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A B S T R A C T   

In this paper, the potential of superelastic shape memory alloy (SE-SMA) wire embedded architectures to in-
crease the quasi-static indentation properties of a laminated glass/epoxy composite material was evaluated. 
Three types of SE-SMA configurations namely straight independent, meshed and anchored wires were embedded 
in the glass/epoxy composite laminates via a vacuum bag resin infusion technique. Throughout this investiga-
tion, the changes in the quasi-static indentation behavior and allied damage mechanisms due to these embed-
ments were compared with the homogenous glass/epoxy laminates. Real time acoustic emission (AE) monitoring 
technique was employed to characterize the damage profile of the different glass/epoxy specimens during the 
quasi-static indentation tests. The experimental results showed that SE-SMA embedments play a vital role in 
increasing the penetration resistance by enhancing redistribution of the indentation load all across the laminates. 
In particular, the meshed specimens restricted penetration of an indenter and delayed the critical fiber fracture 
unlike homogeneous and straight wired ones, whereas the anchored specimens further restricted extensive SMA/ 
matrix pull-out, unlike meshed ones and provided the most excellent balance among rigidity, rear face fiber 
breakage, and SMA/matrix pull-out. Straight, meshed and anchored SE-SMA wires increased the load-carrying 
capacity approximately by 31%, 79%, and 100%, respectively, in comparison to the homogeneous ones.   

1. Introduction 

Conventional composite laminates are playing a vital role in different 
industries such as aerospace, marine, and automobile due to their high 
strength to weight and stiffness to weight ratios. Though, excellent in 
loading along fiber direction, composites suffer from poor indentation 
and impact response under transverse loading which is a crucial 
parameter in designing structural applications. For instance, tool drops, 
bird strikes, and wind loads on different aircraft structures such as radar 
antenna, fuselage, wings nacelle, and propeller blades, create internal 
damage in the composites and affect their strength [1,2]. Under trans-
verse loads, failure initiates in the form of matrix cracking and as load 
increases, matrix cracking progresses as delamination which further 
leads to fiber failure and perforation of composites [3–5]. 

As the name implies, the shape memory alloys (SMAs) have ability to 
recover shapes while still maintaining significant amount of recovery 
stress. One of the promising ways to increase the energy absorption in 
composites is to incorporate highly ductile secondary reinforcements in 
addition to primary reinforcements [6,7]. Many researchers have used 
superelastic shape memory alloys (SE-SMA) as secondary reinforcement 
in composites to improve their response under transverse loads [8,9]. 
SE-SMA can undergo a high amount of strain which can lead to an in-
crease in energy absorption [10,11]. Common metals such as aluminum 
and steel absorb all of their energy through plastic deformation. In 
addition to plastic deformation, there is a large plateau region in the 
SE-SMA stress-strain curve known as phase transformation which leads 
to a large amount of strain energy absorption in comparison to the 
common metals [12]. Due to phase transformation, SE-SMA (Nitinol) is 
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capable of withstanding ultimate stresses more than 1400–1700 MPa 
and can undergo around 8% of recoverable strain and 20% of ultimate 
strain [13,14]. Due to their high ultimate strength and strain dissipation 
properties, SE-SMA (Nitinol) dissipates strain energy four times more 
than any high alloy steel and sixteen times more than the graph-
ite/epoxy composite [12,15,16]. The density of SE-SMA (6.45 g/cm3) is 
also less than steel (7.75–8.05 g/cm3). Besides high strength, SE-SMA 
has numerous advantages over steel such as they are non-magnetic, 
high corrosion resistance, and reduced footprint [16,17]. They were 
also employed in the past to avoid the problem of fracture and transverse 
cracks between the carbon fiber and matrix, and improve the reliability 
of aircraft structures. SE-SMA cables are also employed in construction 
and mechanical industries against extreme loads (e.g. seismic applica-
tions) [18,19]. From the investigations presented above, it can be said 
that employing SE-SMA (Nitinol) over the metallic wires as secondary 
reinforcements can improve the indentation response and further in-
crease the impact resistance of composites under transverse loads [20]. 

