectively). While, this index does

not show any significant reduction in the residual strength of ORT-PW

architecture due to LVIs. In Consistent with RSind, DPind reveals that the

AE critical load (load corresponded to the damage propagation) of the

Fig. 12. Microscopy images of the cross section of ORT-PW specimen after CAI test.

Fig. 13. The scanning electron microscopy image of intra-yarn crack in 2D-PW

architecture.
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NCF architecture decreased 20% and 70% after the single and multiple

impacts, and the AE critical load reduction for 2D-PW is around 40%.

On the contrary, DPind does not show any significant reduction in the

AE critical load for the ORT-PW architecture. Therefore, both indices

demonstrate the better performance of ORT-PW in comparison to NCF

and 2D-PW architectures.

The failure mode of different architectures under CAI loading is

shown in Fig. 7. In order to highlight the region at which final failure

occurred, the surface of the specimens was scanned by a 3D surface

scanner. As per the ASTM D7137 standard [43], the designated failure

code for the non and single impacted cases is LGM where L stands for

lateral failure; G is gauge/away from damage failure area, and M is the

middle location. This fact reveals that the damage induced by the single

impact was not severe enough to affect the global behavior of the la-

minates under CAI [6]. On the other hand, all the 3-impacted specimens

were broken at the middle of the specimens where they had been al-

ready impacted. The three-letter failure code for this case is LDM;

where D corresponds to at/through damage failure area. Thus, the

multiple LVI-induced damage was severe enough to weaken the spe-

cimen at the impact region leading to the final failure at the middle of

the specimen.

The ultrasonic C-scan images of the specimens after the CAI are

depicted in Fig. 8. In the case of the non-impacted specimens, there is

no significant difference of the damaged area among the three

architectures. This can be attributed to the fact that they all failed at the

unsupported gauge length due to buckling. However, once these spe-

cimens were impacted, the difference captured by the C-scan is clear.

According to the percentage of the damaged area reported in Table 2, in

the case of single impact, the damage area of ORT-PW architecture is 4

and 1.5 times smaller than NCF and 2D-PW architectures respectively,

and in the case of multiple-impact, it is 1.3 and 2 times smaller than

NCF and 2D-PW architectures respectively.

To comprehensively study the damages in the specimens, they were

cut by a CNC cutting machine instrumented by a sharp rotary cutting

blade, and their cross section was observed by the microscopy images.

In order to show the impact-induced damage and the CAI-induced da-

mage at the same section, for 3-impacted specimens, which the final

failure occurred at the impacted region, they were cut in the middle of

specimen perpendicular to the loading direction. While, for the other

ones, which failed near the top edge of the specimen, to show the im-

pact-induced damage at the middle and the CAI-induced damage at the

top region, they were cut along the specimen’s length as clarified in

Fig. 9. As shown in Fig. 10, the main damage mechanisms for the non-

impacted and single-impacted NCF specimens were intra-layer crack,

inter-layer debonding and fiber breakage. The damage mechanisms of

the non-impacted and single-impacted 2D-PW specimens were the

same; with the difference that the inter-yarn debonding is guided by the

waviness along the warp direction (see Fig. 11). According to Fig. 12,

Fig. 14. The peak frequency distribution for different architectures during CAI tests.
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the inter-yarn debonding in the non-impacted and single-impacted

ORT-PW specimens is suppressed by the z-binding yarns and it is con-

strained to one unit cell. Also, some binder breakages are captured at

the compression side of this specimen. In the case of multiple-impacted

specimens, severe damages occurred in the NCF and 2D-PW specimens,

across the width of specimen, while the damage of ORT-PW archi-

tecture is mostly localized around the impacted zones. The intra-layer/

yarn crack could be further divided into two forms: matrix cracking and

fiber/matrix debonding (intra-layer debonding) as shown in Fig. 13 for

2D-PW architecture, just as a representative case.

