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A B S T R A C T   

The through-the-thickness reinforcement of carbon-epoxy composite joints with shape memory alloy (SMA) tufts 
has shown significant improvement of the mechanical strength, fracture toughness, and delamination resistance. 
This study explores the thermal-electric properties of SMA filaments tufted in composite T-joints to exhibit 
multiple functionalities including material-enabled thermographic inspection and structural health monitoring 
via in-situ strain sensing. Infrared thermography image analysis was performed on both pristine and damaged T- 
joint specimens subject to pull-off testing. Experimental results showed that the heat generated by SMA tufts 
measured by an infrared camera provided accurate indication of delamination perpendicular to the tuft direction. 
SMA tufts were also used as strain sensors embedded within the T-joint. Local changes of the electrical resistance 
in SMA filaments, both separately and within the joint, were observed during pulling loads. Digital Image 
Correlation measurements exhibited good correlation between electrical resistance variations and the opening of 
delamination. These results pave the way for the development of multifunctional composite joining systems 
combining enhanced through-the-thickness damage tolerance and self-sensing capabilities.   

1. Introduction 

Fibre reinforced polymer (FRP) composites can be designed to 
exhibit superior mechanical properties in the desired loading direction. 
However, one common downside is that fibres are aligned in a two- 
dimensional (2D) plane, leading to a weak plane parallel to the fibres’ 
one. Such weak plane typically fails by delamination since the inter-
laminar fracture toughness is significantly lower than the pultruded 
fracture toughness [1–4]. Additionally, FRP composite designers must 
rely on mass and cost limiting joining approaches in structural and 
safety critical applications, which yield increased mass and costs. Me-
chanical fastening and adhesive bonding are the two mostly used tech-
niques to join thermosetting FRP composites [5]. However, fastening 
involves the use of rivets, screws and bolts requiring specialised opera-
tors and fabrication processes that can increase weight and affect 

structural integrity (e.g., drilling holes may cause delamination and 
debonds). Adhesives are relatively weak compared to the bulk com-
posite material and are susceptible to cracking and environmental 
deterioration in operating environments. 

Therefore, alternative joining solutions based on through-the- 
thickness reinforcement (TTR) technologies have been developed in 
recent years to reinforce structural FRP composite joints and create a 
mechanical link between different plies of the composite laminate. In 
TTR methods, the reinforcement is introduced in the form of fibres, 
filaments, or rods, positioned in an orientation normal to the laminate 
plane, which have led to diverse TTR technologies such as three- 
dimensional (3D) weaving, stitching, z-anchoring tufting and z- 
pinning [6–8]. All these methods have shown significant improvement 
in mechanical properties, i.e., the interlaminar fracture toughness and 
delamination resistance, whilst preserving the laminate’s in-plane 

