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ARTICLE INFO ABSTRACT

Keywords: Glass has been increasingly used as structural elements, such as glass beams or fins. Previous feasibility studies
Iron-based shape memory alloy (Fe-SMA) have shown increased initial and post-fracture load-bearing capacity of laminated glass beams post-tensioned
Glass

with adhesively bonded iron-based shape memory alloy (Fe-SMA) strips. However, the potential elevated ser-
vice temperatures were not considered, which significantly degraded the material properties of the adhesive.
This study experimentally investigated the mechanical behaviour of Fe-SMA-to-glass lap-shear joints with an
epoxy adhesive at different temperatures of 23 °C, 50 °C, and 80 °C, representing room temperature and typical
elevated service temperatures. The results showed that, compared with the one at room temperature, the load-
carrying capacity remained nearly unchanged at 50 °C and decreased by approximately 20 % at 80 °C. On the
contrary, the effective bond length increased from approximately 116 mm to 250-300 mm. The failure modes,
the tensile strain of the iron-based shape memory alloy, the bond-slip behaviour, and the fracture energy of the
joints were also evaluated. The current study fills a significant research gap in the engineering application of
strengthening glass structures by bonded pre-stressed Fe-SMA strips. Moreover, the results may also significantly
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contribute to the future application of the selected adhesive at elevated temperatures.

1. Introduction

Glass has been increasingly applied for structural elements in the last
few decades. Examples of such structural glass elements are glass beams
[1,2], as shown in Fig. 1a. Brittle failure modes are commonly associated
with glass and its inability to redistribute stress concentrations poses a
challenge in utilizing glass for structural elements. The initial and
post-fracture states should be considered during the design process to
comply with safety requirements. Laminated safety glass (LSG) ad-
dresses these concerns, however, its residual load-carrying capacity is
significantly lower than that before initial glass breakage.
Post-tensioned laminated glass beams have been developed as an
alternative to address the limitations of laminated glass, as shown in
Fig. 1b. The post-tensioned laminated glass beams are still capable of
carrying significant loads after crack initiation, and ductile failure
modes can be achieved, as shown in Fig. 1c.

Strips made of stainless steel [1,3,4] and fibre-reinforced plastic
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(FRP) [5,6] have been used for post-tensioning glass beams in previous
research, similar to post-tensioning of steel and concrete structures.
However, post-tensioning with stainless steel and FRP generally requires
complex setups and additional components for anchorage in the case of
laminated glass beams.

Shape memory alloys (SMAs) are suitable materials for more efficient
pre-stressing procedures due to their shape memory effect (SME). They
are capable of undergoing two lattice transformations, exhibiting a
unique ability to recover their original shape after the second one. The
first transformation occurs through the mechanical pre-straining of the
material, while the second transformation is triggered by heating the
material to a target temperature followed by cooling naturally to
ambient temperature. The shape memory effect allows the generation of
compressive pre-stress in the parent structures when SMA elements are
fixed to them. Common SMA types, such as Nickel-Titanium (Ni-Ti)-
based shape memory alloys and Copper (Cu)-based shape memory al-
loys, have been used in the past in various fields, such as automotive [7],
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robotics [8], and aerospace [8]. The iron-based shape memory alloys
(Fe-SMAs) [9,10] are more attractive and promising for civil engineer-
ing applications due to their lower production costs and excellent me-
chanical properties [11]. The following Fe-SMA strengthening
techniques can be differentiated from previous research and
applications:

() Near-surface mounting (NSM) technique - part of the original
material is removed and Fe-SMA rebars/strips are embedded [12,13];

(i) Mounting with mechanical anchorage - generally, holes are
drilled in the parent structure and the Fe-SMA is fixed with bolts/an-
chors [14-16];

(iii) Externally bonded (EB) strengthening - adhesively bonding Fe-
SMA strips to the surface of structural elements [17,18].

Among these techniques, externally bonded strengthening is deemed
most suitable for structural glass components, since no mechanical
processing of the glass is necessary and a distributed stress transfer can
be achieved.

Recent research [17-19] has demonstrated the potential of adhesive
bonding as a suitable alternative for realizing the end anchorage of
Fe-SMA strips on glass beams. The basic concept of post-tensioning
laminated glass beams by using adhesively bonded Fe-SMAs is shown
in Fig. 2. The Fe-SMA strips are firstly pre-strained to a target strain level
(&pre) under tensile force; then, the tensile force is released (unloading),
as shown in. Fig. 2a. This step is generally conducted by the Fe-SMA
manufacturers or in laboratories. The pre-strained Fe-SMA strips are
adhesively bonded to the edges of the glass beam, as shown in step
Fig. 2b. After curing of the adhesive, The pre-stress is generated through
activation of the Fe-SMA strips, as shown in Fig. 2¢, by first heating the
Fe-SMA to a target temperature (T,ctivation) followed by cooling naturally
to ambient temperature (Tampient)- The Fe-SMA partially transforms
from martensite back to austenite during activation and tries to recover
to its original length. Due to the bonding of the Fe-SMA strips to the
parent structure, a recovery tensile stress (o) in the Fe-SMA and a
compressive stress in the glass beam, respectively, are generated during
activation. The material behaviour of the Fe-SMA during pre-straining
and activation is shown in Fig. 3.