Each damage mechanism in laminated composites usually generates

AE signals with almost unique AE features [28,45]. Among all the AE

features, like amplitude, rise time, duration, energy, centroid frequency

and peak frequency, two features have been extensively used in lit-

erature for distinguishing damage mechanisms: peak frequency and

amplitude. As peak frequency is not highly affected by the attenuation

phenomenon, it represents a better damage identification parameter in

comparison with the amplitude. The peak frequency distribution of the

AE signals recorded during the CAI tests for different architectures is

shown in Fig. 14. Generally, five AE clusters can be distinguished for

NCF and 2D-PW architectures, including [100–150 kHz],

[150–200 kHz], [200–300 kHz], [300–325 kHz] and [325–400 kHz]. In

the case of ORT-PW, besides the aforementioned clusters, there is an-

other cluster with the frequency of [400–500 kHz]. These different

clusters may be related to the different damage mechanisms occurred in

the specimens.

In order to correlate the AE clusters to different damage mechan-

isms, the AE features of each damage mode should be identified in-

dividually. As already shown in Figs. 10 to 12, the main damage modes

in the different architectures were matrix cracking, inter and intra-yarn

debonding and fiber breakage. Accordingly, several tests were designed

and performed to obtain the AE features of these damages. The AE

features of fiber breakage were obtained by performing a tensile test on

a bundle of T700-12 k carbon fiber tows. The AE signals of the fibers

fracture were captured by the AE sensor mounted on the bundle’s

surface by a small plastic clamp. In addition, an ultrasonic gel was

applied between the sensor and the yarn’s surface to ensure a sufficient

coupling quality. To obtain the AE features of matrix cracking, a

Fig. 15. The frequency distribution of a) resin and b) carbon fiber bundle fracture.
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Fig. 16. The structure of carbon fiber bundle.

Fig. 17. The eyy strain (in the loading direction) distribution in ORT-PW architecture for a) the linear elastic segment of the load–displacement curve where no

damage exists (z-binding yarns are visible), b) the final failure of baseline specimen, c) the linear elastic segment of the load–displacement curve where no damage

exists (z-binding yarns are visible) and d) the final failure of single-impact specimen.
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rectangular strip was molded of the same epoxy resin used, and it was

subjected to 4-point bending test. The AE signals originated from the

fracture of the resin were captured by the AE sensor mounted on the

resin specimen. The peak frequency distribution of the AE signals col-

lected during fiber bundle and resin fracture tests are detailed in

Fig. 15. According to Fig. 15a, the resin fracture induces signals with

the frequency range of [100–150 kHz]. In the case of fiber bundle test

(see Fig. 15b), there are four groups of AE events: the cluster with the

highest frequency [400–500 kHz], two clusters with the frequency

range of [200–300 kHz] and [300–370 kHz], and the cluster with the

lowest frequency [100–200 kHz]. To find the origin of these AE clus-

ters, the structure of the fiber bundle should be explained here. For

illustration purpose, it is acceptable to assume that the fibers are per-

fectly aligned in the fiber bundle as shown in Fig. 16. To protect the

fibers from fragmentation, filamentation and to reduce the friction

between the fibers, especially during the weaving process, fibers are

normally protected by a thin layer of a resin-compatible polymer, which

is typically referred to as sizing. From AE point of view, by applying the

load on the fiber bundle it is expected that the friction between the

adjacent fibers generates some continuous signals from the early stages

of the test. These friction signals are usually characterized by con-

tinuous waveforms, while the damage signals usually generate burst

type waveforms. Then, by increasing the load, the sizing of the fibers

starts to get damaged at the low load levels and finally carbon fibers

will be broken at the high-load levels. A similar sequence of damages

has been already reported for the tensile test of the uncured carbon

prepregs [46], which is almost similar to the utilized fiber bundle in the

present study. Therefore, the cluster with the highest frequency, shown

in Fig. 15b, which produced continuous waveform is allocated to the

friction between the fibers. The cluster with the least frequency, which

was started at the low load levels, is due to sizing fracture. The two

remained clusters can be assigned to the carbon fiber breakage, in a

way that a few fibers that were partially defected/damaged during the

fabrication and preparation process of the fiber bundle induce the low

frequency signals [200–300 kHz], while the breakage of the rest intact

fibers generates signals with the higher frequency, [300–370 kHz].

