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A B S T R A C T

The prestressed strengthening of structures via use of bonded iron-based shape memory alloys (Fe-SMAs) has
proven promising, albeit with concerns regarding the temperature dependency of the adhesive properties. In
this study, the effect of activation temperature and generated prestress are investigated experimentally. Six Fe-
SMA-to-steel adhesively bonded joints, comprising different Fe-SMA strips (non-prestrained and prestrained)
and activation strategies (full activation and partial activation), were prepared, activated via electrical
resistance heating, and tested under quasi-static loading. It is found that the bond–slip behavior of a joint
with activation can be modeled by that of an equivalent non-activated joint. The generated prestress influences
the full-range behavior by raising the base tensile stress level of the Fe-SMA strip, with negligible effects on
further aspects of the full-range behavior. With the increasing activation temperature, the fracture energy is
initially increased and eventually reduced, while the bond capacity and effective bond length are retained
almost constant.
1. Introduction

Existing infrastructures are constantly subjected to damaging and
degradation effects, due to natural aging, environmental influences,
and continually increasing and often repetitive loadings. The
retrofitting and repair of such structures are essential means for en-
suring their continued safety and functionality. In addition, given the
high consumption of energy and raw materials in the construction
sector [1,2], the retrofitting of existing structures reduces the need for
replacement, thus serving the target of net-zero emissions.

Amongst available retrofitting techniques, prestressed strengthening
enjoys a twofold benefit: (i) stiffness enhancement via addition of extra
materials and (ii) introduction of prestress. Prestressed carbon fiber
reinforced polymer (CFRP) strengthening, in particular, has attracted
attention in the past two decades, owing to a high permissible prestress
level and satisfactory E-modulus. Successful applications of prestressed
CFRP strengthening focus on increasing the cracking and ultimate loads
and reducing the crack width and deflection of reinforced concrete
beams and slabs [3–5]; delaying or halting fatigue crack growth in
steel structures [6–8]; and enhancing the buckling resistance of steel
columns [9]. In these cases, the CFRP material is tensioned and then
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fixed onto/into the target structure; as soon as the tensile load is
released, the tensile force in CFRP is balanced by the compression of the
parent structure, and prestress is applied. During the afore-mentioned
process, the tensioning (prestraining) and release (prestressing) are
consecutively executed on-site, where a tensioning apparatus, such as
a hydraulic jack, and an adequate space for operation are typically
required.

Prestressing with shape memory alloys (SMAs), such as nickel-
titanium based SMAs (NiTi-SMAs) and iron-based SMAs (Fe-SMAs), is
a relatively new technique, in which the prestraining and prestressing
processes are separated in time and space, by exploiting a special
shape memory effect [10–12], as explained in the next paragraph.
Applications of prestressed strengthening employing Fe-SMA strips and
rebars or CFRP/NiTi-SMA composites deliver results that are similar to
those with prestressed CFRP. This includes an increase in the cracking
and ultimate loads and a reduction of crack width and deflection of
concrete beams when employing Fe-SMA rebars/strips [13,14]. Addi-
tionally, Fe-SMA strips [15–17] and CFRP/NiTi-SMA composites [18–
20] enhance the fatigue resistance of steel structures, significantly
extending their fatigue lives, with some even halting the fatigue crack
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Fig. 1. Schematic prestressing process using Fe-SMA. Paths (i) prestraining, (ii) unload-
ing, (iii) heating with free deformation (no prestress), and (iv) heating while restricting
the deformation (with prestress). Arrows in red color reflect heating processes. (For
interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

growth [15,17]. Compared with CFRP/NiTi-SMA composites strength-
ening, where CFRP provides extra stiffness and NiTi-SMA wires offer
prestress, Fe-SMA combines both advantages.

Since the current study focuses on strengthening via use of Fe-SMA
strips, an example on generating prestress is offered for the particular
case of this material, as schematically illustrated in Fig. 1. The Fe-
SMA strip is (i) tensioned to a prestrain level (𝜀𝑝𝑟𝑒) and (ii) unloaded
to a zero stress state, yielding a residual strain (𝜀𝑟𝑒𝑠); this process is
referred to as prestraining, during which the elastic strain is revertible,
while the residual strain (𝜀𝑟𝑒𝑠) remains. The residual strain contains
a phase transformation strain, which is fully recoverable at a certain
activation temperature, and a plastic strain, which is irrecoverable.
For the sake of simplification, the residual strain is regarded as a
phase transformation strain herein, while the plastic strain is ignored.
Heating the prestrained Fe-SMA strip leads to two branches: (iii) in
the case of a free deformation, the residual strain (𝜀𝑟𝑒𝑠) fully recovers,
and the Fe-SMA strip returns to its original shape, demonstrating a
‘‘shape memory effect’’; (iv) if the Fe-SMA strip is fixed onto/into a
target structure, only a part of the residual strain recovers, and prestress
(𝜎𝑝𝑟𝑒) is generated in the Fe-SMA strip, while a balancing compression
is generated in the parent structure. Different from traditional pre-
stressing techniques, prestressing using Fe-SMA only requires on-site
fixation to the target structures and heating, while the rest, such as
the prestraining process, can be conducted offsite in a factory or lab-
oratory. The apparatus required on-site can be minimized, facilitating
the application of prestress. To heat the Fe-SMAs, typical techniques
include electrical resistance heating [13], gas torch heating [21], and
heating mats/pads [22].

The bonded strengthening of steel structures using Fe-SMA, which is
schematically shown in Fig. 2, is deemed promising, as it offers further
advantages in terms of (i) not damaging the parent structure and (ii)
ensuring a gradual stress transfer between the substrate and strengthen-
ing material. In this system, guaranteeing a reliable bonding interface is
fundamental. A considerable amount of knowledge has been built in the
bonded anchorage zone, where the prestress is transferred to the steel
substrate, via both experimentation on lap-shear joints [23,24] and
corresponding modeling efforts [25]. During the activation process, the
adhesive properties in the activation zone are affected by the elevated
temperature, leading to a changed bond behavior, which necessitates
further investigation.

This study investigates the influence of the activation temperature
and generated prestress on the bond behavior between Fe-SMA strips
and steel substrates, by means of Fe-SMA-to-steel adhesively bonded
joints (schematically illustrated in Fig. 3). Six bonded joints were
2

Fig. 2. Schematic view of a steel beam strengthened by means of bonded Fe-SMA with
partial activation. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

Fig. 3. Scheme of a lap-shear specimen with local activation. 𝐹−𝛥 refers to as the load–
displacement behavior of the entire bonded joint, while 𝑓 − 𝛿 refers to the (internal)
force–displacement behavior of the activation zone. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)

prepared, activated via electrical resistance heating, and tested under
lap-shear loads. Among the six joints, four comprise non-prestrained
Fe-SMA strips, aiming at the influence of activation temperature, while
the remaining two consist of prestrained Fe-SMA strips, targeting the
effects of both the activation temperature and generated prestress. The
behavior is analyzed in terms of both the full-range and bond–slip
behavior. Results are compared with equivalent bonded joints without
activation, as derived from a previous study [24].

2. Experimental campaign

In this study, six lap-shear specimens with dimensions identical to
those featured in a previous experimental study by the authors [24]
were prepared, activated with electrical resistance heating, and tested
under quasi-static tensile loads. Four specimens with non-prestrained
Fe-SMA strips aim at investigating the influence of the activation
temperature, while the remaining two specimens with prestrained Fe-
SMA strips target the influence of both the activation temperature and
the generated prestress.

