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A B S T R A C T   

In this paper, we experimentally investigate the energy absorption characteristics of super-elastic shape memory 
alloy (PE-SMA) integrated in a flexible glass/epoxy composites fabricated using vacuum-assisted resin infusion 
(VARI) process. The composite samples have three different PE-SMA configurations, characterized by length 
variation (35, 70, 150 mm) and anchored/unanchored (35 and 70 mm anchored and 150 mm unanchored). 
Quasi-static (tensile and indentation (QSI)) and dynamic (low-velocity impact (LVI)) mechanical tests were 
performed on the composite samples, and the changes in energy absorption characteristics and damage tolerance 
at strain rates ranging from 8.41 to 952.1/s were compared with the homogeneous glass/epoxy samples. Ex-
periments performed on three SMA-based samples reveal that the 70 mm SMA wire samples, due to their 
relatively higher SMA deformation and restricted pull-out, show around 13- and a 27-fold increase in absorbed 
energy under QSI and LVI, respectively, compared with homogeneous glass/epoxy samples.   

1. Introduction 

Composite materials have proven their superiority over traditional 
metals over the last few decades due to their high stiffness and strength- 
to-weight ratio [1–5]. In the structural elements, when the major 
component of stress is along the direction of the fibers, they have out-
performed metals. Additionally, these composites that provide the above 
benefit should withstand impact loading throughout their service life. 
Impact occurrences such as bird strikes, tool drop loads, impacts with 
floating debris are common at places such as docks or with propeller 
blades wind turbine blades [6–8]. Designing better composites will be 
easier if the materials’ impact performance and energy dissipation can 
be assessed and quantified [9]. Composite materials, unlike metals, have 
a wide range of failure modes, which complicates the evaluation pro-
cess. Composites’ weak energy absorption capacity has been shown in 
the early research on impact loading [6,7]. 

Energy absorption occurs via various failure mechanisms in com-
posites, including matrix cracking, debonding, fiber penetration, and 

fiber pull-out [10–14]. Previously, researchers had explored the impact 
loading for composite laid up with primary reinforcements including 
glass, carbon, and aramid fibers with varying ply dimensions [15–18]. 
They investigated fiber geometry and material properties changes by 
embedding various materials in composites and determining their en-
ergy absorption capacity [19–21]. While optimizing fiber design and 
material properties improves absorption capacities to a point, it retains a 
lower energy dissipation capacity due to fibers failing at relatively lower 
strain [22]. To meet the requirement for increased energy absorption 
during an impact, ductile fibers must be embedded. The super-elastic 
shape memory alloy (SE-SMA) is one material having a high strain to 
failure and self-centering capabilities [23,24]. SE-SMAs are extremely 
ductile alloys with excellent resistance to plastic deformation. SE-SMA 
exhibits this behavior due to internal phase transformation occurring 
during thermomechanical loading (Fig. S1) [25,26]. Therefore, com-
posites embedded with SMA as secondary reinforcements (sometimes 
referred to as SMA hybrid composites) are projected to perform better in 
applications where penetration and damage resistance are essential to 
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design parameters [27–30]. 
Research on SMA hybrid graphite composite samples has demon-

strated higher energy dissipation and increased impact force during low- 
velocity impacts [31,32]. SMA composite specimens exhibited higher 
perforation toughness at high velocities [33]. When embedded 
bi-directionally in its wire form, SMA composites exhibit a negative ef-
fect during impact tests, resulting in an increase in affected region with 
respect to unidirectional SMA embedded unidirectionally [34]. 
Numerous researchers attempted to mitigate sample damage by 
embedding SMA with higher energy dissipation. To minimize the pos-
sibility of delamination, researchers wove SMA into the composites 
[32]. Multiple surface treatment approaches, like chemical oxidation, 
improved SMA surface wetting, and enhanced matrix bonding [35,36]. 
While these approaches enhance surface characteristics to a degree, 
their efficiency diminishes after debonding initiates in the impacted 
region, between embedded SMA and the composite. 