Though SE-SMA absorbs a high amount of energy, it is important to 
look at the interfacial bonding properties between SE-SMA and matrix as 
bonding affects the load transfer between the two and in turn affects the 
distribution of transverse load through the SE-SMA. To improve their 
bonding, researchers have employed the surface treatment methods 
such as chemicals to produce a porous oxide layer (improving wetting 
properties), and sandblasting [21,22]. Though they increase the bond 
strength, once debonding between SE-SMA and matrix initiates, inter-
facial strength weakens. This further leads to the propagation of 
debonding along the embedded length of SE-SMA limiting the energy 
absorption [23]. As the load is increased further, penetration of an 
impactor through the composite leads to SMA pull-out. 

In the past, dynamic impact loads were commonly employed to 
assess the transverse mechanical responses [24–27]. However, under 
transient impact loads, the progression of damage events is complex to 
be characterized and only the ultimate damage state is observable after 
an impact event. It is normally agreed in the previous literature that 
quasi-static indentation load and low-velocity impact load lead to 
identical damage mechanisms [27–31]. Thus, many authors have 
employed multiple quasi-static indentation tests for monitoring of 
damage mechanism through interrupted cyclic indentation tests, con-
ducted in parallel with non-destructive monitoring [32,33] and 
destructively after the application of mechanical load on separate 
specimens [34]. Indentation damages can also be produced by in-service 
events (careless handling) or interaction with the connected structures 
such as pillars, bends, etc. [35]. Hence, it is of great realistic importance 
to characterize the quasi-static indentation response of SE-SMA based 
composites. Non-destructive techniques (NDT) such as acoustic emission 
(AE) monitoring, digital image correlation (DIC), shearography, and 
thermography are frequently used on composites to characterize the 
damage progression [36–38]. Due to ease of real-time monitoring of 
dynamic changes (i.e. failure progression) within an anisotropic com-
posite laminate, AE monitoring has garnered significant attention in 
recent times [39–41]. Damage modes characterization can be done 
based on the frequency content of the AE event, which in turn can be 
measured using Fast Fourier Transform (FFT). Though many researchers 
have worked to characterize the composite behavior in the multiple 
indentation regimes using AE monitoring [42–45], limited in-
vestigations have been done on the response of SE-SMA embedded 
composites. 

In the present work, the quasi-static indentation response of the SE- 
SMA embedded GFRP composite laminates is investigated using AE 
monitoring. The innovation done in this work is the novel SE-SMA 
embedment configuration which is used as a secondary reinforcement 
in the glass-epoxy composite specimens. To evaluate and compare the 
indentation response of composite specimens embedded with SE-SMA, 
four different types of specimens have been considered for investiga-
tion. Type I specimens are the homogenous GFRP composite. Type II 
specimens are the GFRPs embedded with SE-SMA as straight wire 

(conventional) without any restrainers. Type III specimens are the GFRP 
embedded with SE-SMA bi-directional mesh. Type IV specimens are the 
GFRP embedded with SE-SMA running in direction 1 and have been 
anchored (novel) with another SE-SMA wire (at regular intervals) 
running in direction 2. Direction 1 and 2 are orthogonal to each other. 
Parameters such as ultimate load, stiffness, and residual deformation are 
investigated for assessing the mechanical performance of SE-SMA 
embedded composites. 