2.1. Materials

2.1.1. Fe-SMA
Two types of Fe-SMA strips, with the composition of Fe-17Mn-

5Si-10Cr-4Ni-1(V,C) (mass%) [26], are used in this study, namely the
non-prestrained and prestrained Fe-SMA strips. The prestrained Fe-SMA
strip was obtained via tensioning the non-prestrained Fe-SMA strip to
a prestrain level (𝜀𝑝𝑟𝑒) of 2%, followed by unloading to a zero-stress
state, with a residual strain (𝜀𝑟𝑒𝑠) level of ca. 1.3%. The stress–strain
behavior of the non-prestrained and prestrained Fe-SMAs is depicted in
terms of dashed red and blue curves in Fig. 4, respectively, which were
measured by means of dog-bone samples [24]. The solid black curve
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Fig. 4. The stress–strain behavior of Fe-SMAs. The dashed red and blue curves
epresent the measured non-prestrained and prestrained Fe-SMAs, while the solid black
urve characterizes the computed behavior of the prestressed Fe-SMA with an activation
emperature of 180 ◦C after the prestress loss. (For interpretation of the references to
olor in this figure legend, the reader is referred to the web version of this article.)

eflects the stress–strain behavior of the prestrained Fe-SMA strip after
ctivation with a target temperature of 180 ◦C, whose computation is
ntroduced in the next paragraph.

A prestress analysis model [27], considering the prestress loss due
o the shear deformation of the bond line and the compressive deforma-
ion of the steel substrate, was employed to compute the prestress level.
ccording to previous studies, the stress–strain behavior of Fe-SMA,
efore and after prestressing, share an identical envelope [28–30].
herefore, the stress–strain behavior of the prestressed Fe-SMA (solid
lack) was represented by the stress–strain of the prestrained Fe-SMA
dashed blue) truncated at the computed prestress level, as shown in
he inset in Fig. 4. Two target temperatures of 180 and 260 ◦C were
tilized in the activation tests, with the computed prestress levels being
39 MPa and 298 MPa, respectively.

.1.2. Adhesive
The adhesive used in bonding, SikaPower 1277 (Sika AG, Switzer-

and), has an E-modulus of 1952 MPa, a tensile strength of 26.13 MPa,
nd an elongation at break of 4.37% at room temperature [24]. The
lass transition temperature (𝑇𝑔), around which the E-modulus drops
rastically, is approximately 67 ◦C. The temperature has a huge impact
n the mechanical properties of this adhesive, as visualized in Fig. 5.
he E-modulus, tensile strength, and lap-shear strength at 80 ◦C reduce
9%, 73%, and 51%, respectively, compared with those at room tem-
erature [31,32]. When further increasing the temperature, the storage
odulus, which indicates the ability to store energy elastically [33],

nd lap-shear strength suffer additional reductions, while data on the
volution of the E-modulus and tensile strength are unavailable.

.1.3. Steel
The steel plates of grade S355 comprise an E-modulus of 200 GPa,

tensile strength of 453 MPa, and an elongation at break of 23% [24].

.2. Geometry and specimen preparation

Six lap-shear specimens were prepared, with the geometries shown
n Fig. 6. The Fe-SMA strips have a length, width, and thickness of
00 mm, 50 mm, and 1.5 mm, respectively, while those of steel plates
re 500 mm, 250 mm, and 10 mm, respectively. The bonded joint has a
ength of 300 mm and a thickness of 0.5 mm, while its width is identical
o that of the Fe-SMA strip, i.e., 50 mm.
3

Fig. 5. Temperature dependent mechanical properties of SikaPower 1277. Data pro-
vided by the manufacturer [31,32], where the lap-shear strength was measured
according to ISO 4587:2003 [34] using small lap-shear joints other than the one
employed in the current study. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

The bonding area of the Fe-SMA strips and steel plates were first
cleaned with cotton-dipped acetone to remove the grease and dust, then
sand-blasted to remove the oxidized layer and introduce some surface
roughness, which was followed by another cleaning with cotton-dipped
acetone. Pressed air was used to blow away the residual cotton fibers.
The adhesive was then applied to bond the Fe-SMA strips and steel
plates, and heavy weights were used to squeeze the excessive adhesive
out, during which spacers with a thickness of 0.5 mm were used to
control the thickness of the adhesive layer. The specimens were cured
in a climate room with a constant temperature of 20 ◦C and a relative
humidity of 50% for at least two weeks, prior to the activation tests.

2.3. Activation tests

After the curing of the bonded joints, the specimens, which can be
divided into three groups according to their activation strategies, were
activated by means of electrical resistance heating, as summarized in
groups (i−iii) in Table 1 and Fig. 6.

Group (i): to investigate the effect of activation temperature on
the bond behavior, two specimens with non-prestrained Fe-SMA strips
were activated along the entire bond length, i.e., 𝐿𝑎𝑐𝑡 = 300 mm.
The two bonded joints in this group experienced debonding during
the activation, which will be explained in Sections 4.1.3 and 4.3. No
specimen with a prestrained Fe-SMA strip was activated along the
entire bond length.

Groups (ii): to prevent the activation-induced debonding, two spec-
imens with non-prestrained Fe-SMA strips were activated only in the
middle 200 mm segment, with the remaining 50 mm length at each
end set as the bonded anchorage zone, i.e., 𝐿𝑎𝑐𝑡 = 200 mm and 𝐿𝑎𝑛𝑐ℎ𝑜𝑟 =
50 mm.

Group (iii): to investigate the influences of both the activation tem-
perature and the generated prestress, two specimens with prestrained
Fe-SMA strips were activated in the middle 150 mm segment, with the
remaining two ends (at 75 mm length) set as the bonded anchorage
zone, i.e., 𝐿𝑎𝑐𝑡 = 150 mm and 𝐿𝑎𝑛𝑐ℎ𝑜𝑟 = 75 mm. Fig. 7 shows the
activation of specimen PS-ACT260-1 in group (iii) as one example.
After the activation process, specimens with prestrained Fe-SMA strips
were expected to retain some level of prestress, while no prestress was
expected in specimens with non-prestrained Fe-SMA strips.

It is worth noting that the testing configuration designed for activa-
tion tests, as shown in Figs. 6 and 7, does not fully reflect the loading
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Fig. 6. Specimen geometries and activation strategies in groups (i−iii): (i) non-prestrained Fe-SMA with full activation, 𝐿𝑎𝑐𝑡 = 300 mm and 𝐿𝑎𝑛𝑐ℎ𝑜𝑟 = 0 mm; (ii) non-prestrained
Fe-SMA with partial activation, 𝐿𝑎𝑐𝑡 = 200 mm and 𝐿𝑎𝑛𝑐ℎ𝑜𝑟 = 50 mm; and (iii) prestrained Fe-SMA with partial activation, 𝐿𝑎𝑐𝑡 = 150 mm and 𝐿𝑎𝑛𝑐ℎ𝑜𝑟 = 75 mm. The blue cross markers
represent thermocouples (TC), while the green strip represents a strain gauge (SG), which applies only to groups (ii) and (iii). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
Fig. 7. Activation of specimen PS-ACT260-1. The two yellow cables connected to the electrical copper clamps aim at the voltage measurement over the activation zone. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Table 1
Test matrix.