While research has been conducted for low-velocity impact loadings, 
there is a dearth of research availability regarding comparing transverse 
loading of SMA embedded composites under quasi-static and low- 
velocity impact conditions [1–4]. Even though SMA is generally used 
as a secondary reinforcement, no clear methodology exists to segregate 
the role of SMA reinforcement on various critical parameters such as 
stiffness and energy absorption [37–41]. To overcome the existing gaps, 
this work is an effort forward to highlight the difference between SMA 
embedded composites undergoing quasi-static and low-velocity impact 
loading. When SMA is embedded as a secondary reinforcement, it leads 
to an increase in energy absorption. However, the energy absorption 
varies depending on the type of configuration embedded. To investigate 
the effect on stiffness and energy absorption due to configuration 
change, various novel tensile tests were devised in this study, segre-
gating SMA configurations’ importance. 

The paper is organized as follows. In Section 2, the details of the 
various experiments performed are presented. Then, in Section 3, results 
and observations are discussed before the concluding remarks in the 
subsequent section. 

2. Experimental procedure 

2.1. Materials 

The primary reinforcement is woven roving mat (WRM) glass fiber 
with an area density of 300 g/m2, and the secondary reinforcement is 
superelastic SMA (SE-SMA), a NiTi alloy (i.e., 50 % NiTi) with a diam-
eter of 0.5 mm [5]. The weight ratio of the matrix material, epoxy resin 
(LY556), to hardener (HY951) is 10:1. Tables 1–3 summarizes the 
properties of SMA, glass fiber, and epoxy, respectively. 

2.2. Fabrication procedure 

2.2.1. Samples for tensile tests 
Sample configurations for the tensile test are represented in Fig. 1 

(a–c). The length and width of the samples were 210 mm and 30 mm, 
respectively. SMA was embedded in the composite laminate in three 
different forms. Six layers of glass fiber were used to prepare the lami-
nates, and SMA was embedded in the laminate’s mid-plane. Configu-
ration details of different samples are summarized in Table 4. The 
unanchored length was kept at 150 mm to ensure that SMA did not 
extend to the grip zone, and the samples were cut using abrasive water 

jet cutting. Anchored lengths were kept to be 35 mm and 70 mm. 
Damage of size 10 mm is induced in the middle regions of the sample, as 
shown in Fig. 1 (by not incorporating GFRP). Two steel plates fixed on a 
wooden board were used during sample preparation. These steel plates 
were at a distance of 10 cm and had a u-shaped hole extending up to the 
plate edges to let the SMA wires pass. After SMA wires were placed 
through the holes, vacuum sealant tapes were employed around the 

Table 1 
Epoxy properties.  

S. no Properties Values Units  

1 Specific gravity  1.28 –  
2 Poisson’s ratio  0.30 –  
3 Young’s modulus  3.792 GPa  

Table 2 
SE-SMA Properties.  

Properties Values 

Austenite Finish Temperature (Af) 259 K 
Austenite Start Temperature (As) 248 K 
Martensite Start Temperature (Ms) 235 K 
Martensite Finish Temperature (Mf) 222 K 
Elongation to Failure 17.5 % 
Maximum failure stress 1800 MPa 
Maximum transformation strain 9.5–9.7 % 
Austenite Young’s modulus (Eaus) 80 GPa 
Martensite Young’s modulus (Eaus) 40 GPa 
Poisson’s ratio 0.3 
Density 6500 Kg-m3 

Yield Stress 800 MPa 
Plateau Stress 500 MPa  

Table 3 
Glass fiber properties.  

Properties Values (PE-SMA) Units 

Young’s modulus  76.6 GPa 
Specific gravity  2.5 – 
Specific modulus  0.0340 GPa-m3/Kg 
Specific strength  0.6200 MPa-m3/Kg 
Poisson’s ratio  0.25 –  

Fig. 1. Schematic of various SMA embedded configurations prepared to find 
out strain in SMA wire using digital image correlation (DIC). 