2. Experimental procedure 

2.1. Materials and fabrication 

Bidirectional woven roving mat (WRM) of glass fiber having areal 
density 360 g/m2 was used as the primary reinforcement for composite 
laminates. Superelastic SMA wire (Nitinol: Nickel–Titanium Alloy i.e. 
50 at % of NiTi) was used as a secondary reinforcement. As our aim was 
to exploit the energy absorption capabilities of SMA wire until it either 
reached plastic deformation or failure, no training was applied. Epoxy 
resin (LY 556) and hardener (HY951) were used in the weight ratio of 
10:1 [45]. The properties of various materials employed to fabricate the 
specimens are given in Tables 1–3 and S1. Six layered glass/epoxy 
specimens were fabricated using a vacuum-assisted resin infusion pro-
cess at a curing temperature of 30 ◦C under a maintained vacuum gauge 
pressure of 30 mm Hg for 24 h. ASTM D6264-98(04) standard inden-
tation specimens of dimension 150 × 100 mm were machined from the 
parent laminates using an abrasive waterjet cutting machine. 

Four types of specimens were prepared to test as shown in Fig. 1. In 
the first type, specimens were fabricated using only glass fiber and epoxy 
matrix. In the second type, four SE-SMA wires of length 70 mm were 
used in between the 3rd and 4th GFRP layers as an embedment. In the 
third type, a mesh of SE-SMA wire was used between the 3rd and 4th 
GFRP layers. In direction 1, (D-1) wires of length 70 mm were laid, then 
they were meshed by SE-SMA wire from direction 2 (D-2). Similarly, in 
the fourth type, SE-SMA in direction 1 (D-1) was anchored with SE-SMA 
in direction 2 (D-2) by tying knots and placed in between the 3rd and 4th 
GFRP layers (Fig. S3). Respective volume fractions of the SMA content in 
the straight wired, meshed and anchored configurations were 2.10, 4.84 

Table 1 
Material properties of SE-SMA.  

S. No. Properties Values (SE-SMA) Units 

1 Eaus 80 GPa 
2 Emar 40 GPa 
3 Poisson’s ratio 0.3 – 
4 Density 6800 kg-m3 

5 Yield stress 800 MPa  

Table 2 
Material properties of glass-fiber.  

S. No. Properties Values (SE-SMA) Units 

1 Young’s modulus 76.6 GPa 
2 Specific gravity 2.5 – 
3 Specific modulus 0.0340 GPa-m3/kg 
4 Specific strength 0.6200 MPa-m3/kg 
5 Poisson’s ratio 0.25 –  

Table 3 
Material properties of epoxy.  

S. No. Properties Values Units 

1 Specific gravity 1.28 – 
2 Young’s modulus 3.792 GPa 
3 Poisson’s ratio 0.30 –  
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and 5.21%. Fig. 2 shows the structure of SE-SMA composite specimens 
considered in this study. The diameter of the SE-SMA wire used was 0.3 
mm. The nominal distance between the wires in both directions was 
maintained to be 6 mm, which was considered to be less than the in-
denter’s diameter 12.7 mm. The overall thickness of the specimens of all 
the configuration was maintained the same (3.15 ± 0.2 mm). The 
composite laminates were fabricated using six layers of the glass fibers 
to maintain the overall thickness of the specimens well in the range of 
the ASTM standard. The code for different glass/epoxy specimens is 
summed up in Table 4. 

2.2. Quasi-static indentation (QSI) tests 

Quasi-static cyclic indentation tests were performed as per ASTM 
D6264-98(04) using a 100 kN Tinus Olsen Universal Testing Machine 
(UTM). Four corners were clamped tightly with the help of toggle 
clamps as shown in Fig. 3. Cyclic indentation tests were performed via 
incremental displacement step control. From the incipient contact point, 
the displacement steps namely 2, 4, 6, 8, 10, and 12 mm were applied 
consecutively. The feed rate was set as 1 mm/min. For each type of 
specimen, five tests were performed and average results were considered 
to calculate ultimate load, stiffness and residual deformation. 