Groups Specimen symbols Types of Fe-SMA 𝐿𝑎𝑐𝑡
a (mm) 𝐿𝑎𝑛𝑐ℎ𝑜𝑟

b (mm) 𝑇𝑎𝑐𝑡c (◦C) 𝐹𝑏
d (kN) 𝐿𝑒𝑓𝑓

e (mm)

(i) NS-ACT180–1 Non-prestrained 300 0 180 N/A N/A
NS-ACT260–1 260 N/A N/A

(ii) NS-ACT180–2 Non-prestrained 200 50 180 59.97 133
NS-ACT260–2 260 56.70 127

(iii) PS-ACT180–1 Prestrained 150 75 180 63.29 122
PS-ACT260–1 260 62.41 118

(iv) NS-ACT0-1f
Non-prestrained N/A N/A N/A 59.09 121

NS-ACT0-2f 58.93 125

(v) PS-ACT0-1f
Prestrained N/A N/A N/A 61.77 137

PS-ACT0-1f 62.33 139

a 𝐿𝑎𝑐𝑡 represents the activation length.
b 𝐿𝑎𝑛𝑐ℎ𝑜𝑟 denotes the bonded anchorage length.
c 𝑇𝑎𝑐𝑡 means the activation temperature.
d 𝐹𝑏 is the bond capacity.
e 𝐿𝑒𝑓𝑓 represents the effective bond length.
f Specimens without activation are employed in this study for comparison purpose; they are denoted as NS-S2-T0.5-1, NS-S2-T0.5–2,
PS-S2-T0.5–1, PS-S2-T0.5–2, respectively, in a previous experimental study [24].
4
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Fig. 8. Lap-shear test setup. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
pattern of prestressed strengthening for structures. An improved setup
would involve heating the current activation zone and the bonded
anchorage zone at the loaded end in Fig. 6, while the hydraulic jack
holds the generated prestressing force, similar to activation tests of
Fe-SMA rebars embedded in concrete blocks conducted by Schranz
et al. [35]. However, the current study employed mostly metal com-
ponents with good electrical conductivity, such as the Fe-SMA strip,
steel plate, hydraulic jack, and supporting beam. If the activation
tests are conducted on the lap-shear testing setup, while the hydraulic
jack holds the generated prestressing force, the current employed for
activation might accidentally damage laboratory equipment. Therefore,
all activation tests were conducted according to Fig. 6, during which
the specimens were supported by timber strips to ensure a proper
electrical isolation. Even though the employed specimen configuration
does not directly reflect the loading pattern of strengthening practice,
a model proposed by the authoring team [27] is employed to analyze
the prestressing behavior in Section 4.5.

During the electrical resistance heating, a direct current of ca. 500
A with an intensity of ca. 6.67 A/mm2 was applied. Since the activation
lengths of the Fe-SMA strips are different for each group, the measured
voltages spanning over the activation lengths were ca. 3.5, 2.0, and
1.5 V in groups (i−iii), respectively. Three thermal couples (Fe-SMA-
1, -2, and -3) were attached on the surface of Fe-SMA strips (two in
the activation region and one in the anchorage zone) 25 mm away
from the strips edge to monitor the temperature during the activation
process, while three other thermal couples (Steel-1, -2, and -3) were
attached on the corresponding locations and 15 mm away from the
Fe-SMA strips edge. Once the target activation temperature, i.e., 180
or 260 ◦C, was reached in one of the thermal couples on the Fe-
SMA strip, the electricity was stopped. In groups (ii) and (iii), a strain
gauge was attached on the steel plate, 15 mm away from the edge of
the Fe-SMA strip corresponding to the center of the activation zone,
to examine whether the prestress was successfully generated. Note, a
typical method of determining the applied prestress level is measuring
the compressive strain on the substrate structure. However, due to the
shear lag in the wide steel plate (500 mm in width), which is 10 times as
wide as the Fe-SMA strip (50 mm in width), one strain gauge does not
allow for a measurement of compressive strain state of the steel plate.
Therefore, the single strain gauge only provides a sign of whether the
prestress is generated.

Besides, four specimens in groups (iv and v) with the same geome-
tries and materials but without activation from a previous study [24]
are used for comparison purpose. In all five groups (i−v), lap-shear
specimens comprise a constant bond length of 300 mm, while the
activation lengths vary.

2.4. Lap-shear tests

After the activation, the black-speckled pattern on the white back-
ground was painted on specimens in groups (ii) and (iii), for the
5

measurement of the full-field displacement and strain using a digital
image correlation (DIC) technique during the lap-shear tests. Since the
two specimens in group (i) experienced pronounced debonding during
activation, they were not tested under mechanical loads. Therefore, no
DIC pattern was prepared for them.

The steel plates of the four lap-shear specimens featuring DIC pat-
terns were then fixed in a test setup, as shown in Fig. 8, while the
Fe-SMA strips were tensioned toward the loading direction until a full
debonding or rupture of the Fe-SMA strip. A displacement controlled
loading regime was adopted, which allows for a gradual debonding
(stable fracture) process. A hydraulic jack was employed to tension
the Fe-SMA strips, while a load cell with a 150 kN capacity was used
to measure the tensile force. A linear variable differential transformer
(LVDT) was utilized to measure the displacement of the hydraulic jack,
whose loading speed was controlled at 0.02 mm/s.

3. Post-processing

During lap-shear tests, the full-field displacement (𝑈) and strain
(𝜀) behaviors as well as the load–displacement behavior (𝐹 − 𝛥) were
measured, based on which the tensile stress of the Fe-SMA strip and the
shear stress along the bond line can be inferred via the following steps.
Similar procedures have been applied in studies of Fe-SMA bonded
joints [23,24,36].

3.1. Tensile strain

During the DIC measurement, the full-field displacement and strain
are presented in a 2D form, whose computation is cumbersome. There-
fore, a two-point Gauss integral is utilized to approximate the measured
2D behavior by means of an equivalent 1D behavior, per Eq. (1).

𝜀𝑚𝑒𝑎𝑛 =
𝜀−1∕

√

3 + 𝜀1∕
√

3

2
(1)

where 𝜀𝑚𝑒𝑎𝑛 represents the average strain in the cross-section; 𝜀±1∕
√

3

are the strain values at the two Gauss points at ±𝑤∕2
√

3 in the width
direction, where 𝑤 represents the width of the Fe-SMA strip.

3.2. Tensile stress

The tensile stress (𝜎−𝑥) in the Fe-SMA strip is obtained by substitut-
ing the stress–strain behavior (𝜎 − 𝜀) into the measured strain behavior
(𝜀𝑚𝑒𝑎𝑛 − 𝑥), with the following three cases differentiated:

1. Since no prestress is expected during the activation of a non-
prestrained Fe-SMA strip, its mechanical behavior is assumed
unaffected by the electrical resistance heating. Therefore, the
stress–strain behavior, illustrated as red dashed curve in Fig. 4,
of the non-prestrained Fe-SMA, is utilized to compute specimens
with non-prestrained Fe-SMA strips in group (ii).
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1
1

2. Specimens with prestrained Fe-SMA strips in group (iii). In the
bonded anchorage zone, the temperature was only little influ-
enced by the activation, with a maximum temperature of ca.
44 ◦C measured 25 mm away from the copper clamp. Therefore,
the stress–strain behavior of the prestrained Fe-SMA, shown as
the blue dashed curve in Fig. 4, is used to characterize the
bonded anchorage zone.