Abbreviations: DIC, Digital image correlation; NCF, Non-crimp fabric; Ri, easured resistance, Ω; R0, Initially measured resistance from the test, Ω; SMA, Shape 
memory alloy; ΔT, Heat signal due to heating, →C; T0, Average temperature for the first 250 heating frames, →C; Th, Average temperature for the first 250 frames before 
heating, →C; t, Time, s. 
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strength. Among TTR techniques, tufting is one of the most promising 
since it involves the insertion of the yarn through the layers of a laid-up 
dry fabric preform via a single needle using automated manufacturing 
systems with robotic manipulators [9–11]. Unlike stitching, tufting re-
quires access only from a single side of the preform, thus considerably 
simplifying the manufacturing complexity of the composite joint. 
Extensive work carried on tufted FRP composites in recent years has 
shown that the efficiency and effectiveness of tufting is governed by the 
thread material [12]. Whilst aramid and carbon threads are the easiest 
option in terms of manufacturing, they are susceptible to environmental 
degradation and suffer from robustness problems during the tufting 
process [10,13]. Lombetti and Skodos [14] used metal (copper and steel) 
threads tufted into composites to achieve significant improvement of 
delamination and debonding resistance. Several researchers successfully 
used shape memory alloy (SMA) filaments as the tufting thread for FRP 
composites [15,16]. SMAs are metal alloys typically made of nickel and 
titanium that present two unique thermo-mechanical properties, i.e., the 
“superelastic behaviour” in the austenitic phase and the “shape memory 
effect” upon heating from a deformed martensitic state [17]. The first 
property allows SMAs to be completely deformable at room temperature 
and then, capable of returning to the original shape when the stress is 
released. This feature enables SMA filaments, when tufted into com-
posite joints, to absorb and dissipate energy during applied loads, thus 
enhancing the damage resistance of the joint. The shape memory effect 
allows SMA wires that are heated (e.g., via electrical current through the 
resistive Joule effect) to exert large recovery stresses up to 800 MPa [18, 
19]. Ciampa et al. [20] have recently demonstrated that it is experi-
mentally possible to achieve a structurally enhanced multifunctional 
SMA tufted composites by exploiting the high mechanical, electrical and 
thermal properties of SMAs. This study showed that thin and flexible 
SMA filaments (0.13 in diameter) could be directly inserted into car-
bon/epoxy plate-like composites before resin infusion using a rapid and 
automated tufting process. Due to the high stiffness and strength of 
SMAs, a dramatic enhancement in the fracture toughness of SMA tufted 
composites under Mode I failure (i.e., 8-fold improvement in the GIc 
parameter against untufted samples) and Mode II failure via double 
cantilever beam (DCB) and edge notched failure three-point bending 
tests, respectively, was achieved. Moreover, post-fracture DCB tests with 
Digital Image Correlation (DIC) cameras were performed to analyse the 
“crack-closure” feature of SMA wires through their “shape-memory” 
effect. By applying a small amount of electrical current to SMA filaments 
(~1.1 Amp), the generated heat (under 50 →C, which is well below the 
glass transition temperature of the epoxy resin) successfully activated 
SMAs and caused the internal crack to shrink from 1 to 0.5 mm. The 
same authors have also recently demonstrated that it is feasible to 
manufacture SMA tufted carbon/epoxy T-joints with enhanced ultimate 
strength and energy absorption under pull-off tests [21]. 

Electrically conductive materials generally react to strain by exhib-
iting a change in the electrical resistance [22]. This approach is 
commonly used in strain gauges, where resistance variations measured 
from the strain gauge are directly correlated to strain measurements. A 
number of researchers have shown promising results for applications in 
wearable technologies [23–26] and sensing for structural health moni-
toring [27,28]. Several studies have also revealed a good correlation 
between mechanical strain and electrical resistance changes in stretched 
SMA wires [29–31], thus suggesting that this material can be embedded 
within FRP composites to behave as in-situ strain sensor for online 
damage monitoring [32], instead of externally mounted sensors [33]. 
Additionally, as mentioned above, electrical current can be introduced 
into SMA wires embedded in the composites to induce heat via the 
resistive Joule effect, thus facilitating material-enabled infrared (IR) 
thermography [32,34]. Active IR thermography generally requires sur-
face external heating, volumetric heating (even external heating across 
the whole specimen volume), or abnormal/selective heating (heating of 
specific spots in the material) to visualise cracks and delamination in 
FRP composites using an IR camera [35–37]. For example, Badghaish 

and Fleming used step-heating IR thermography to detect internal 
damage in FRP materials by applying heat to the material for a short 
period of time using optical heaters [38]. IR thermography currently 
uses high power excitation sources (e.g., flash lamps) to illuminate the 
sample on its surface and generate heat to detect cracks in the bulk 
material [39–44]. However, major problems arise when the defect is too 
deep to be reached by a significant amount of heat, so that the use of 
external thermal sources may limit the detection of defects only within a 
few millimetres from the material surface. Moreover, two or more lamps 
are usually needed to avoid non-uniform heating, thus significantly 
increasing equipment costs and complexity. Material-enabled ther-
mography have shown to overcome these limitations by using the 
resistive heating of SMA wires as the internal thermal source for ther-
mographic material inspection [34,45–47]. 