2.3. Acoustic emission (AE) monitoring 

Acoustic emission (AE) system, supplied by Physical Acoustic Cor-
poration (PAC), was particularly used for damage monitoring while the 
sample underwent quasi-static multiple indentation tests. The device 
had 8 channels and samples the data at the rate of 3 MHz with 40 dB pre- 
amplification. During the test, AE monitoring was done by bonding two 
wide bands (WD) sensors in a linear arrangement over the specimen 
surface using high vacuum silicon grease. The distance between these 
two sensors was maintained to be 100 mm. The threshold of 45 dB was 

Fig. 1. Top-view schematics of different specimen configurations tested: (a) Type I, (b) Type II, (c) Type III and (d) Type IV specimens.  

Fig. 2. The structure of SE-SMA based composite specimens considered in this study: (a) Type II, (b) Type III and (c) Type IV specimens.  

Table 4 
Code for different glass/epoxy specimens.  

S. 
No. 

Specimen Connection 
type 

Nomenclature 

1. Glass/epoxy (GFRP) – Type I 
2. Independent SMA straight wires 

embedment in GFRP 
Independent Type II 

3. Meshed SMA embedment in GFRP Mesh points Type III 
4. Anchored SMA embedment in GFRP Knot points Type IV  
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used to filter ambient noise. Hsu-Nielson pencil lead break test was 
conducted to estimate the wave velocity of the samples. The average 
wave velocities in the configurations were 3146.3 m/s. The signal 
definition time used for AE monitoring was as follows: Peak Definition 
Time (PDT) is 28.57 μs, Hit Definition Time (HDT) is 428.57 μs, and Hit 
Lock-Out Time (HLOT) is 160 μs? 

3. Results and discussion 

3.1. Cyclic indentation test 

Cyclic quasi-static indentation tests coupled with AE monitoring 
were performed to study the indentation response of various SE-SMA 
based composite specimens. The indentation response of each spec-
imen was recorded in terms of load vs. displacement curves and the key 
indentation parameters like ultimate load, stiffness and residual 

Fig. 3. SE-SMA based glass/epoxy specimen clamped in ASTM D 6264-98 indentation fixture.  

Fig. 4. Load-displacement curves for (a) Type I (Neat), (b) Type II (Straight), (c) Type III (Meshed) and (d) Type IV (Anchored) specimens.  
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deformation were considered for assessing the performance of different 
specimens. 

Fig. 4 depicts the load-displacement curves of different glass/epoxy 
specimens. Following the experimental curves, the ultimate indentation 
load of various glass/epoxy specimens is illustrated in Fig. 5. The 
maximum number of cycles to failure and ultimate displacement prop-
erties are listed in Table 5. It can be observed that the cyclic indentation 
behavior varied substantially with the architecture of SE-SMA wire. 
From Fig. 5, the Type IV specimens have the highest load-carrying 
capability, whereas Type I specimens have the least. In particular, 
embedding glass/epoxy specimens using Type II, Type III and Type IV 

SMA wires increased the ultimate indentation load by 31.42%, 79.36%, 
and 100.31%, respectively, in comparison to Type I specimens. To un-
derstand the reason for these observations, stiffness progression, per-
manent deflection progression, and AE signatures of various glass/epoxy 
specimens under cyclic indentation tests are correlated and explained in 
the following sections. 

3.2. Frequency analysis of AE signals 

Before correlating the cyclic indentation test results with AE signa-
tures, the damage mode allied with different recorded AE events were 
identified using peak frequency analysis. In the peak frequency analysis, 
the AE energy allied with various damage mechanisms is associated with 
the value of strain energy released. As a result, each AE event has a 
unique character, in the sense that its peak frequency is allied with the 
failure modes [42], such as resin cracking, fiber/matrix debonding, 
SMA/matrix debonding and fiber fracture. Though the frequency ranges 
for fiber/matrix damage modes are well established, it is important to 
identify the ranges of frequency in which SE-SMA/matrix failure modes 
are dominant. The peak frequency vs. time plot for glass/epoxy and 
SE-SMA based glass/epoxy specimens subjected to indentation tests are 
depicted in Fig. 6. Three distinct ranges (R1, R2, and R3) of peak fre-
quencies were observed for glass/epoxy specimens, while, for SE-SMA 
based specimens, four ranges (R1, R2, R3, and R4) were observed. To 
identify the AE events allied with the different failure mechanisms, 
standard specimens such as homogeneous neat epoxy, particulate glass 
fiber reinforced epoxy, continuous glass fiber reinforced epoxy, and 
SE-SMA/epoxy specimens were used. 