Table 4 
Configuration details of different glass/epoxy samples tested.  

Configuration SMA length Anchor types 

Glass/epoxy (GFRP) No SMA – 
150 mm SMA embedded GFRP 150 mm Unanchored 
70 mm SMA embedded GFRP 70 mm Anchored 
35 mm SMA embedded GFRP 35 mm Anchored  
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holes to stop the infusion of resin into the composite free region during 
the vacuum resin infusion process. This setup leads to sample repro-
ducibility. For each type of experiment, a batch of 4 specimens was used. 
The aim is to determine the difference in the strains in SMA wire of 
anchored and unanchored configurations. Thus, it can be used to get an 
idea of the effect of energy absorption on changing the configurations. 

As shown in Fig. 1, the 35 mm and 70 mm samples were anchored, 
which indicates that the SMA wires were continuous and formed into U- 
shaped at the ends to function as restrainers. Four straight wires were 
put without connection in 150 mm samples. The samples had an 
approximate thickness of (3.10 ± 0.3 mm). 

2.2.2. Samples for quasi-static indentation (QSI) and low-velocity impact 
(LVI) tests 

Sample configurations for quasi-static indentation (QSI) and low- 
velocity impact (LVI) tests are represented in Fig. 2. Similar to tensile 
tests, SMA was embedded in the composite laminate in three configu-
rations. Six layers of glass fiber were used to construct the laminates, and 
SMA was inserted in the laminate’s mid-plane. SMA is deemed to have a 
maximum weight percentage of 7.4 % of the total fiber weight. (SMA 
embedded weight is 3.2 g for 150 mm specimen; glass-fiber weight is 
40.5 g). For 70 mm and 35 mm, SMA weight percentages were 3.8 % 
and 1.9 %, respectively, of the total fiber weight. The laminates were 
cured for 24 h under a 30 mm Hg vacuum pressure. For 24 h, the lam-
inates were cured under 30 mm Hg vacuum gauge pressure. Abrasive 
water-jet cutting was used to cut out 150 × 150 mm2 samples for QSI 
and LVI loading (ASTM D6264-98(04)). 

2.3. Mechanical tests 

2.3.1. Tensile test with online digital image correlation (DIC) 
Tensile tests with online digital image correlation (DIC) have been 

conducted to study the elongation and strain field in the embedded SMA 
of different samples. The tensile test was conducted using the INSTRON 
8801 universal testing machine (UTM) with a capacity of 100 kN, as 
seen in Fig. S2. Tensile testing was conducted at a crosshead speed of 2 
millimeters per minute. During the testing, photos were captured using 
image acquisition software (Vic-Snap 2010, Correlated Solutions) and a 
charge-coupled device (CCD) camera with a resolution of 1920 × 1080 
pixels, as shown in Fig. S2. (Prosilica GX1910). The photos captured had 
a frame rate of 25 frames per second. Correlation of the collected images 
with DIC software (Vic-2D-2009, Correlated Solutions) derived elonga-
tions and strain fields. 

2.3.2. Quasi-static indentation (QSI) test 
Quasi-static cycle indentation tests were conducted in accordance 

with ASTM D6264-98(04) utilizing a Tinus Olsen Universal Testing 

Machine rated at 100 kN. (UTM). Four corners were firmly fastened 
using toggle clamps, as indicated in Fig. S3. (a). Through incremental 
displacement step control, cyclic indentation tests were conducted. 
Displacement increments of 4, 6, 8, 10, and 12 mm were applied 
sequentially from the initial contact point until the sample failure. The 
feed rate was set to two millimeters per minute. We conducted four tests 
on each type of sample and used the average of the results to determine 
the ultimate load, stiffness, and energy absorption. 