3. In the meantime (group (iii)), prestress is generated in the
activation zone via heating, therefore, the solid black curve in
Fig. 4, representing a prestressed Fe-SMA strip, is assigned here.

3.3. Shear stress

Li et al. [36] proved, via 3D numerical simulations, that out-of-plane
tensile stress is developed in the bond line of Fe-SMA-to-steel lap-shear
joints. However, the contribution of the out-of-plane stress to the final
fracture is negligible. Therefore, a simple equilibrium in the loading
direction, per Eq. (2), is employed to compute the shear stress at the
bottom of the Fe-SMA strip, which is identical to that in the bond line.

𝜏 = 𝑡 ⋅ d𝜎
d𝑥

(2)

here 𝜎 and 𝜏 are the tensile and shear stresses, respectively; 𝑡 and
denote the thickness of the Fe-SMA strip and the coordinate in the

oading direction, respectively.

.4. Bond–slip behavior

The bond–slip behavior (𝜏 − 𝑠), which is the shear stress (𝜏) as
function of the shear deformation (also known as the slip, 𝑠), is

ommonly used to characterize the behavior of adhesively bonded
oints. The slip, which is the relative displacement between the Fe-
MA strip and steel plate in the loading direction, can be measured via
he DIC technique. Synchronizing the computed shear stress and the
easured slip at a specific location leads to the bond–slip behavior at

his location. Repeating this process at different locations, the bond–slip
ehaviors along the entire bond line are obtained.

. Results and discussions

.1. Activation process

Figs. 9(a) and 9(b) illustrate the activation process of specimen
6

S-ACT180-2 in group (ii) and specimen PS-ACT260-1 in group (iii), t
espectively. The upper sub-figures demonstrate the temperature be-
avior of the Fe-SMA strip (red) and that of the steel plate (blue), while
he lower sub-figures show the strain change on the steel plate next to
he activation zone. Though comprising different Fe-SMA strips (non-
restrained and prestrained), specimens NS-ACT180-2 and PS-ACT180-
share similar temperature behaviors during the activation. Likewise,

pecimens NS-ACT260-2 and PS-ACT260-1 possess alike temperature
ehaviors.

.1.1. Activation of group (ii)
The temperature in the activation zone of the Fe-SMA strip (Fe-

MA-1 and -2) of specimens NS-ACT180-2, as illustrated in Fig. 9(a),
ent up rapidly toward the target temperature (180 ◦C) within 30 s,
nd soon dropped to ca. 70 ◦C, followed by a gradual reduction to the
oom temperature of ca. 20 ◦C. 25 mm away from the activation zone,
he Fe-SMA strip (Fe-SMA-3) was heated to a maximum temperature
f 30 ◦C, whose influence to the bond behavior is negligible. This
eans, the electrical resistance heating has a negligible influence on

he bonded anchorage zone. Moreover, the temperature of the steel
late was raised to a maximum value of 35 ◦C ca. 2 min after the onset
f activation, and then gradually decreased to the room temperature.
uring the electrical heating, no strain data was measured, due to the

act that the strain gauge cable was unplugged to prevent a damage to
he strain measurement system caused by a penetration of the current
rom the activation system. Once the target temperature was reached,
he electricity was cut off, and the strain measurement initiated. Shortly
fter the electrical heating was applied, a positive strain was measured,
s visualized in Fig. 9(a), representing the thermal expansion of the Fe-
MA strip and steel plate. As the temperature was decreased, the strain
n the steel plate was reduced, reflecting a reduced thermal expansion.
ventually, the strain on the steel plate kept a constant of −9 𝜇𝜀,
hich could be attributed to (i) the redistributed thermal stress during
eating and cooling and/or (ii) the generated prestress, due to the slight
restraining of Fe-SMA during the sand-blasting.

The strain behavior of NS-ACT260-2 is similar to that of NS-
CT180-2, with a measured strain of −5 𝜇𝜀 at the end of activation. The
bserved temperature change during the activation is similar to that of
pecimens PS-ACT260-1, which is described in the next paragraph.

.1.2. Activation of group (iii)
Fig. 9(b) illustrates the activation process of specimen PS-ACT260-

. Though the target temperature of 260 ◦C is ca. 44% higher than
80 ◦C, the time required to reach 260 ◦C was ca. 90 s, which is
hree times as that for reaching 180 ◦C. The reason is that a body
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Fig. 10. Debonding during activation of joints with a full activation: (a) overview of specimen NS-ACT260-1, with an activation length of 300 mm (no strain measurement); (b)
Side-view, a debonding of ca. 120 mm observed at the end of activation. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
with a higher temperature has a higher radiation to the environment,
with more energy loss. Then, the temperature in the activation zone of
the Fe-SMA dropped quickly to ca. 80 ◦C and gradually to the room
temperature. The steel plate reached a maximum temperature of 56 ◦C
ca. 140 s after the start of the activation. At the onset of the strain
measurement, corresponding to a temperature of ca. 260 ◦C in the
activation zone of the Fe-SMA strip, the steel was under compression
with a measured strain of −185 𝜇𝜀, which indicates the shape memory
effect surpassing the thermal expansion. In the end, the strain gauge
measured a compression of −191 𝜇𝜀, suggesting a successfully applied
prestress. In this specimen, a thermocouple (Fe-SMA-3) 25 mm away
from the activation zone reported a maximum temperature of 44 ◦C.
This means, the influence of the electrical resistance heating to the
bonded anchorage zone can again be neglected.

The further specimen PS-ACT180-1 exhibits a similar temperature
behavior to that of specimen NS-ACT180-2, while its strain behavior is
similar to specimen PS-ACT260-1, with a stable compressive strain of
−183 𝜇𝜀 at the end of activation.

4.1.3. Activation of group (i)
In group (i), where the non-prestrained strips were activated over

the entire bond length, as illustrated in Fig. 10(a), the temperature
behaviors of specimens NS-ACT180-1 and NS-ACT260-1 are similar to
those in Figs. 9(a) and 9(b), respectively. Since no bonded anchorage
zone was set up, the thermocouple marked as Fe-SMA-3 also measured
the temperature in the activation zone. During the electrical resistance
heating (ascending of the temperature), the authors heard a clear crack-
ing sound, suggesting debonding, which was then observed at the side
of specimen, Fig. 10(b). Two major reasons exist for debonding during
the activation, though no or negligible shape memory effect is expected
in the non-prestrained Fe-SMA strips. A first cause may be attributed
reduced bond capacity at an elevated temperature, while a second
likely cause pertains to the generated thermal stress. A quantitative
explanation is provided in Appendix.
7

4.2. Failure modes

Since specimens in group (i) experienced debonding during the acti-
vation, as demonstrated in Fig. 10(b), no lap-shear test was conducted
in this group, leading to no discussion on their failure mode.