The neat epoxy specimens were subjected to an indentation test with 
AE monitoring to identify AE events allied with matrix cracking. Fig. 7 
(a) depicts the FFT magnitude allied with the resin cracking signal ac-
quired from the neat epoxy specimen. From the FFT magnitude plot, the 
frequency content of the resin cracking was recorded in the range of 
60–140 kHz, with numerous AE events between 90 and 100 kHz, as 
proposed by Refs. [43,44]. From this analysis, it can be noticed that most 
of the AE events under range R1 (Fig. 6 (a)) have closely similar fre-
quency values as that of homogeneous neat epoxy standard specimens. 
Hence, the range R1 is evidently associated with matrix or resin 
cracking. A typical matrix cracking on the neat epoxy specimen, as 
described by SEM, is depicted in Fig. 8 (a). 

Fiber/matrix deboning AE events were identified from particulate 
glass fiber reinforced epoxy specimens. It is suggested that the possible 
damage modes allied with particulate glass fiber reinforced epoxy 
specimens are resin cracking and fiber/matrix debonding [41]. Two 
dominant frequent contents were acquired, namely 60–140 kHz and 
210–270 kHz. From the results of neat epoxy specimens, the AE events 

Fig. 5. Ultimate load of different glass/epoxy specimens.  

Table 5 
Maximum cycles to failure and ultimate displacement properties of different 
glass/epoxy specimens.  

Specimens Maximum cycles to failure Ultimate displacement (mm) 

Type I 3 4.93 
Type II 4 8.00 
Type III 5 9.31 
Type IV 5 10.00  

Fig. 6. Peak frequency vs. time plot for (a) glass/epoxy and (b) SE-SMA based glass/epoxy specimens.  
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Fig. 7. Frequency domain signals for (a) matrix cracking, (b) fiber/matrix debonding, (c) fiber breakage and (d) SMA/matrix debonding failure modes.  

Fig. 8. SEM micrograph of typical (a) matrix cracking, (b) fiber/matrix debonding, (c) fiber breakage and (d) SMA/matrix debonding failure modes.  
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with peak frequency range 60–140 kHz was already identified as a 
matrix or resin cracking (see Fig. 7 (a)), besides to that when the par-
ticulate fibers were soaked to the polymer matrix, there was an increase 
in the peak frequency range which helped to figure out the frequency 
range for fiber/matrix debonding. Fig. 7 (b) depicts the distinctive FFT 
magnitude acquired from particulate glass fiber reinforced epoxy spec-
imens. This FFT plot has a closely identical frequency value as that of 
range R2. Hence, R2 is obviously associated with fiber/matrix debond-
ing. A typical fiber/matrix debonding on particulate fibers reinforced 
specimen, as depicted by SEM, is shown in Fig. 8 (b). To identify the 
cluster related to fiber failure, continuous glass fibers reinforced epoxy 
specimens were subjected to the indentation test and the predominantly 
recorded AE events were analyzed. Here, the possible damage modes are 
resin cracking, fiber/matrix debonding, and fiber fracture [44]. Three 
dominant frequency ranges were acquired during the test. Two of these 
peak frequency ranges; namely 60–140 kHz and 210–270 kHz, were 
already identified as resin cracking and fiber/matrix debonding, 
respectively. The remaining AE events were in the range of 290–400 
kHz. Fig. 7 (c) depicts the distinctive FFT magnitude acquired from 
continuous glass fibers reinforced epoxy specimens. This FFT plot has 
similar characteristics as that of range R3 (Fig. 6 (a)). Hence, the AE 
events under R3 are allied with fiber breakage. A typical fiber fracture of 
continuous glass fibers reinforced specimen, as depicted by SEM, is 
shown in Fig. 8 (c). SE-SMA/epoxy specimens were employed to identify 
the AE events allied with SMA/matrix pull-out. The possible damage 