This paper builds on the recent work carried out by Khor et al. [21] 
and aims at exploring novel material-enabled multifunctionalities of 
SMAs tufted in FRP composite T-joints. Particularly, two main func-
tionalities are the focus of this paper, which include (a) the capability of 
SMA to act as in-situ strain sensors for structural health monitoring and 
(b) to generate internal heat for material-enabled IR thermography. 
Section 2 reports the manufacturing procedure for the fabrication of 
SMA tufted T-joint specimens, as well as the experimental set-up for 
material-enabled strain sensing during pull-off tests and IR thermog-
raphy. Section 3 illustrates the strain-sensing and thermographic results 
for the detection of delamination, including the optical fractography 
analysis for the T-joint specimens. This sections also reports on the 
change in electrical resistance of the SMA wire when subject to tensile 
loads. Conclusions are finally reported in Section 4. 

2. Methodology 

2.1. Materials 

T-joints were fabricated using carbon-epoxy composite laminates. 
The carbon fibre pre-form was made of carbon 0→/90→ biaxial non-crimp 
fabric (NCF), with additional toughener veils and a powder binder. Full 
details of the composition of the NCF fabric are provided in Table 1 and 
in Khor et al. [21]. 

All T-joints were manufactured using the same fibre lay-up with 
three plies used for each web side and the skin. A noodle filler consisting 
of a braided unidirectional (UD) cord was used to fill the void in the 
centre of the T-joint. Preforms were hot debulked at 120 →C for 1 h each 
to reduce bulk prior to tufting and ease preparation for infusion. Carbon 
preforms were infused with Hexcel RTM 6-2, a two-part aerospace grade 
epoxy resin, with an operating temperature of up to 120 →C. Each pre-
form was placed in a three-part resin transfer moulding (RTM) infusion 
tool, consisting of a base plate and corner pieces to form the T-geometry 
as shown in Fig. 1. The resin was cured for 2 h at 180 →C once the tooling 
reached this temperature. 

Both plain and SMA tufted T-joints were manufactured, with the 
latter including SMA filaments tufted in the region between the flange 
and skin of the specimen. Prior to infusion, 0.13 mm diameter nickel- 
titanium SMA tufts with an austenite finish temperature below 0 →C 

Table 1 
- Composition of NCF fabric used to manufacture T-joints.   

Layer NCF Material Areal Weight (g/ 
m2) 

5 Powder Binder Solvay Cycom 7720 10 
4 Toughening 

Veil 
TA1903 4 

3 Fibre Tenax-E ITS55 E23 24 K 1600tex, 
90→

268 

2 Toughening 
Veil 

TA1903 4 

1 Fibre Tenax-E ITS55 E23 24 K 1600tex, 0→ 268  

W. Khor et al.                                                                                                                                                                                                                                   
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were inserted using a KSL RS 522 tufting head attached to a Kuka KR240 
robot. The nitinol alloy undergoes a phase change from austenite to 
stressed martensite when deformed by ~8% strain (note the precise 
alloy composition and heat treatment of the nitinol is proprietary in-
formation) [21]. This process was carried out with the preform held in 
specific tooling, with tufts entering from the skin side and looping on the 
web side of the T-joint. T-joint coupons with 3.44 mm (high density), 
4.3 mm (intermediate density) and 5.16 mm (low density) square tuft 
interspacing were produced, consisting of parallel tuft rows, with equal 
spacing between rows and each tuft in a row. The internal and external 
diameters of the tufting needle were 1 mm and 2.3 mm, respectively. 
The tufted rows were 25 mm wide and filled the area where the web and 
skin were in contact either side. Tuft loops were kept short (~2 mm) to 
ensure no interference between tuft rows. An un-cut tufted section with 
3.44 mm high density spacing is shown in Fig. 2. 