As shown in Fig. 2¢, the bonded Fe-SMA strengthening system has
two zones: the activation zone (the Fe-SMA strips were heated to the
target temperature) and the bonded anchorage zone (at the two ends of
the glass bemas, where the Fe-SMA strips were not activated). The
activation temperature is applied only to the activation zone to generate
prestress. In the current study, we focus primarily on the bonded
anchorage zone, where the pre-stressing force is transferred to the glass
substrate. Hence, the Fe-SMA strips were not activated, and the activa-
tion temperatures were not considered in this investigation.

Adhesives are typically the weakest and most crucial components in
adhesively bonded systems. Therefore, the selection of appropriate ad-
hesives is essential for ensuring good performance of the Fe-SMA-to-
glass bonded joints. Although various studies exist about the behav-
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iour of different adhesives in glass-metal joints [20-22] and the gained
knowledge might be applicable, almost no investigations are available
for the structural performance of joints between glass and Fe-SMA strips.
To investigate the feasibility of post-tensioning glass elements with
adhesively bonded Fe-SMA strips, the mechanical properties and effec-
tive bond length of Fe-SMA-to-glass lap-shear joints were investigated
experimentally [19]. Following the experimental investigations, a finite
element model was developed to evaluate the effect of adhesive thick-
ness, Fe-SMA strip thickness, and bond length on the structural behav-
iour of Fe-SMA-to-glass lap-shear joints [23]. The feasibility of
post-tensioning glass beams with adhesively bonded Fe-SMA strips
was investigated experimentally under a four-point bending configura-
tion by Silvestru et al. [17] and Rocha et al. [18]. These investigations
were carried out at room temperature. The influence of elevated service
temperature on the adhesively bonded joints was not considered. The
service temperature will significantly influence the adhesive strength
and can’t be neglected, according to previous research on
FRP/CFRP-to-steel bonded joints [24-26] and FRP-to-concrete bonded
joints [27,28]. The service temperature should be lower than the glass
transition temperature T (at which the material will transit from a
relatively brittle or glassy state into a viscous or rubbery state), if
possible, to ensure a good bonding performance. Yao et al. [24] con-
ducted an experimental study on FRP-to-steel single lap-shear joints
bonded by an epoxy resin structural adhesive under different tempera-
tures. The results showed that the average bond strength increased in the
temperature range of 25-50 °C, and decreased significantly from 50 to
100 °C as the glass transition temperature T, was exceeded. The
experimental study by Firmo et al. [29] on double-lap shear tests for
concrete blocks strengthened with CFRP strips externally bonded with
epoxy adhesive showed that with increased temperature: (i) the effec-
tive bond length increased; (ii) the stiffness and the maximum shear
stress suffered considerable reductions; (iii) the failure mode changed
from cohesive to adhesive; and (iv) the overall stiffness and strength of
CFRP—concrete interface decreased significantly. Previous in-
vestigations on the influence of activation temperature on the bonding
performance of joints between Fe-SMA and steel [30], and Fe-SMA and
mortar [31,32] showed that heating to 200-260 °C degraded the
bonding shear strength and fracture energy. However, the heating time
was short and the temperature was high. The elevated service temper-
ature was not considered. Hence, these findings do not apply to adhe-
sively bonded Fe-SMA strips for post-tensioning glass elements at
elevated temperatures. The service temperature of the facade materials
can be as high as 80 °C according to ETAG 002 [33], which is generally
higher than the glass transition temperature Ty of the adhesives used in
civil engineering. Hence, it is paramount to understand the possible
bonding performance degradation of joints between Fe-SMA and glass
due to elevated temperatures.

This study addressed the bond behaviour of lap-shear joints between
glass and Fe-SMA with a selected epoxy adhesive (SikaPower®-1277) at
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Fig. 1. Application of laminated glass beams as structural elements (a), schematic illustrations of a post-tensioned laminated glass beam (b), and of the achievable

improvement in initial and residual load-carrying capacity (c).
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Fig. 3. Qualitative stress versus strain (a) and stress versus temperature (b) relationships of the Fe-SMA during pre-straining and activation.

different temperature levels (23 °C, 50 °C and 80 °C). It expanded upon
previous research [17,19,23] by conducting an experimental investi-
gation of Fe-SMA-to-glass adhesively bonded joints. Single lap-shear
tests were carried out to study the failure modes, the load-carrying ca-
pacity, the tensile strain of Fe-SMA, the bond-slip behaviour, the fracture
energy, and the approximate effective bond length. This investigation
aimed to explore the short-term performance of the bonded joint at
stable service temperature. The effect of temperature cycles and
long-term behaviour was not considered in the study.