Fig. 11 presents the exposed fracture surfaces of the adhesive bonds
after the lap-shear tests in group (ii). The specimen with an acti-
vation temperature of 180 ◦C (NS-ACT180-2) failed under a major
cohesion and a minor adhesion mode, as shown in Fig. 11(a). The
cohesion failure, which means the fracture occurring in the body of
the adhesive layer, is a preferred failure mode, with which the design
of bonded joints can be guaranteed by selecting a proper adhesive.
On the other hand, the adhesion failure, which refers to the fracture
at the adhesive-adherent interface, is less preferred, especially in the
long-term performance; a larger amount of adhesion failure in the
short-term is accompanied by a higher reduction of the bond capacity
in the long-term, due to the penetration of moisture and salt [37].
Compared with the failure mode of the specimens without activation
(group (iv)), which experienced mostly cohesion failure [24], the ac-
tivation with heating and cooling introduced adhesion failure to some
extent. This is similar to the failure mode of CFRP bond, where the
elevated temperature changes the debonding mode from cohesion to
adhesion [38,39]. At the junctions of the activation zone and bonded
anchorage zone, where the copper clamps were pressed to improve
the electrical conductivity, the color of the adhesive shifted from an
originally pink to a slightly yellow shade. Further analysis of the local
bond–slip behavior in coming sections suggests that the yellow color is
an indication of changed bonding properties.

The other specimen in group (ii), corresponding to a higher acti-
vation temperature of 260 ◦C (NS-ACT260-2), even manifested local
heating damage, which was visually inspected by the authors at the
side of the specimen prior to the lap-shear test. The fracture surface of
the adhesive layer, as demonstrated in Fig. 11(b), further confirms the
local heating damage. In the activation zone, a major cohesion failure
and a minor adhesion failure were again observed. In the meantime, the
color of the adhesive was turned from an originally pink to a noticeably
yellow shade.
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Fig. 11. Failure modes with activation temperatures (𝑇𝑎𝑐𝑡) of 180 and 260 ◦C. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
The failure modes of specimens in group (iii), under the effect of
prestress, present highly alike failure modes compared with those in
group (ii), which experienced no prestress. The elevated temperature
in the activation zone introduced some adhesion failure, where the
original pink color of the adhesive was turned yellow to some extent.
At one of the locations attached with the copper clamp, the adhesive
bond was damaged by the local excessive heating, as shown in Fig. 19.
It can be concluded, based on these four specimens, that the activation
temperature clearly introduces some adhesion failure, which is, how-
ever, not further affected by the generated prestress. The reason is that
the prestressing force, which is majorly held by the bonded anchorage
zone, can be regarded as an internal tensile load. Therefore, prestress
should deliver a failure mode identical to those bonded joints without
prestress.

4.3. Debonding behavior of group (i), with non-prestrained Fe-SMA and full
activation

In group (i), where non-prestrained Fe-SMA strips were activated
along the entire bond length, debonding occurred during the electrical
resistance heating, as demonstrated in Fig. 10. A simplified 1D thermal
8

analysis is conducted in this study, with the model setup and analysis
detailed in Appendix. This analysis quantitatively explains that the
thermal stress is the source of the debonding during activation.

The debonding during the activation suggests that an activation
along the entire bond length leads to failure of the strengthening
system, even with non-prestrained Fe-SMA, where no prestressing effect
is expected. The survival of specimens in groups (ii) and (iii) during
the activation tests highlights that the prevention of debonding during
the activation necessitates bonded anchorage zones at the two ends
of bonded strengthening. This is in line with the concept of partial
activation proposed by Wang et al. [16].

4.4. Debonding behavior of group (ii), with non-prestrained Fe-SMA and
partial activation

Specimens in groups (ii) and (iii) survived in the activation tests,
due to the presence of the bonded anchorage zones, which resisted the
thermal load during the ascending temperature and the prestressing
load at the end of activation. After activation, lap-shear tests were
conducted. The full-range bebavior, which refers to as the full-field
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Fig. 12. The full-range behavior of NS-ACT180-2, with a non-prestrained Fe-SMA strip and an activation temperature of 180 ◦C. Please refer to Fig. 3 for the definition of 𝐹 − 𝛥.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
behavior at different loading stages, is acquired via post-processing, as
introduced in Section 3.

4.4.1. Specimen NS-ACT180-2
Fig. 12 depicts the full-range behavior of specimen NS-ACT180-2,

with a non-prestrained Fe-SMA strip and an activation temperature
of 180 ◦C. Despite the induced minor adhesion failure, the specimen
with activation behaves almost identically to those without activation,
NS-ACT0-1 and NS-ACT0-2 in group (iv) [24]. Its full-range behavior
contains three stages: (i) the elastic stage, where most of materials
behave elastically; (ii) the damage accumulation stage, where damage
accumulates at the loaded end of the bonded joint; and (iii–v) the
debonding propagation stage, where the tensile stress, tensile strain,
and the shear stress profiles do not change shape, but propagate toward
the free end, during which the tensile load is kept almost constant
(corresponding to the bond capacity).

4.4.2. Specimen NS-ACT260-2
Fig. 13 shows the full-range behavior of NS-ACT260-2, with a non-

prestrained Fe-SMA strip and an activation temperature of 260 ◦C. Its
full-range behavior can still be characterized as three stages, but with
some difference compared against the behavior without activation.
Stages (i) and (ii) refer to the elastic and damage accumulation stages,
respectively, similarly to the previous specimen. In stage (iii–v), the
debonding propagation stage, the tensile strain, tensile stress, and shear
stress profiles propagate to the free end. However, the shear stress peak
disappears at 𝑥 = 200–250 mm, which can be attributed to the local
9

heating damage, as shown in the fracture surface depicted in Fig. 11(b).
Correspondingly, the tensile stress and strain profiles at these locations
are influenced.

Fig. 14 illustrates the local bond–slip behavior along the fracture
surface. In each inset, the red curve represents the average bond–
slip behavior of the bonded joint, while the black curves reflect the
local bond–slip behavior, in this way reporting on the behavior across
the entire width. At the center of the activation zone (𝑥 = 150 mm)
and outside the activation zone (𝑥 = 280 mm), the local and average
bond–slip curves are almost identical. In locations exhibiting a minor
(𝑥 = 70 mm) and major local heating damage (𝑥 = 230 mm), the local
bond–slip curves shrink in comparison with the average behavior. The
shrinkage of the bond–slip behavior is a result of the excessive heating
at the electrical copper clamp, as explained earlier. Such a local heating
damage can be prevented via adoption of alternate activation strategies,
such as the flame heating.

4.4.3. Comparison with non-activated specimens
Fig. 15 provides a comparison amongst the specimens comprising

non-prestrained Fe-SMA strips, with and without partial activation.
Despite slight deviations, the global load–displacement behaviors and
local bond–slip curves of these joints are similar. This suggests that,
regardless of the local heating damage, the behavior of bonded joints

without activation can be adopted in joints with partial activation.
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Fig. 13. The full-range behavior of NS-ACT260-2, with a non-prestrained Fe-SMA strip and an activation temperature of 260 ◦C. Please refer to Fig. 3 for the definition of 𝐹 − 𝛥.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 14. The fracture surface of specimen NS-ACT260-2 and the measured bond–slip behavior. The dashed red curves are the average bond–slip behavior of the entire bond line,
while the solid black curves are the local bond–slip behaviors. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
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Fig. 15. Comparison among joints with activation (black) and without activation (red). Tensile forces are measured via a load cell. Please refer to Fig. 3 for the definition of
𝐹 − 𝛥. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
t
i
a