T-joint sections were cut out using a Sharp & Tappin panel saw. For 
tufted sections, leads on the start and end of each tuft row were pre-
served and extracted from the resin surface to allow connection for 
strain measurement and resistive Joule heating. 

2.2. Mechanical pull-off tests of T-joints 

As shown in Fig. 3, T-joints were clamped on the skin, whilst the web 

was pulled axially. The web, skin-flange and skin regions were 4.6 mm, 
5.5 mm and 3.3 mm respectively, whilst the width of each specimen was 
30 mm. Monotonic axial loading was set at 1 mm/min. 

Digital image correlation (DIC) was applied on the surface of the 
specimen to measure the displacement field during the loading and 
delamination process. Black matt paint was used as background with 
white speckles. A pair of 9 MP Manta G-917B ASG cameras was set up 
with commercial VIC-3D DIC analysis software by Correlated Solutions 
for the analysis of surface measurements (Fig. 4). 

It should be noted that a thorough analysis of the mechanical 
behaviour of SMA-tufted composite T-joints subject to pull-off tests by 
varying tuft densities was performed by the same authors to analyse the 
mechanical failure between the flange and the skin, with results re-
ported in Ref. [21]. The same tuft spacing used in this work was 
investigated, i.e., 5.16 mm (low density), 4.3 mm (intermediate density) 
and 3.44 mm (high density), with SMAs tufted on the flange side of the 
skin-flange interface of the T-joint. Mechanical testing results revealed a 
significant improvement of the mechanical performance of SMA tufted 
composites against T-joint samples with no tufts, with an increase of up 
to 110% in strength and 450% in absorbed energy capacity using high 
density SMA tufts. 

Fig. 1. Infusion tooling with preform inserted.  

Fig. 2. Illustration of 3.44 mm spaced tufting on the carbon-epoxy composite 
T-joint. 

Fig. 3. T-joint specimen pull-off test configuration.  

Fig. 4. DIC setup and mechanical testing configuration.  

W. Khor et al.                                                                                                                                                                                                                                   
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2.3. In-situ strain sensing of SMA tufts 

Two experimental approaches were adopted for strain sensing, i.e., 
single wire sensing acquisition using a multimeter (Keithley 2110 5 ½ 
digital multimeter), and multiple wire simultaneous measurements 
using Arduino Mega (Fig. 5). Both approaches consisted of measuring 
the resistance of SMA wires whilst the T-joint specimen is axially loaded. 
In the single wire resistance measurement, the SMA in channel 1 (Fig. 6) 
was measured using a multimeter while the T-joint was loaded. In the 
multiple wire measurements, instead, the Arduino Mega was connected 
to two HX711 load cell amplifier with a Wheatstone bridge configura-
tion. Digital values measured from Arduino were calibrated using fixed 
resistors of known resistance. For the multiple wire testing, the resis-
tance of SMA wires in channels 1 and 2 were simultaneously measured 
using the Arduino system (Fig. 6). 

2.3.1. In-situ tensile test and strain sensing of the single SMA wire 
A four-probe electrical measurement technique was performed to 

measure the change in DC electrical resistance as the single 0.13 mm 
diameter SMA wire was subject to tensile load, as illustrated in Fig. 7. 
Tensile tests were performed at displacement control at a rate of 0.25 
mm/min using Zwick/Roelle Z010 universal testing machine where the 
load and displacement values were recorded. Three samples were tested 
and had a gauge region of 25 mm. Before conductivity testing, the 
filament ends (15 mm long on each end) were coated with conductive 
silver paste (supplied by RS Component Ltd.) and then soldered on 
electrical leads which were wrapped with electrical insulating tape to 
allow for proper placement on the test fixture. The electrical leads were 
then connected to a Keysight micro-Ohmmeter (Keysight Type 
3442OA), as shown in Fig. 7. The test protocol was directly adapted from 
Ref. [48]. During tensile tests, DC electrical resistance measurements 
were recorded concurrently. 