2.3.3. Low velocity impact (LVI) test 
We used a DYNATUP model 8210 instrumented impact testing sys-

tem (Fig. S3 (b)) installed with a high-speed data acquisition system 
(GRC-930 I), a variable crosshead weight arrangement, an impactor, an 
impactor-mounted load transducer, and a high-speed data acquisition 
system. Throughout the tests, the crosshead/impactor mass was set at 
6.33 kg. The falling height was set at 100 cm. The sample support device 
located at the base of the drop tower enables circular clamping with a 
75 mm span. Two smooth columns aid in the descent of the weight. The 
impactor end features a 7.5 mm diameter instrumented tup capable of 
measuring loads up to 15.56 kN. The device incorporates a velocity 
detector that records the velocity of the tup before colliding with the 
sample, thereby collecting data. Rebound pneumatic brakes help avoid 
crashes. The current study used 150 mm square samples assessed at a 
velocity of 3 m/s. Four samples of each type were tested. 

3. Results and discussions 

3.1. Energy absorbed by SMA before anchor displacement under tensile 
load 

This section discusses the energy absorbed by different samples 
before the displacement of SMA anchors (leading to SMA pull-out).  
Fig. 3(a) shows the load-displacement response of other SMA embedded 
configurations. Initially, as the tensile load was applied on 35 mm, 
70 mm, and 150 mm specimens, the respective absorbed energies were 
0.04, 0.04 and 0.01 J until the first debonding between the matrix and 
wires was observed. The specimens with 35 mm and 70 mm had higher 
energy absorption than 150 mm because 150 mm specimens were un-
anchored and as a result applied load had to be only greater than the 
shear strength. However, for 35 mm and 70 mm, the applied load has to 
overcome shear strength on wires and tensile strength in the anchor’s 
region as there were anchors. 

Once the debonding started, 150 mm samples could not absorb any 
further energy as the wires were displaced out of the composite speci-
mens. However, 35 mm and 70 mm SMA embedded specimens could 
absorb the energy of approximately 0.23 J and 0.3 J even after the first 
debonding was observed. The reason might be that even though shear 
failure occurred along the length of embedded SMA, however, they were 
still fixed by the anchors. Furthermore, as shear failure was completed, 
the increase in tensile load first led to the phase transformation from 
austenite to martensite (highlighted by approximately horizontal curves 
or no-load increase region in Fig. 3(a)). Once in the martensitic phase, 
the load started seeing a rise in both types of specimens, finally leading 
to the anchor’s displacement, which led to a sudden drop in the load 
(Fig. 3(a)). 

Fig. 4 shows the elongation of the SMA wire in the composite for all 
the three embedded lengths taken from DIC. Point A represents the 
elongation value where the SMA wire displaces from the composite in 
the 150 mm SMA configuration. As it is unanchored, the total elongation 
length is minimal. Till point B, SMA elongation occurs in the free wire 
outside the composite for 35 mm and 70 mm SMA embedded configu-
rations. After point B, the variation in the slope is nearly the same for 
both configurations. This observation signifies that in both configura-
tions, the elongation of the SMA inside GFRP starts simultaneously. As 
the embedment length is smaller in the 35 mm SMA sample than in the 
70 mm one, the slope decreases further at point C. The slope between 

Fig. 2. Schematic of (a) homogeneous glass/epoxy and different SMA-based 
glass/epoxy configurations (b) 35 mm SMA, (c) 70 mm SMA, and (d) 150 mm 
SMA designed for QSI and LVI tests. 
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Fig. 3. (a) Load-displacement response of different SMA embedded configurations, and (b) displaced SMA anchors due to applied load on the sample.  

Fig. 4. SMA wire elongation vs time in different SMA configurations.  

Fig. 5. (a) Strain vs time in the wire in different configurations and (b) SMA wire analysis region.  

V.D. Mishra et al.                                                                                                                                                                                                                               



Materials Today Communications 31 (2022) 103779

5

point C and point D represents the elongation of the SMA anchor 
embedded in the composite. After point D, elongation is approximately 
constant. Constant elongation of SMA signifies the displacement of the 
anchor from its initial position. Although SMA elongation is higher in 
70 mm embedded SMA length, after point B the trend is similar to 
35 mm one. The slope decreases due to the elongation of the wire up to 
the anchor region up to point E. After point E, elongation is almost 
constant, which signifies that for higher anchored embedment length, 
elongation of SMA will be higher before the anchor displaces. 