A
a
g
r
i
a
t
s
t
T
w
s
a
s
s
t
h

4

o
P
(
t
s

P
s
a
c
h

4.5. Debonding behavior of group (iii), with prestrained Fe-SMA and partial
activation

In this group, the activation zone is designed with a length of
𝐿𝑎𝑐𝑡 = 150 mm, which allows for development of an entire shear stress
profile. Accordingly, the bonded anchorage zones comprise a length
of 𝐿𝑎𝑛𝑐ℎ𝑜𝑟 = 75 mm, which guarantees that the generated prestress
does not incur debonding at this zone. Since the strain gauge attached
on the steel plate does not allow for an accurate estimation of the
prestress level, a model is used to compute the stress and strain state
of specimens in this group. Given the explanation in Appendix that the
adhesive layer during the activation has a negligible shear stiffness,
it is assumed in this model that the adhesive is fully softened (zero
shear stiffness) during the activation, and the generated prestress is
retained by the bonded anchorage zones. As explained in Section 4.1,
the activation temperature bears limited influence on the bonded an-
chorage zone. Therefore, the simplified bond–slip behavior at room
temperature of the joints in group (v) [25], illustrated as dashed pink
curve in Fig. 16, is employed to characterize the behavior in the
bonded anchorage zone. The recovery stresses, which are the prestress
measured by fixing the two ends of the prestrained Fe-SMA strips,
corresponding to an activation to 180 and 260 ◦C are ca. 320 and
400 MPa, respectively [15,40–42]. Considering the prestress loss due to
the limited shear stiffness at the bonded anchorage zone and the com-
pression of the steel plate, the prestresses of specimens PS-ACT180-1
and PS-ACT260-1 are found to be 239 MPa and 298 MPa, respectively,
as discussed in Section 2.1.1. Interested readers are referred to Ref. [27]
for mathematics underpinning.

Fig. 16 depicts the stress and strain states of specimen PS-ACT180-
1, after activation. The two bonded anchorage zones are loaded by
the internal prestressing force. Since the bonded anchorage zone is
shorter than the effective bond length of ca. 138 mm, the two ends
(𝑥 = 0 mm and 𝑥 = 300 mm) are slightly loaded with a non-zero
shear stress. But, the adhesive in the bonded anchorage zones remains
in the elastic region (ascending branch of the pink bond–slip curve).
In the activation zone, the tensile stress plateau reflects the generated
prestress from activation including the prestress loss; the prestress loss
is visualized as the negative strain in the activation zone. Due to the
assumption that the adhesive in the activation zone is fully softened
and the bonded anchorage zone is not affected during the activation,
the shear stress is zero at the activation zone, and a sharp shear
peak occurs at the junction of the two zones. In reality, the peaks
of the shear stress and tensile strain would be more gradual, due to
the existence of the temperature gradient at the junctions and the
11
stress redistribution during heating and cooling. After activation, the
adhesive in the activation zone re-cures, as it resists shear load, which
is explained in the next section.

4.5.1. Specimen PS-ACT180-1
The activation zone (𝑥 = 75–225 mm) is analyzed in this section,

since both the elevated temperature and generated prestress are ap-
plied, forming the focus of the current study. The bonded anchorage
zone (𝑥 = 0–75 mm and 𝑥 = 225–300 mm) is always subjected
o mechanical loads, with a negligible thermal effect, and its behav-
or is already known [23–25]. Therefore, the analysis of the bonded
nchorage zone during the lap-shear test is excluded.

Fig. 17 shows the behavior at the activation zone of specimen PS-
CT180-1 during the lap-shear test. A significant difference, compared
gainst the joints without activation (PS-ACT0-1 and PS-ACT0-2 in
roup (v) [24]), is the base tensile stress level of 239 MPa, which
eflects the prestress generated during the activation test. Correspond-
ngly, prior to the lap-shear test, the Fe-SMA in the activation zone
lready hold a tensile force of 17.97 kN. The full-range behavior in
his zone can be categorized into three stages, similar to previous
pecimens. Stage (i) still refers to as the elastic stage; however, only
he adhesive layer retains elasticity, due to the low shear stress level.
he prestress level of 239 MPa exceeds the limit of proportionality,
hich is ca. 120 MPa [24]. In stage (ii), the damage accumulation

tage, the stress and strain levels increase, and the damage accumulates
t the loaded end, as the shear stress reduces after reaching a peak. In
tage (iii–v), the debonding propagation stage, the tensile stress, tensile
train, and shear stress profiles do not change shapes but propagate to
he further bonded anchorage zone (𝑥 = 75 mm). No apparent local
eating damage is evident in the full-range behavior.

.5.2. Specimen PS-ACT260-1
Fig. 18 demonstrates the full-range behavior at the activation zone

f specimen PS-ACT260-1. Similar to the previous specimen
S-ACT180-1, the full-range behavior can be divided into three stages:
i) the elastic stage, (ii) the damage accumulation stage, and (iii–v)
he debonding propagation stage. A major difference is the base tensile
tress level has a higher value of 298 MPa.

Fig. 19 shows the fracture surface of the bonded joint of specimen
S-ACT260-1 and the computed local (black) and average (red) bond–
lip behaviors in the activation zone. At location 𝑥 = 104 mm, where

local heating damage occurred, the local bond–slip curve shrinks
ompared with the average curve. Other locations without the local
eating damage, the local and average behaviors are almost identical.
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Fig. 16. The calculated stress and strain states of a bonded joint (PS-ACT180-1) after activation. The activation zone is located at 𝑥 = 75–225 mm, while the two further regions
reflect the bonded anchorage zones. The pink trapezoidal bond–slip curve [25] represents the bond behavior at the bonded anchorage zone, while the shear stress resisting the
prestress is illustrated via a black curve. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 17. The full-range behavior of PS-ACT180-1, with a prestrained Fe-SMA strip and an activation temperature of 180 ◦C, neglecting the bonded anchorage zone. Please refer
to Fig. 3 for the definition of 𝑓 − 𝛿. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 18. The full-range behavior of PS-ACT260-1, with a prestrained Fe-SMA strip and an activation temperature of 260 ◦C, neglecting the bonded anchorage zone. Please refer
to Fig. 3 for the definition of 𝑓 − 𝛿. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 19. The fracture surface of specimen PS-ACT260-1 and the measured bond–slip behavior. The dashed red curves are the average bond–slip behavior of the activation zone,
while the solid black curves are the local bond–slip behaviors. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
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Fig. 20. Comparison among joints with (black) and without (red) activation. Tensile forces were measured by a load cell. Please refer to Fig. 3 for the definition of 𝐹 − 𝛥. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Fig. 21. Schematic view of shear stress distribution due to the prestressing effect and external load (the substrate steel plate not shown). The sign of shear stress refers to the
irection: positive implies an orientation towards the right, correspondingly negative implies an orientation towards the left. (For interpretation of the references to color in this
igure legend, the reader is referred to the web version of this article.)
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.5.3. Comparison with non-activated specimens
Fig. 20 provides a comparison among the specimens comprising

restrained Fe-SMA strips, with and without the partial activation.
egardless of some noted deviations, the global load–displacement
ehaviors and local bond–slip curves of these joints are similar, across
ifferent joints. This suggests that, despite the generated prestress and
emperature effect, the behavior of bonded joints without activation
an be adopted in joints with partial activation.