The results obtained from the resin and fiber bundle tests are used to

assign the AE clusters of CAI specimens (see Fig. 14) to the different

damage mechanisms. Accordingly, the AE signals with the frequency

range of [300–400 kHz] are allocated to the breakage of the intact fi-

bers due to CAI loading. As previously mentioned, the breakage of the

partially damaged-fibers produces the AE signals with the lower fre-

quency, [200–300 kHz]. Then the AE signals with this frequency range

can be allocated to the breakage of the impacted-fibers during the CAI.

Consistent with this fact, there are just a few AE events with this fre-

quency range for CAI of baseline specimens that can be due to the

breakage of a few fibers that have been defected during the manu-

facturing process. The number of AE signals with the frequency of

[200–300 kHz] increases for single-impact specimens in which some

fibers have been already damaged due to the impact. The number of

these events for multiple-impact specimens is higher than the single-

impact ones, which makes sense, because the number of damaged-fibers

due to the multiple impacts is more than the single impact. Therefore,

the AE signals with the frequency of [200–300 kHz], which are shown

in Fig. 14, are dedicated to the damaged-fibers breakage.

Because the sizing layer always presents in-between carbon fiber

and resin matrix in composite, it determines the fiber/matrix interfacial

properties [47]. Therefore, the AE signals of the sizing fracture,

Fig. 18. The cumulative AE energy curve of different damage mechanisms for a) baseline, b) single-impact and c) 3-impact of NCF architecture.
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[100–200 kHz], correspond to the degradation of fiber/matrix inter-

face, intra and inter-yarn debonding. However, as shown in Fig. 15, the

frequency ranges of sizing failure and resin fracture are [100–200 kHz]

and [100–150 kHz] respectively which have the common frequency of

[100–150 kHz]. In other words, the signals with the frequency range of

[100–150 kHz] can be related to either the matrix cracking or the de-

bonding.

For appropriate partitioning of this cluster with the frequency of

[100–150 kHz] into these two damage modes, a support vector machine

(SVM) supervised classifier with a linear kernel was used. More in-

formation about this technique can be found in the reference [48]. First

of all, seven frequently used features, including amplitude, rise time,

duration, energy, counts, centroid frequency and peak frequency, were

extracted for the whole AE signals of the resin fracture and the part of

AE signals of the sizing fracture with the frequency of [100–150 kHz].

This data was then used to train the SVM classifier. When the SVM

model was sufficiently trained (the accuracy of 96.9% obtained by the

cross-validation method), it was employed to classify the group of AE

signals of CAI tests with the frequency range of [100–150 kHz] into

matrix cracking or debonding. The “resin fracture” labeled signals by

the SVM were considered as the matrix cracking failure mode. Then, the

“sizing fracture” labeled signals by the SVM were added to the AE

signals with the frequency of [150–200 kHz] and assigned to the de-

bonding failure mode in the CAI specimens.