2.4. Material-enabled IR thermography 

A high performance FLIR A6780 series IR camera with 3 MP reso-
lution at 62.5 frame per second was used to record apparent temperature 
signals emitted by the SMA tufts from the bottom of the specimen. This 
configuration was used to mimic the practical detection approach in a 
real structure, where the web is pointing towards the inside of the 
structure for support or stiffening purposes, whilst the bottom of the 
specimen represents the outer surface accessible to the technical oper-
ator. Thermographic observation was performed on both damaged and 
undamaged specimens. The undamaged specimen was used as the 
baseline for comparison purposes, thus enabling a better identification 
of the heat signal due to delamination in the damaged sample. 

A 30 V 2 A power supply unit (TTi EL302T triple power supply unit) 
was used to provide constant electrical current to the system to generate 
resistive Joule heating. Electrical current was calibrated with a poten-
tiometer in series, and it was applied across the SMA to heat up the 
composite tufted T-joint (Fig. 8). A step heating approach was used to record the heat signal from the IR camera. Specifically, the specimen 

was recorded without any current input for 3 s, followed by constant 
current introduction (heating) for additional 3 s, and the final 4 s 
without current to cool down. Similar approach have been employed 
successfully by Pinto et al. [34]. For the thermal analysis, background 
subtraction was initially applied to the raw thermal data. The measured 
apparent temperature contrast, ΔT, was calculated as follows, 

ΔT ↑Th ↓ T0ω (1)  

where Th is the average temperature for the first 50 frames when current 
was introduced into the specimen, and T0 is the average for the 50 
frames before heating of the SMA wire. This process removes the 
background average and fluctuations in the thermal signals. Moreover, 
data post-processing using Principal Component Analysis (PCA) was Fig. 5. Schematic of the circuit diagram for multi wire simultaneous resistance 

measurements (a), and the configuration of the whetstone bridge (b). 

Fig. 6. Position of channels 1 and 2 connected to SMAs used to measure var-
iations of the resistance during axial pull-off tests. 

Fig. 7. Schematic of the in-situ tensile test and electrical resistivity measure-
ments setup. 

W. Khor et al.                                                                                                                                                                                                                                   
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used using Matlab software to assess apparent temperature changes at 
the pixel level. A thorough mathematical formulation of PCA for defect 
detection in composites using IR thermography is reported, for example, 
in Wang et al.‘s paper [49]. PCA allows the extraction of principal 
component coefficients that are used to enhance defect visualisation in 
thermal images [50,51]. The first principal component was here used to 
reshape the image, while the mean of images was subtracted to spot 
thermal variations related to the damage signature. This process high-
lighted pixel level variations in the thermal intensity dissipated by 
composite specimens during the heating and cooling steps. Three 
different combinations were used for PCA to highlight observations in 
the unheated, heated and cooled composite:  

- Five unheated image  
- Five unheated image ↔ one heating image  
- Five unheated image ↔ one cooling image 

3. Results and discussion 

3.1. Load-displacement results from pull-off tests 

Load-displacement curves from the plain and tufted specimens are 
illustrated in Fig. 9. The specimens reinforced with SMA tufts showed 
significant improvement in mechanical properties, particularly on the 

maximum load. Similarly, the tufted composite showed up to 435% 
increase in energy absorbed at maximum load compared to the plain 
composite. However, as also remarked in Khor et al. [21], damage 
initiation load and specimen compliance were similar for both plain and 
reinforced composite specimens, as there is no reinforcement in the 
damage initiation area (noodle region) of the tufted specimen. 