From Fig. 4, it can be seen that though the elongations were higher in 
70 mm configurations, the strains will be higher in 35 mm ones, as 
shown in Fig. 5 (a). The reason behind this is the overall length of the 
embedments. In 150 mm configurations, the strains were the smallest 
due to the higher overall SMA embedment length and because the SMA 
wire could not elongate ultimately before the displacement of the wire 
from composite took place. SMA displacement occurs even before SMA 
reaches the transformation strains. From Fig. 5 (a), it can be inferred that 
the maximum strain at which anchors get displaced in the 35 mm and 
70 mm configurations is approximately 8.7 % and 4.5 %, respectively. 
The load in the composite to displace the anchor is similar in both cases. 

The strain energy density is maximum for the 35 mm configuration 
compared to the 70 mm one, as shown in Fig. 6. From the investigations 
performed above, it can be said that the configuration and embedment 
length of SMA are essential factors to consider while designing for en-
ergy absorption. Reducing the SMA embedment length (35 mm) 
increased the strain energy density. For the 150 mm configuration, 
which is also unanchored, it can be concluded that increasing the length 
and removing the anchors reduces strain energy density. Thus, even if 
the embedded length is higher, the absorbed energy will be less. This 
observation highlights the importance of placing the anchors in the 
embedded SMA. 

3.2. Quasi-static indentation (QSI) 

Quasi-static cyclic indentation tests were performed to examine the 
progressive local bending behavior of normal, non-anchored, and 
different anchored glass-SMA/epoxy composite samples. Fig. 7 (a) il-
lustrates the plot of load versus displacement for different composite 
samples subjected to quasi-static cyclic indentation tests. The ultimate 
load acquired from indentation curves is shown in Fig. 7 (b). Table 5 
summarizes the ultimate displacement and the maximum number of 
cycles to ultimate failure properties. We can note that the indentation 
properties varied considerably with the length and architecture of the 
embedded SMA wires. From Fig. 7 (b), the 35 mm SMA samples showed 
the highest load-carrying capability similar to the tensile response, while 
the glass/epoxy samples have the least. Specifically, embedding 35 mm, 
70 mm, and 150 mm SMA wires into the glass/epoxy samples enhanced 

the ultimate indentation load by 330.86 %, 307.07 %, and 32.15 %, 
respectively, compared to homogeneous glass/epoxy samples. To un-
derstand the reason for these observations, the above mention results 
were correlated with the progression of stiffness and permanent 
deflection for each cycle of different glass-SMA/epoxy samples, as 
shown in Fig. 8. Photographic images of the damaged samples were 
captured and illustrated in Fig. 9. 

The homogenous glass/epoxy samples exhibited the best linear 
stiffness and the least permanent deformation at the first cycle 
(δ = 4 mm). These responses are attributed to the brittleness and low 
failure strain characteristics of the glass fibers. Contrary, unanchored 
150 mm SMA samples exhibited the greatest residual deformation and 
the least stiffness, due to the high ductility of unanchored SE-SMA wire. 
We can order distinct samples from lower to higher rank based on their 
stiffness behavior: SMA 150 mm, SMA 70 mm, SMA 35 mm glass/epoxy. 
It is demonstrated that the linear stiffness of glass/epoxy samples 
increased when the SMA was anchored and the embedment length was 
shortened. The stiffness and residual deformation trends were inversely 
proportional. Despite the increased stiffness during the first cycle, the 
brittle homogeneous glass fibers in the normal samples critically frac-
tured, as indicated by a rapid decline in the load-displacement curve 
after the point of maximum stress. In normal samples, the ultimate 
damaged spot was intensively located underneath the loading point (see 
Fig. 9). 