modes allied with SE-SMA/epoxy specimens were resin cracking and 
SMA/matrix pull-out. In addition to AE events associated with matrix 
cracking, there was yet another distinctive frequency content observed 
during the testing from SE-SMA based specimens (Fig. 7 (d)). This FFT 
plot has closely identical dominant frequency content as that of range R4 
(150–190 kHz) (Fig. 6 (b)). Hence, R4 is obviously associated with 
SMA/matrix pull-out [29]. A typical SE-SMA/matrix pull-out, as 
depicted by SEM, is shown in Fig. 8 (d). Peak frequency ranges associ-
ated with various failure modes are illustrated in Fig. 9. 

3.3. Correlation of indentation test and AE test results 

The stiffness and residual displacement of different glass/epoxy 
specimens at different indentation cycles are illustrated in Fig. 10. After 
each indention cycle, specimens were removed from the fixture, and 
photographic images of the rear side of the specimens were captured and 
depicted in Fig. 11. The experimental curves are correlated with the 
location of different failure modes, and AE cumulative counts for 
different specimens at various indentation cycles in Fig. 12. At the 1st 
indentation cycle (i.e. maximum displacement = 2 mm), the Type I 
specimens depicted the highest linear stiffness and the lowest permanent 
displacement. These results are ascribed to the brittle and low strain to 
failure properties of the glass fibers [46–48]. In contrast, Type IV 
specimens showed the highest permanent deflection and the least stiff-
ness, highlighting that it tolerated the applied indentation in a ductile 
way with higher deflection owing to the high elongation property of 
SE-SMA wire. The other SE-SMA based specimens showed a response 
between Type I and Type IV specimens. In particular, based on the 
indentation behavior, different glass/epoxy specimens can be ordered 
from the lower to the higher rank in the following order: Type IV < Type 
III < Type II < Type I: it is made clear that raising the proportion of 
SE-SMA on the glass/epoxy composite decreased the linear stiffness of 
the specimens and induced them to tolerate the out-of-plane indentation 
load in a ductile manner. The trend of residual deformation is the 
converse to the stiffness. At higher indentation cycles, the Type I and 
different SE-SMA reinforced specimens showed an extremely dissimilar 
response to the indentation load. The indentation behavior tends to be 
progressively dependent on the SE-SMA architecture at higher cycles, 
and the rankings changed in comparison to initial ones. This underlines 
that with the increase in indenter displacement, the damage mecha-
nisms accountable for the absorption of indentation energy (i.e. load) 
were different. 

In 2nd indentation cycles, the changes in stiffness were comparable 
as for the 1st indentation cycle. However, the difference in stiffness 

Fig. 9. Peak frequency ranges for different failure modes.  

Fig. 10. (a) Stiffness and (b) permanent deformation progression of different glass/epoxy specimens.  
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among Type I and SMA based specimens was reduced further than in the 
previous cycle because the indenter partially penetrated the Type I 
specimen (Fig. 11 (a)). The trend of stiffness for different specimens in 
the 3rd indentation cycle was not the same as in the 2nd indentation 
cycle. At the 3rd indentation cycle, Type I specimens ultimately failed by 
a sudden drop in load curve after attaining the peak stress. This is due to 
the brittle nature of the homogeneous glass fibers [49,51]. In Type I 
specimens, the position of the damaged spot liable for the major AE 
events was intensively located in and around the midpoint of the spec-
imen (i.e. between − 20 mm and 20 mm) (see Fig. 12 (a)), as clearly 
confirmed by the photographic images in Fig. 11 (a). Moreover, contrary 
to progressively increasing cumulative counts of SE-SMA based 

specimens, in Type I specimen considerable growth in the cumulative 
counts (w.r.t time) took place from the initial stages of loading itself (see 
Fig. 12) due to the brittle fracture of glass fibers [41,50]. This critical 
fiber fracture, largely localized in the middle area, quickly puts off 
external layers from withstanding tensile stress in the rear side, leading 
to its ultimate failure. 