3.2. Strain sensing results 

Fig. 10(a) shows the electrical resistance and the corresponding 
delamination opening from a 5.16 mm tuft spacing T-joint specimen. 
The electrical resistance was measured from the SMA tuft in channel 1 
(Fig. 6) using a multimeter as the T-joint was continuously loaded with 
increasing time. The delamination opening displacement was measured 
using the DIC system. The resistance recording shows a minimal varia-
tion up to t ↗ 450 s, followed by a rapid increase in electrical resistance, 
spikes and fluctuations. In contrary, the delamination opening remains 
constant from the start of the test, increasing with a general increasing 
gradient from t ↗ 250 s. Magnifying measurements for t ε 450 s [Fig. 10 
(b)], the resistance plot depicts low magnitude fluctuations up to t ↗
270 s. This is likely due to the rigid movement of the specimen during 
loading and minor changes in the local stress state of the SMA tuft. In the 
time region between 270 s ε t ε 450 s, an increasing trend in the 
measured resistance is observed due to the elastic deformation of the 
SMA occurring during loading, before a large spike occurs at t ↗ 450 s as 

Fig. 8. - Circuit diagram for the calibration of SMA wires in material-enabled 
IR thermography. 

Fig. 9. - Load-displacement trace from the T-joints: plain, 5.16 mm, 4.3 mm 
and 3.44 mm tuft densities. 

Fig. 10. The resistance and delamination opening displacement measured from 
the SMA tuft as the specimen is loaded: (a) full test, and (b) magnification for t 
ε 450 s. 

W. Khor et al.                                                                                                                                                                                                                                   
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mentioned above. 
The resistance-delamination measurement test was carried out with 

4.3 mm and 5.16 mm tuft spacing specimens. Resistance measurements 
were normalized to the initially measured resistance, Ri/R0 and syn-
chronized to the displacement measurement obtained from the DIC, as 
shown in Fig. 11. Excluding data fluctuations at initial stages of the 
opening displacement and after the rapid increase of resistance, a good 
linear relationship was found between the resistance and the delami-
nation opening displacement. Such a good correlation of the elongation- 
resistance appeared to be independent of the tuft spacing used to 
manufacture T-joint and it was similar to other SMA strain-resistance 
studies reported in literature [29,31]. 

Focusing on the 4.3 mm tuft spacing specimen, the moving average 
of multiple point resistance measurements obtained from the Arduino 
system was converted to the corresponding delamination opening based 
on the correlation in Fig. 11 and plotted with increasing specimen 
displacement (Fig. 12). The SMA wire closest to the web (i.e., Channel 1 
in Fig. 6) indicates delamination at around 4.5 mm specimen displace-
ment, followed by the adjacent wire (Channel 2) at about 5.2 mm 
specimen displacement. Visual observation of the crack tip initiation at 
both positions was performed by tracking the image files. The visual 
crack tip initiation tends to occur before changes were observed from the 
SMA wire signals. This is mainly due to the minimal active length of 
SMA being strained during crack tip initiation in hairline cracks. 

In-situ relative resistance and tensile test results of the single SMA 
wire in isolation are presented in Fig. 13. The stress versus strain 
response of the single SMA wire is consistent to previous reports on the 
tensile properties of SMA wires [16,17], which exhibits a pseudo-elastic 
response indicative of the phase change from Austenite to twinned 
Martensite to Martensite. With increase in strain within the Austenitic 
phase (see Fig. 13), the relative resistance change increases with strain. 
However, with the onset of austenite to martensitic phase, the relative 
resistance change decreases significantly then reach a steady-steady 
state value upon approaching the Martensitic phase. Upon fracture of 
the SMA wire, there is a sudden increase in the relative change. This 
correlate well with findings shown in Fig. 10, where a sudden decrease 
in the relative resistance change occurs with the increase in crack 
opening displacement for the T-joint. However, it is important to note 
that the SMA are not electrically isolated from neighbouring tufts, which 
may correlate to noise observed in Fig. 10(a). Previous studies by Vai-
japurkar and Ravinder [52] have also shown that the electrical resis-
tance of an SMA was dependant on the crystalline phase of an SMA wire. 
For the present study, this demonstrates the potential of using SMA wire 
for in-situ NDT and damage detection for determining degree of crack opening within a composite laminate. 