In the SMA-based samples, for higher energy absorption, the SMA 
must remain intact beneath the loading zone. In other words, the load- 
carrying capability of the sample is raised until up to the bond amid a 
specific wire and matrix remain intact. In addition, based on the 
photographic evidence, SMA/matrix debonding was the critical failure 
mechanism that determined the ultimate failure of the SMA-based 
samples (Fig. 9). Each wire in the unanchored samples functions as a 
separate load-bearing system. The wires away from the loading zone did 
not play any prominent role in the energy absorption. Thus, in the un-
anchored sample (Fig. 9) at 1st cycle, once the SMA-matrix debonding 
took place, it encouraged the fiber system to withstand the tensile stress 
produced on the back side, resulting in premature failure. Therefore, 
after the onset of debonding of the SMA wire beneath the indenter, 
damage modes were identical to that of the homogeneous glass/epoxy 
samples. Thus, unanchored samples do not increase the indentation 
resistance significantly. 

We can observe that the drift of stiffness among the anchored sam-
ples until their respective ultimate failure across different indentation 
cycles was the same. For the anchored samples, the changes in stiffness 
trend in the second cycle were comparable to that of the 1st cycle. The 
anchored samples illustrated a significantly dissimilar trend at higher 
indentation cycles (from the 3rd indentation cycle). Compared to the 
initial cycle, the rankings have changed, and the indentation response at 
higher cycles tends to become increasingly dependent on the SMA 
configuration. In other words, the failure mechanisms involved in the 
energy absorption were different. 

Anchored configuration acted as an improvement over the unan-
chored samples. The anchors distributed the load acting on the primary 
loading area to the adjacent SMA wires in the anchored samples. 
Photographic images of damaged 35 mm and 70 mm SMA samples 
showed that the ultimate failure did not only happen by local concen-
trated damage. The anchored samples showed a widespread bulge on the 
rear side (Fig. 9). The anchors restricted the SMA/matrix debonding and 
premature pull-out of anchored SMA at the primary loading area and 
further hold it in a position. Additionally, it yielded superior resistance 
to the indenter penetration during the initial indentation cycles (Fig. 8). 
This event caused a good balance between stiffness, back face failures, 
and SMA/matrix debonding. These events were quite contrary to the 
unanchored samples. This deformation mechanism resulted in the rise in 
the load-carrying capability and absorbed energy. 

Despite illustrating superior indentation response compared to 
70 mm samples at previous cycles, the 35 mm SMA samples showed a Fig. 6. Strain energy density vs SMA embedded length.  
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premature failure at lower displacement. In the third indentation cycle, 
the difference in stiffness between 35 mm SMA and 70 mm SMA samples 
decreased relative to the prior cycle; further, the residual displacement 
trend for these samples was different from in the second cycle. At the 
third cycle, the 35 mm samples surpassed the 70 mm samples in residual 
displacement. At the second indentation cycle, there was a local pene-
tration with a critical SMA pull-out beneath the indentation zone for the 
35 mm SMA sample, which was not the case with the 70 mm SMA 
sample. The critical SMA pull-out led to higher stresses in the glass fi-
bers, thus resulting in premature failure of 35 mm samples (Fig. 9). 
Long-anchored wires in the 70 mm SMA samples allow for greater 
deformation (more compliance) and limit pull-out lengths when the 
SMA wire is indented. Therefore, the pull-out length was the least in the 
70 mm samples. Consequently, the energy absorption process is 
perfectly involved in the complete sample (Fig. 9). Therefore, it 
exhibited higher absorbed energy and a higher number of cycles to 
failure than the 35 mm SMA sample. These results can explain why the 
35 mm samples failed at 2nd indentation cycle. 