In the 3rd indentation cycle, the difference in stiffness among Type II 
and Type III specimens was considerably lower than in previous cycles. 
The Type II specimens, despite showing superior indentation properties 
when compared to Type III specimens at earlier cycles, exhibited a 
critical drop in indentation properties at the 4th cycle (Figs. 4 and 10). 
At the 4th indentation cycle, Type III specimens surpassed Type II 

Fig. 11. Photographic images of fractured glass/epoxy specimens at various indentation cycles.  
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specimens (i.e. in terms of stiffness for the reason that Type II specimens 
encountered critical rear face fiber breakage with associated SMA/ma-
trix debonding (see Fig. 11 (b)). Also, it can be seen that the Type II 
specimens showed the ultimate failure at lower displacement than other 
SE-SMA based specimens (Table 5). For Type II specimens, each wire 
acted as a separate system. Thus, for better energy absorption wire must 
be present in the indentation area. The load-carrying capability of this 
specimen increased until the bond between a particular wire and matrix 
system was intact. The bonding of other wire which was not directly 
under the load doesn’t play an important role in the energy absorption. 
As a result, once the SMA/matrix debonding occurred in Type II speci-
mens, it tends to encourage the center fibers to completely withstand the 
rear side tensile stress, thus resulting in the premature ultimate failure. 
For meshed configuration (Type III), though maximum energy absorp-
tion happened by the wire under the indentation point, because of the 
presence of mesh, the load was distributed all across the mesh. Thus, 
other wires which were not directly under indentation load also played a 
pivotal role in load distribution. This also delayed and reduced the SMA/ 
matrix debonding. Even if, debonding took place at the indentation site, 
meshed configuration continued to absorb energy through the sur-
rounding wires. From the photographic images, Type II specimen 
depicted widespread bulge on the tensile or back face (see Fig. 11 (b)) as 
a result of the high pull-out of the SE-SMA wire and fiber/matrix 
debonding. Besides, the AE localization plot revealed that the damaged 
area extended to a wide region, and the SMA/matrix debonding AE 
events was considerable in a region between − 35 mm and +35 mm 
(Fig. 12 (b)). Critical debonding between SE-SMA wire and matrix sys-
tem resulted in higher stresses in the rear side fibers and thus leading to 
premature failure of Type II specimens compared with Type III and Type 
IV specimens. Furthermore, from AE plots, SMA/matrix pull-out was the 
critical damage mode in deciding premature ultimate failure of Type II 
specimens as all the other SMA based specimen’s depicted critical SMA 
wire/matrix debonding at higher indentation load (Fig. 12). These re-
sults can describe why the performance of Type II specimens was lower 

than that of Type III specimens at the 4th indentation cycle. 
Type IV specimens depicted a different behavior, which was char-

acterized by a better indentation response as the SE-SMA architecture 
pattern largely constrained the failure propagation in between the SMA/ 
matrix interface and at the backside of the specimen from the initial 
cycle of loading [47]. At higher indentation cycles, Type IV specimens 
showed an excellent balance among rigidity, rear face fiber breakage, 
and SMA/matrix pull-out. Consequently, the ultimate deflection to 
failure was appreciably higher for Type IV specimens rather than other 
specimens. It can be noted in Fig. 10 (a) and Fig. 10 (b) that the drift of 
stiffness and residual deflection for Type III and Type IV specimens at 
the 4th cycle was the same as previous cycles. Nevertheless, in the 4th 
cycle, the variation in stiffness and permanent deflection among Type III 
and Type IV specimens was lower than previous cycles. In Type IV 
specimens, the meshes restricted penetration of indenter and delayed 
the critical fiber fracture (Fig. 11 (d)) unlike Type I and Type II, whereas 
the anchors further restricted extensive SMA/matrix pull-out, unlike 
Type III specimens. This implies that for the ultimate collapse of Type IV 
specimen, the indentation energy has to be raised more, emphasizing the 
greater load-carrying capability. 