3.3. Material-enabled thermographic results 

The temperature contrast, ΔT, from Eq. (1) was extracted during the 
heating and cooling phases of the composite. Four levels of electrical 
current were applied to each SMA wire, i.e., 0.33 A, 0.25 A, 0.2 A and 0.1 
A. As wires thread across the composite in the vertical direction, thermal 
data in the vertical direction was averaged to facilitate visualisation in a 
2D plot. For the heating step, the temperature difference measured from 
the undamaged T-joint specimen was plotted in Fig. 14 against the 
corresponding horizontal pixel position. In the undamaged specimen, 
peaks indicate the positions of the SMA tufts within the composite. 
Through the resistive Joule effect, wires generated higher apparent 
temperature peaks with the increase of current input, similar to what has 
been observed in literature [34]. These peaks are mainly due to the 
electrical energy input into the wire. 

On the same undamaged SMA tufted T-joint specimen, the temper-
ature difference was observed on the heating and cooling step of a single 
wire at 0.25 A (Fig. 15). A significant difference in the measured signal is 
observed: a sharp peak on the heat source in the heating step is due to 
the conduction of heat directly from the wire to the surface of the 
specimen. Conversely, a lower peak and more distributed thermal signal 

Fig. 11. Correlation between the normalized resistance, R/R0 and the delam-
ination opening displacement. 

Fig. 12. Estimation of delamination opening displacement at the SMA wire tuft 
position for the corresponding specimen displacement. 

Fig. 13. Experimentally measured relative resistance change and tensile stress- 
strain measurements of the single isolated SMA wire. 

W. Khor et al.                                                                                                                                                                                                                                   
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was perceived from the cooling step due to the dissipation of the heat 
across the specimen. 

An illustration of the SMA tufts position and the corresponding 
delaminated region before and during the heating process are shown in 

Fig. 16. SMAs were heated with 0.25 A of electrical current each, whilst 
the temperature difference for the heating and cooling steps are shown 
in Figs. 15 and 16. Similar to Fig. 15, during the heating step, SMA wires 
in the non-delaminated region showed sharp peaks in ΔT (Fig. 17), 
whereas very low signals were seen from the wires in the delaminated 
region (Fig. 18). However, the opposite was observed in the cooling step: 
low thermal signals were seen from the undamaged wires, whilst a 
higher heat signal was seen from the damaged region. This phenomenon 
suggests that the gap in delamination allowed heat to dissipate, resulting 
in less heat conducted to the surface of the composite during heating 
compared to the undamaged area. During cooling, instead, the retained 
heat was transferred from the delamination into the surface of the 
composite, whilst heat from the wires were dissipated by conduction 
with the bulk of the T-joint. 

PCA was applied to the raw thermal data to further improve the 
acquired thermal contrast. The positions of the undamaged (first and 
second) and damaged (third to sixth) wires are highlighted by blue tri-
angles in sub-figures of Fig. 19. In the unheated PCA figure, there are no 
noticeable traces of variation in intensity, suggesting that the five used 
unheated images are consistent [Fig. 19(a)]. The PCA of the heating 
process showed obvious signs of intensity change in the first and second 
SMA tufts, with traces of the third wire [Fig. 19(b)]. No signs of variation 
were seen from the fourth to sixth wires during the heating process. 
During the cooling process, significant variation was observed around 
the first and second wires, less around the third, and only traces around 
the remaining tufts [Fig. 19(c)]. To illustrate the change in variation 

Fig. 14. Distribution of temperature difference in the undamaged T-joint 
specimen with input current of 0.1 A, 0.2 A, 0.25 A and 0.33 A per SMA wire. 

Fig. 15. Distribution of temperature difference observed from the heating and 
cooling steps in a single SMA wire at 0.25 A. 