Fig. 21 shows a schematic view of the shear stress distributions in
specimen with partial activation across the entire bond length. The

enerated prestress over the activation zone attracts Fe-SMAs at the
wo bonded anchorage zones. As a result, the adhesive in the bonded
nchorage zone at the loaded side is sheared towards the left (negative).
nder the external tensile load, the adhesive in this bonded anchorage
one is sheared towards the right (positive). To debond this anchorage
one, the adhesive layer needs to be sheared from the negative to the
ositive direction and eventually up to failure, indicating more effort.
owever, due to the presence of nonlinearity in both the adherent
nd the adhesive, the eventual bond capacity does not form a mere
uperposition of (i) the bond capacity without activation and (ii) the
nternal prestressing force. Fig. 20(a) shows that the increase of the
ond capacity due to the internal prestressing load is negligible. If
he bonded anchorage zone becomes lengthier, these two shear stress
rofiles with different signs do not even superpose on each other, as
14

as demonstrated by Wang et al. [21] via a numerical simulation. b
4.6. Further discussions

The effects of the activation temperature and generated prestress
on the Fe-SMA-to-steel bonded joints are summarized in Fig. 22. The
fracture energy, which is the energy needed to create new unit surface
(i.e., debonding or crack), is computed as the area covered under the
bond–slip curve. As can be seen in Fig. 22(a), in both groups with
non-prestrained (blue) and prestrained (red) Fe-SMAs, an activation
to 180 ◦C enhances the fracture energy. This is similar to the post-
curing effect, with which the adhesive, after exposure to an elevated
temperature for a certain period of time, improves in terms of its
deformation capacity and fracture energy [43–46]. However, when
the activation temperature rises at 260 ◦C, a reduction in fracture
energy occurs. Given that the adhesive in the activation zone, at a
temperature of 260 ◦C, changes in color from originally pink to a
oticeable yellow, while such a phenomenon is mild for an activation
emperature of 180 ◦C, it can be speculated that the adhesive properties
re heavily influenced by the activation temperature. Sika AG [32]
eported on a similar phenomenon in the lap-shear strength of bonded
oints after exposure to an elevated temperature for one hour; after an
xposure to 180 ◦C, 200 ◦C, and 220 ◦C, a zero, 5%, and 25% reduction
f the lap-shear strength was found, respectively. These phenomena
uggest 180 ◦C as a proper choice of the activation temperature for this
ikaPower 1277 adhesive, so that no damage occurs to the adhesive
ond. Comparing the red (with prestress) and blue (without prestress)
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Fig. 22. The effect of activation on the fracture energy, bond capacity, and effective bond length. The vertical dashed line at 20 ◦C means the room temperature, at which no
activation effect is introduced. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
curves, it seems that the existence of prestress further enhances the
fracture energy. Since the mechanism is not yet clear, the authors tend
to ignore its positive effect at the moment and consider this as a safety
margin.

Fig. 22(b) manifests that, despite the known change of the fracture
energy, the activation has a negligible effect on the bond capacity.
In a previous study [25], it was found that the bond capacity of Fe-
SMA-to-steel joints is less sensitive to gradients in fracture energy
at high values, as compared with the behavior at low fracture en-
ergies; this is illustrated in Fig. 22(c). When the fracture energy is
larger than 5 MPa⋅ mm, the changing rate of bond capacity is ca.
0.6 kN/(MPa⋅ mm), while that at low fracture energies (lower than
2.5 MPa⋅ mm) is ca. 11 kN/(MPa⋅ mm). As a result, there is no clear
change in the bond capacity prior to and after an activation. This
further suggests the possibility of employing the bond behavior of a
non-activated joint in the design of the bonded Fe-SMA strengthening
with activation (within a certain range of activation temperature).

The effect of the activation on the effective bond length is demon-
strated in Fig. 22(d). The effective bond length, over which the tensile
load is transferred via shear stress to the substrate, does not change
with a clear trend with the activation temperature.

5. Conclusion

In this study, six Fe-SMA-to-steel bonded joints were heated via
electrical heating, to simulate the activation process of generating
15
prestress. Four joints with bonded anchorage zones survived, while the
further two, without bonded anchorage zones, failed due to thermal
stresses. Lap-shear tests were then conducted on the surviving four,
to characterize the bond behavior between Fe-SMA strips and steel
substrates, with the effects of the activation temperature and generated
prestress. The following conclusions can be drawn:

1. In bonded Fe-SMA strengthening with local activation, the pre-
vention of a debonding failure during the activation necessitates
bonded anchorage zones.

2. The global load–displacement and local bond–slip behavior of
the joints prior to and after activation are nearly identical. It
applies to joints with non-prestrained and prestrained Fe-SMA
strips. This reveals the potential in employing the bond–slip
behavior of non-activated joints in the design of bonded Fe-SMA
strengthening, where the prestress is generated via heating and
cooling.

3. In joints comprising non-prestrained Fe-SMA strips, an activation
does not significantly affect the full-range behavior, apart from
the local heating damage. However, in joints with prestrained
Fe-SMA strips, activation raises the base tensile stress to the level
of prestress, while the remaining full-range behavior remains
similar to those without activation.

4. The activation temperature introduces some adhesion failure in
the activation zone. Although it does not influence the bond
behavior in the short-term, its long-term influence (such as
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the corrosion resistance) shall be considered in future studies.
At locations which lie in direct contact with electrical copper
clamps, local heating damages are likely to be induced in the
form of local debonding prior to lap-shear tests.

5. The fracture energy of the adhesive bond first increases and then
decreases with the activation temperature, while the increased
fracture energy is believed to be attributed to a post-curing
effect. The bond capacity and effective bond length are barely
affected by the activation.

6. 180 ◦C is regarded as a proper activation temperature for
SikaPower 1277 adhesive, as no clear damage is introduced to
the adhesive bond.
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ppendix. Simplified thermal analysis

.1. Model setup

This section provides an analytical solution of the thermal stress in
he bond line, quantitatively explaining the debonding phenomenon
n group (i), where the Fe-SMA strips are non-prestrained, and no
restressing effect is expected. During the electrical resistance heating,
he temperature in the Fe-SMA strips raised to 180 ◦C or 260 ◦C, while
hat in steel plates remained low. This is different from many of the
xisting thermal analyses of adhesively bonded joints [47–49], where
dherent strips (such as CFRP strips) and substrates (such as concrete
ylinders and steel plates) were heated simultaneously. Given the fact
hat (i) the steel substrate is much (ca. 43 times) stiffer than the Fe-
MA strip and (ii) the temperature in the steel substrate has negligible
hange during the ascending temperature of the Fe-SMA strip, the steel
late is regarded as a fixed foundation, and the analysis is simplified
s a joint illustrated in Fig. A.23.

The equilibrium of an Fe-SMA element reads Eq. (A.1). If the adhe-
ive layer is infinite rigid, where the Fe-SMA strip is not allowed for any
hermal expansion, the stress in the Fe-SMA strip reads 𝜎∗ = −𝐸⋅𝛼⋅𝛥𝑇 (a
ompressive state). In reality, the adhesive has a finite stiffness, which
16

educes at an elevated temperature. Therefore, the adhesive layer
Fig. A.23. Simplification of a bonded Fe-SMA joint in the ascending temperature and
the equilibrium state of an Fe-SMA element. The Fe-SMA strip is heated along the
entire bond length, while the steel substrate is regarded as a fixed foundation without
temperature change. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

deforms in shear, while the compression in the Fe-SMA strip releases,
and the stress in the Fe-SMA strip can be expressed as Eq. (A.2). Since
the adhesive properties at high temperatures, i.e., 180 ◦C and 260 ◦C,
are unknown, an ascending bond–slip behavior is assumed, as written
per Eq. (A.3).
d𝜎
d𝑥

= 𝜏
𝑡

(A.1)

𝜎 = 𝐸 ⋅
d𝑠
d𝑥

− 𝐸 ⋅ 𝛼 ⋅ 𝛥𝑇 (A.2)

= 𝑘 ⋅ 𝑠 (A.3)

here 𝜎 and 𝜏 represent the tensile and shear stresses, respectively; 𝑡
nd 𝑥 denote the thickness of the Fe-SMA strip and the coordinate in
he longitudinal direction, respectively; 𝐸 denotes the E-modulus of the
e-SMA in the quasi-linear stage; 𝑠 and 𝑘 represent the slip and shear
tiffness, respectively; 𝛼 and 𝛥𝑇 are the thermal expansion coefficient
nd the amount of elevated temperature, respectively.