In addition to the aforementioned damage mechanisms, there is a

unique cluster of AE signals with the frequency of [400–500 kHz] for

ORT-PW architecture, which does not exist in the other architectures

(see Fig. 14). As the main difference of ORT-PW and the other two

architectures is the presence of z-binding yarns, this AE cluster may be

originated from their breakage. For the baseline and the single impact

ORT-PW specimens, the final damage due to CAI test only happened in

the top half of the specimen, in which the binders are still intact. This

means there is some energy stored in them due to the pre-tension in-

duced by the weaving process to produce such architecture. Once they

break, they release this energy in a form of high-energy and high-fre-

quency AE signals captured with the frequency of [400–500 kHz]. To

confirm this interpretation, the average energies of the AE signals of the

2 clusters [300 to 400 kHz] and [400 to 500 kHz] were calculated. It

was proven that the energy of the latter is almost twice the energy of

the former. In the case of 3-impact ORT-PW specimen, the z-binding

yarns were partially broken due to the impact loading, and the energy

absorbed from the impact led to the release of the “pre-tension” of the

binders. Thus, the AE signals of z-binding yarns breakage in 3-impact

ORT-PW specimen due to CAI captured more or less with the same

frequency of the signals obtained from the damaged-fiber breakage, i.e.

[200–300 kHz]. Therefore, there is no cluster of [400 to 500 kHz] in 3-

impact ORT-PW specimen. The last thing to confirm was the higher

number of [400–500 kHz] AE events in the case of single impact vs the

baseline. This was done using the DIC analysis which showed that the

number of binders broken during the CAI test for the ORT-PW baseline

was less than their counterparts in the single impact case (see Fig. 17(b

and d)). The broken z-binders have been illustrated by red color cor-

responded to the failure strain of the carbon fiber, 2%.

After correlating the AE clusters to the different damage mechan-

isms, the evolution of each damage mechanism is investigated by

plotting the cumulative AE energy curve of each AE cluster (see

Fig. 19. The cumulative AE energy curve of different damage mechanisms for a) baseline, b) single-impact and c) 3-impact of 2D-PW architecture.
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Figs. 18–20). For the NCF architecture, the dominant damage mode is

debonding which makes sense, because there is no resistance against

the propagation of the inter-layer debonding. While in the case of 2D-

PW and ORT-PW architectures, due to the waviness of the warp and

weft yarns and also the presence of z-binders, the required energy for

the propagation of the inter-yarn debonding increases. Therefore, the

dominant damage mode of 2D-PW and ORT-PW architectures changes

to matrix cracking. Besides, in the case of NCF architecture, most of the

damages occurred just before the maximum load, while for the 2D-PW

and ORT-PW a progressive damage behavior is observed during the

load-drop region after the maximum load.

5. Conclusion

The present study was devoted to the damage assessment of non-

crimp fabric (NCF), 2D plain woven (2D-PW) and 3D orthogonal plain

woven (ORT-PW) laminates subjected to compression after multiple-

impact loading using AE. The key findings in this study can be sum-

marized as follows:

1. The damage area induced by the single and 3 impacts, before CAI,

for the ORT-PW architecture was 3 and 2 times smaller than NCF

and 2D-PW architectures respectively.

2. The residual strength index, RSind, showed that ORT-PW archi-

tecture is the most damage tolerant among all the architectures. For

the single-impacted case, RSind was ~1.2 times of NCF and 2D-PW,

while for the 3-impacted case it was ~1.5 times of NCF and 2D-PW

architectures.

3. Irrespective of the type of architectures, non-impacted and single

impacted specimens failed due to buckling at the unsupported gauge

length of the specimen. On the contrary, all the 3-impacted speci-

mens were broken at the middle, where they were already impacted.

4. The fracture tests of the resin and fiber bundle revealed the fol-

lowing frequency ranges for the different damage mechanisms:

matrix cracking [100–150 kHz], intra and inter-yarn debonding

[100–200 kHz], the breakage of the impact-defected-fibers

[200–300 kHz] and the breakage of the intact-fibers [300–400 kHz].

5. A new AE cluster, with the frequency of [400–500 kHz] observed in

CAI tests of ORT-baseline and ORT-single impact specimens, was

assigned to z-binding yarns fiber breakage and it was validated by

the DIC results.

This study demonstrated the potential of AE for identification of

different damage mechanisms in NCF, 2D and 3D woven composites

under CAMI loading condition.
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