At the 5th cycle, Type IV specimen’s surpassed Type III ones (i.e. in 
terms of peak load, stiffness as Type III ones encountered premature 
pull-out and fiber fracture (Fig. 11 (c) and 12 (c)). In the case of Type IV 
specimens, anchors (with knot connection type) further strengthened 
the GFRP and SE-SMA bond (control the premature pull-out of SE-SMA 
wires) and hold it in position. The major role of these anchors is to 
reduce the pull-out lengths while SE-SMA wire undergoes indentation. 
Thus, for the same indentation displacement, the pull-out length was the 
least in Type IV configuration. As a result, the entire specimen was 
perfectly involved in the ultimate fracture process (see Fig. 11 (d)). 
Among various SE-SMA based specimens, Type IV specimens were the 
only ones to fail at higher displacement (see Fig. 11) with a display of 
reduced local elongation of SE-SMA wire. These observations can pro-
vide clues on why Type IV specimens showed a superior indentation 

Fig. 12. Indentation load, AE cumulative counts and AE event location versus time for (a) Type I, (b) Type II, (c) Type III and (d) Type IV specimens.  
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response compared to all the other specimens. 
The positive role played by the anchors of Type IV specimens on the 

indentation response is apparent in comparison to other SMA configu-
rations. The results also point out that embedding the SE-SMA wire in 
Type IV pattern made the progression of premature rear face fiber 
fracture difficult under indentation loading (greater damage resistance). 

4. Conclusions 

Cyclic quasi-static indentation tests coupled with AE monitoring 
were performed to study the indentation response of SE-SMA based 
composite specimens. The findings of this study would significantly 
benefit the conventional materials used in aerospace industry. The 
experimental results observed from the cyclic quasi-static indentation 
tests as well as detailed AE monitoring leads to the following 
conclusions:  

1. Embedding the glass/epoxy specimens using Type II, Type III and 
Type IV SE-SMA wires increases the ultimate indentation load- 
carrying capacity approximately by 31%, 79%, and 100%, respec-
tively, in comparison to the Type I specimens. This could have im-
plications on the safe-fail design of the composite apart from low- 
velocity impact resistance.  

2. Type IV specimens depicted a better indentation response with a 
regular drop pattern from the initial cycle of loading. At higher 
indentation cycles, Type IV specimens showed a most excellent 
balance among rigidity, rear face fiber breakage, and SMA/matrix 
pull-out.  

3. SMA wire/matrix bonding is key to the performance of the composite 
to make sure the ductility of SMA wire is utilized effectively. Thus, 
SMA wire/matrix debonding is the vital failure mode governing the 
ultimate failure of specimens reinforced with SMA wires. Critical 
debonding between SMA wire and matrix system results in higher 
stresses in the outermost tensile fibers and thus leading to premature 
failure of the specimens.  

4. In Type III specimens, the meshes restricted penetration of indenter 
and delayed the critical fiber fracture unlike Type I and Type II, 
whereas anchored in Type IV specimens further restricted extensive 
SMA/matrix pull-out, unlike Type III specimens.  

5. In Type IV specimens, the load is distributed uniformly all across the 
anchors. Thus, other wires which are not directly under indentation 
load also play a pivotal role in load distribution. Moreover, anchors 
strengthened the GFRP and SMA bond, thus reducing the pull out to 
the maximum extent for the same indentation displacement in this 
configuration. 
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