Fig. 16. Temperature measurements from the composite surface: (a) before heating, and (b) during heating, highlighting the delaminated area. Yellow triangles 
illustrate the locations of SMA tufts. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 17. Distribution of temperature difference on the specimen surface during 
the heating step. Black triangles illustrate the locations of SMA tufts. 

W. Khor et al.                                                                                                                                                                                                                                   
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along the composite T-joint, values from the vertical axes were aver-
aged. Moving average of ten data intervals was plotted to smoothen the 
curve. Data from the initial state showed some noise with minimal 
variation and it was plotted for comparison [Fig. 19(d)]. In the heating 
state, two obvious peaks were seen at the first and second wire positions, 
corresponding to the wires in the undamaged region. During the cooling 
process, two high peaks were seen at first and second wire positions 
(undamaged region), a lower peak on the fourth wire position, and some 
signals in the sixth wire position (both in the damaged region). This is 
consistent with observations from the raw intensity data. Results of post- 
processed thermal images with PCA for damage detection were further 
validated with optical fractography analysis, as reported in the 
following section. 

3.4. Fractography 

Fractographic analysis using optical microscopes was performed on 
the fracture surfaces of the composite SMA tufted T-joint. Fig. 20 sug-
gests that when the delamination opens during loading, the SMA wires 
experience the pull-out phenomenon. Tufts were also found to uncoil 
from the composite [Fig. 20(c)], where matrix-wire debonding and 

Fig. 18. Distribution of temperature difference on the specimen surface during 
the cooling step. Black triangles illustrate the locations of SMA tufts. 

Fig. 19. PCA processed intensity of the composite during the (a) unheated, (b) heating, and (c) cooling process, with indicators for tuft positions. Comparison shown 
in (d). Blue triangles illustrate the locations of SMA tufts. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version 
of this article.) 
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breaking of wires were experienced [Fig. 20(b)]. The damage process is 
described by delamination of the composite and the straining of the 
SMA, followed by the debonding of the matrix-wire interface and 
breakage of SMA wires. This explains the observations in the heating and 
cooling steps for material-enabled thermography reported in the previ-
ous Section. During the heating step, good contact was maintained be-
tween the wires and composite, allowing good heat conduction to the 
surface of the material and thus higher heat signal. In the delaminated 
region, the slipping of the wire due to matrix-wire debonding resulted in 
a less efficient heat transfer, hence a lower heat signal was observed. 
During the cooling step, the good contact in the undamaged region had 
better conduction, and thus retained less heat from the heating step. The 
debonding damage and delamination space retained heat from the 
heating step, dissipating during the cooling step and resulting in a higher 
thermal signal. 

4. Conclusions 

SMA tuft reinforcements in composite T-joints were used to generate 
material-enabled strain sensing and NDE thermography. A linear rela-
tionship was observed between the SMA wire resistance and delamina-
tion opening. Beyond the linear region, damage in SMAs or in the 
matrix-wire interface have shown to alter the constraint of the wire, 
thus resulting in inconsistent resistance measurements. Simultaneous 

resistance measurements from embedded SMA wires have shown to give 
a good prediction of the delamination across the composite. 

Heating of the SMA wires by electrical current produced thermal 
signals for IR thermographic analysis. The heat signal detected by the IR 
camera rose with the increase of electrical current in the SMA wires. In 
the region with no damage, the heating step showed a distinct peak at 
the heat source; a flatter peak was seen instead in the cooling step. In the 
delaminated region, low heat signals were observed during the heating 
step whereas a higher heat signal was found during the cooling step, 
when compared to the undamaged region. The debonding and delami-
nation reduced the heat conduction during the heating step, retaining 
heat and releasing it during the cooling step. Processing the heat in-
tensity data by PCA have proved to enhance defect detection. Experi-
mental observations suggested the practicability of SMA tufts for 
damage detection in composite joints. 
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