3.3. Low-velocity impact (LVI) 

Low-velocity impact (LVI) tests are used to investigate the effect of 
different SMA configurations on the energy-absorption characteristics of 
glass/epoxy samples at greater strain rates. Fig. 10 presents the load- 
displacement behavior of different glass/epoxy samples subjected to 
impact loading at 3 m/s. The stiffness, peak force, residual displace-
ment, and absorbed energy of different samples are shown in Table 6. No 
elastic recovery was noticed for both the normal and SMA-based sam-
ples, as seen from Fig. 10. These behaviors signify that all the samples 
underwent considerable permanent deformation via SMA pull-out and/ 
or fiber breakage. It is clear from Fig. 10 that the drift of impact prop-
erties and dynamic deformation mechanisms for the normal and 
different SMA-based samples observed during the impact is nearly 
similar to those shown in Fig. 7 (a) for the case of QSI. The literature 
generally agrees that LVI and QSI load result in identical damage 
mechanisms [26–30]. 

Fig. 11 display the influence of SMA architecture on the damage 
profile of glass/epoxy and SMA-based glass/epoxy samples. Similar to 
the quasi-static compression, the energy absorption in the SMA based 
samples takes place mainly due to SMA associated damage modes (like 
SMA pullout, anchor displacement and SMA deformation), along with 
the conventional damage modes (like fiber breakage, fiber/matrix 
debonding, delamination, matrix cracking, etc.). However, the overall 
delamination area is affected when the glass/epoxy samples are sub-
jected to LVI tests. 

Table 7 shows the average delamination area of different glass/ 
epoxy samples under QSI and LVI calculated using digital image 

Fig. 7. Quasi-static indentation response: (a) load-displacement response and (b) ultimate load of normal, unanchored, and different anchored glass-SMA/epoxy 
composite samples. 

Table 5 
Ultimate displacement and the maximum number of cycles to ultimate failure 
properties.   

Number of cycles to failure Maximum Displacement (mm) 

Glass/epoxy  1  1.4 
25 mm SMA  4  4.6 
70 mm SMA  6  5.5 
150 mm SMA  1  3.8  

Fig. 8. (a) Stiffness and (b) residual deformation progression of normal, non-anchored, and different anchored glass-SMA/epoxy composite samples at different 
indentation cycles. 
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processing techniques. Compared to the QSI, the overall delamination 
area decreases under LVI loads for the glass/epoxy samples (Fig. 11), 
while increasing for the SMA-based samples, indicating different dam-
age modes at different strains. The homogenous glass/epoxy samples 
among the impacted samples show a drop in the overall delamination 

area. This response can be attributed to the characteristic energy ab-
sorption mechanism of brittle glass fibers in homogeneous samples, 
which dissipated the impact energy by premature breakage of glass fi-
bers beneath the spot of application of impact loads, as clearly 
confirmed by the photographic images (Fig. 11). In the case of SMA 
embedded samples, both SMA and fibers systems control the penetration 
of the impactor by enabling various additional energy-absorbing 
mechanisms. 

To explicitly report the effect of SMA embedment on the load- 
carrying capability and energy absorption characteristics under QSI 
and LVI load, the normalized ultimate load and absorbed energy of 
different SMA-based samples were compared with the corresponding 
homogeneous sample. Fig. 12 illustrated the normalized ultimate load 
and normalized absorbed energy (concerning respective homogenous 
glass/epoxy samples) as a function of different SMA architecture in the 
glass/epoxy samples. It is observed that the normalized load and 
absorbed energy are higher for LVI samples. SMA in QSI samples only 
underwent permanent deformation, whereas SMA in LVI underwent 
ultimate failure (breakage) (Fig. S4). 

4. Conclusions 

Quasi-static (tensile and indentation) and dynamic (low-velocity 
impact) mechanical tests were performed on SMA based composite 
samples (two anchored and one unanchored configuration) and 
compared the changes in energy absorption characteristics and damage 
tolerance at strain rates ranging from 8.41 to 952.1/s with the homo-
geneous glass/epoxy samples. The unanchored length was kept at 
150 mm, while the anchored lengths were 35 mm and 70 mm. The 
experimental findings observed from the in-plane and the out-of-plane 
mechanical tests lead to the following conclusions:  

1. From the quasi-static tensile test, it can be said that the configuration 
and embedment length of SMA are essential factors to consider while 
designing for energy absorption. In the anchored samples, reducing 
the SMA embedment length (35 mm) increased the strain energy 
density. For the 150 mm configuration, which is also unanchored, it 
can be concluded that increasing the length and removing the an-
chors reduces the strain energy density. Thus, even if the embedded 
length is higher, the absorbed energy will be less. This observation 

Fig. 9. Photographic images showing typical damage profile of glass/epoxy 
and SMA-based glass/epoxy (non-anchored, and different anchored glass-SMA/ 
epoxy composite) sample subjected to QSI load. 