Substituting Eqs. (A.2) and (A.3) into Eq. (A.1) yields

d2𝑠
d𝑥2

− 𝜔2 ⋅ 𝑠 = 0 (A.4)

here 𝜔 =
√

𝑘
𝐸⋅𝑡 .

Two boundary conditions are defined as follows. (i) Due to the
symmetry, the slip at the center of the bond (𝑥 = 0) is zero, noted as
Eq. (A.5). (ii) At the free end (𝑥 = 𝐿), the tensile stress of the Fe-SMA
is zero, expressed as Eq. (A.6).

𝑠|𝑥=0 = 0 (A.5)

𝜎|𝑥=𝐿 = 0 (A.6)

A solution, which reads Eq. (A.7), is assumed for slip.

𝑠 = 𝐴 ⋅ exp(𝐵 ⋅ 𝑥) + 𝐶 ⋅ exp(𝐷 ⋅ 𝑥) (A.7)

Substituting the two boundary conditions (Eqs. (A.5) and (A.6)) into
Eqs. (A.2) and (A.7), respectively, leads to the solution of slip, which
reads Eq. (A.8), with a reformulation of Eq. (A.9).

𝑠 = 𝛼 ⋅ 𝛥𝑇
𝜔

⋅
exp(𝜔 ⋅ 𝑥) − exp(−𝜔 ⋅ 𝑥)
exp(𝜔 ⋅ 𝐿) + exp(−𝜔 ⋅ 𝐿)

(A.8)

= 𝛼 ⋅ 𝛥𝑇
𝜔

⋅
sinh(𝜔 ⋅ 𝑥)
cosh(𝜔 ⋅ 𝐿)

(A.9)

Accordingly, the solution of tensile strain and stress read Eqs. (A.10)
and (A.11), respectively.

𝜀 = 𝛼 ⋅ 𝛥𝑇 ⋅
cosh(𝜔 ⋅ 𝑥) (A.10)

cosh(𝜔 ⋅ 𝐿)
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𝜎

Fig. A.24. Behavior at the target activation temperature, with 𝑇𝑎𝑐𝑡 = 260 ◦C as an example. Please refer to Fig. A.23 for the 𝑥−coordinate. Sign of slip and shear stress refer to
he direction. The slip is positive to the right and negative to the left, while the shear stress is positive to the left and negative to the right. (For interpretation of the references
o color in this figure legend, the reader is referred to the web version of this article.)
= 𝐸 ⋅ 𝛼 ⋅ 𝛥𝑇 ⋅
[

cosh(𝜔 ⋅ 𝑥)
cosh(𝜔 ⋅ 𝐿)

− 1
]

(A.11)

A.2. Analysis

specimens. An E-modulus of 153 GPa, representing the quasi-linear
stage of the non-prestrained Fe-SMA [24], and a thermal expansion
coefficient of 1.5×10−5∕◦C [50,51] are adopted in the analysis. Fig. A.24
illustrates the thermal deformation and stresses at the target activation
temperature of NS-ACT260-1, as an example in group (i).

In the thermal analysis, a key parameter is the shear stiffness in
the adhesive layer. Three virtual joints are assumed here, with reduced
shear stiffness to different degrees. According to Sika technical data
sheets [31,32], the storage modulus and shear strength have a reduc-
tion of 96% and 83%, respectively, at 120 ◦C, see Fig. 5. Given a
shear stiffness of 400 MPa/mm and a lap-shear strength of 20 MPa at
the room temperature [25], the first virtual joint corresponding to the
adhesive properties at 120 ◦C is assumed to possess a shear stiffness and
shear strength of 16 MPa/mm and 3.4 MPa, respectively. The result of
the first virtual joint is illustrated as blue curve with circular marks
in Fig. A.24. The thermal stress is released by ca. 50% at the center
of the bond line (𝑥 = 0), compared against a joint with a rigid bond
(𝑘 = ∞). At the center of the bond line, the thermal expansion strain
is approximately half of the case with a free bond (𝑘 = 0). The shear
stress at the two ends are 5.9 MPa, which exceeds the lap-shear strength
of 3.4 MPa at 120 ◦C. This means that an activation to 260 ◦C and
17
assuming the material properties at 120 ◦C lead to severe damage at
the two ends of the bond line.

The shear stiffness and lap-shear strength, which should further
reduce in reality, are unavailable. Therefore, the second and third
virtual joints are assumed with a shear stiffness of 4 MPa/mm and
1 MPa/mm, respectively, corresponding to a reduction of 99% and
99.75%, respectively. The behavior of these two virtual joints are illus-
trated as red curves with square marks and green curves with triangular
marks, respectively, in Fig. A.24. In these two joints, the thermal
expansion of the Fe-SMA is further released, while the compressive
stress in the Fe-SMA strip and the shear stress along the bond line
remain low. He et al. [39] collected 106 CFRP bonded lap-shear joints
at different temperatures, ranging from 20 to 120 ◦C, and summarized
a model (Eqs. (A.12) and (A.13)) for the prediction of bond capacity at
elevated temperatures.

𝐹𝑏(𝑇 ) = 𝛾 ⋅ 𝐹𝑏,𝑟 (A.12)

𝛾 =
𝑓1

1 + exp[(𝑇 − 𝑇𝑔 − 𝑇𝑟)∕𝑓2]
(A.13)

where 𝑇𝑟 and 𝑇 denote the room temperature, which equals 23 ◦C,
and an elevated temperature, respectively; 𝐹𝑏,𝑟 and 𝐹𝑏(𝑇 ) refer to the
bond capacities at the room temperature and elevated temperature,
respectively; 𝛾 denotes the ratio of the bond capacity at an elevated
temperature over that at the room temperature; 𝑇𝑔 refers to the glass
transition temperature of the adhesive; 𝑓1 and 𝑓2, which equal 0.9 and

8.5, respectively, are two constants from regression.
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Though the activation temperatures in the current study exceed
the temperature range for regression of Eqs. (A.12) and (A.13), and
our adherents are Fe-SMA rather than CFRP, an extrapolation provides
an indication of the magnitude of the bond capacity at the target
temperatures. The model predicts 𝛾 values of 2.3 × 10−5 1.8 × 10−9 at
80 and 260 ◦C, respectively, which suggest a zero bond capacity.
his means that the zero load transferring capacity at the activation
emperature cannot resist any shear stress. As a result, the shear stress
llustrated as a red curve with square marks and a green curve with
riangular marks in Fig. A.24(d) leads to debonding failure.
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