Fig. 10. Low-velocity impact response: load-displacement response of different 
glass/epoxy samples (normal, non-anchored, and different anchored) compos-
ite samples. 

Table 6 
Stiffness, peak force, residual displacement, and absorbed energy of different 
samples under LVI.   

Stiffness (N/ 
mm) 

Peak 
Force (N) 

Residual 
Displacement (mm) 

Absorbed 
Energy (J) 

Glass/ 
epoxy  

35.251  387.9  12.1  0.925 

35 mm 
SMA  

201.51  2796  14.44  21.113 

70 mm 
SMA  

156.49  2624  20.02  26.607 

150 mm 
SMA  

112.83  660.6  7.647  2.657  

Fig. 11. Photographic images showing typical damage profile of glass/epoxy 
and SMA-based glass/epoxy samples. 

Table 7 
Average delamination area under QSI and LVI loading.   

QSI (mm2) LVI (mm2) 

GFRP  108.12  103.63 
35 mm SMA  132.01  110.15 
70 mm SMA  150.82  121.33 
150 mm SMA  162.10  147.27  
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highlights the importance of placing the anchors in the embedded 
SMA.  

2. The indentation properties varied considerably with the length and 
architecture of the embedded SMA wires. Embedding 35 mm, 
70 mm, and 150 mm SMA wires into the glass/epoxy samples 
enhanced the ultimate indentation load by 330.86 %, 307.07 %, and 
32.15 %, respectively, compared to homogeneous glass/epoxy 
samples. 

3. Anchored configuration acted as an improvement over the unan-
chored samples. The anchors distributed the load acting on the pri-
mary loading area to the adjacent SMA wires in the anchored 
samples. The anchors restricted the SMA/matrix debonding and 
premature pull-out of anchored SMA at the primary loading area and 
further hold it in a position. Additionally, it yielded superior resis-
tance to the indenter penetration. This event induced a good balance 
between stiffness, back face failures, and SMA/matrix debonding. 
This deformation mechanism resulted in the rise in the load-carrying 
capability and absorbed energy.  

4. Each wire in the unanchored samples functions as a separate load- 
bearing system. The wires away from the loading zone did not play 
any prominent role in the energy absorption. Thus, in the unan-
chored sample at 1st cycle, once the SMA-matrix debonding took 
place, It encouraged the fibre system to withstand the tensile stress 
produced on the back side, resulting in premature failure. Therefore, 
after the onset of debonding of the SMA wire beneath the indenter, 
damage modes were identical to that of the homogeneous glass/ 
epoxy samples. Thus, unanchored samples do not increase the 
indentation resistance significantly.  

5. The long-anchored wires in the 70 mm SMA samples enable higher 
deformation (more compliant) and restrict the pull-out lengths while 
the SMA wire undergoes indentation. Therefore, the pull-out length 
was the least in the 70 mm samples. Consequently, the energy ab-
sorption process is perfectly involved in the complete sample. 
Consequently, it exhibited higher absorbed energy and a higher 
number of cycles to failure than the 35 mm SMA sample.  

6. The drift of impact properties and dynamic deformation mechanisms 
for the normal and different SMA-based samples observed during the 
impact is nearly similar to those for the case of QSI. However, 
compared to the QSI, the overall delamination area decreases under 
LVI loads for the glass/epoxy samples while increasing for the SMA- 
based samples, indicating different damage modes at different 
strains. 
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