2. Materials and experimental program

To post-tension glass beams using adhesively bonded Fe-SMA, the
adhesive must possess good shear performance to transfer the shear
stress when the glass beams are subjected to post-tensioning and
bending. Lap-shear tests are widely employed as a common testing
method to evaluate the shear performance of adhesive joints. However,
previous studies [21,34] using lap-shear tests to examine the bonding of
glass to metal substrates used short bond lengths, which are insufficient
to represent the strengthening cases with long bond lengths. Therefore,
the current study employed a bond length of 450 mm, estimated to be
definitely longer than the maximum effective bond length, which is of
essential importance for the successful application of post-tensioning
structural elements in civil engineering.

2.1. Materials
2.1.1. Glass

Annealed glass was chosen for this investigation. Although fully
toughened glass (FTG) and heat-strengthened glass (HSG) have superior

strength compared with annealed glass, the latter offers economic ad-
vantages. Furthermore, the annealed glass fractures into larger frag-
ments, thereby allowing for a better post-cracking behaviour of
laminated glass, especially compared to fully toughened glass. The glass
employed in this study has a Young’s modulus of 70 GPa and a Poisson’s
ratio of 0.2. The characteristic tensile bending strength of the glass is
45 MPa, and it exhibits a thermal shock resistance of approximately
40 K, as well as a thermal expansion coefficient of 9E-6 K1, as specified
in EN 572-1 [35]. For the application of adhesively bonded Fe-SMA
strips on glass beams, as investigated by [17], the Fe-SMA strips were
adhesively bonded to the edges of laminated glass beams. However, in
this investigation, the Fe-SMA strips were bonded to the surface of glass
panes instead of the edges of laminated glass beams, hence, some effects,
such as lower strength at the edge for annealed glass, less bonding
surface due to the chamfered glass edges, and partial bonding to the
interlayer were out of the scope of this investigation.

2.1.2. Adhesive

The extensive range of structural adhesives available on the market
poses a challenge in selecting an appropriate adhesive for this relatively
new application. The key criteria that should be considered for bonding
Fe-SMA strips to glass are:

(i) Suitability for application on both glass and Fe-SMA;

(ii) Relatively high shear strength and stiffness;

(iii) A notable capacity to withstand varying temperatures up to 80
°C.

In this investigation, the commercially available adhesive Sika-
Power®-1277 was selected based on its proven good performance in lap-
shear joints between glass and Fe-SMA [19,23], as well as in
post-tensioned glass beams with adhesively bonded Fe-SMA strips [17].
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SikaPower®-1277 is a two-component epoxy which has shown good
bonding performance on glass [19], Fe-SMA [36], and steel [37]. The
selected basic material properties of SikaPower®-1277 are shown in
Table 1. According to the data in [38], the lap-shear strength and the
elastic modulus decrease significantly when the temperature increases
from 23 °C to 80 °C.

2.1.3. Iron-based shape memory alloy

The Fe-17Mn-5Si-10Cr-4Ni-1(V, C) (mass%) alloy used in this
research was developed for the construction industry and is currently
produced by re-fer-AG. The basic material properties of the Fe-SMA
alloy were investigated in previous research [39] and are presented in
Table 2.

For this investigation, the Fe-SMA strips were pre-strained by 2.5 %
followed by unloading. Residual strain is obtained due to phase trans-
formation and plastic deformation. The residual strain due to phase
transformation can be recovered partially when the Fe-SMA is heated to
a target temperature. After pre-straining, the pre-strained Fe-SMA strips
with a thickness of 1.5 mm were cut into dimensions of 780 mm (length)
x 25 mm (width) using a Schechtl MSC Shear cutting machine.

2.2. Test specimens

A series of lap-shear tests were conducted at three different tem-
peratures (23 °C, 50 °C, and 80 °C). The room temperature of 23 °C was
considered as the reference temperature. The temperature of 80 °C was
selected as the maximum temperature that can be reached in a trans-
parent facade according to ETAG 002 [33], while 50 °C was selected as
an intermediate value to reveal more details. A total of ten specimens
were tested, as shown in Table 3. Three tests were conducted at each
temperature, and one (LS-00-Calibration) was used for temperature
calibration.

The digital image correlation (DIC) technique was used to measure
displacement and strain for later analysis of the shear behaviour at 23 °C
and 50 °C. As the DIC was not applicable at 80 °C because the climate
chamber has to be closed during the test to maintain stable test tem-
peratures, a Linear Variable Displacement Transducer (LVDT) was used
to measure the slip, and strain gauges were used to measure the strains
on the glass for the tests conducted at this temperature.

The glass dimensions were 500 mmx250 mm x 10 mm (length x
width x thickness), and the adhesive layer was controlled at approxi-
mately 1.5 mm in thickness, which was defined in previous research
[19]. A long bond length of 450 mm was designed to allow analyzing the
maximum effective bond length, as shown in Fig. 4.

To ensure good bonding quality, both the glass plates and Fe-SMA
strips underwent careful surface preparation before bonding. They
were first cleaned with acetone to eliminate any surface contaminants,
such as grease or dust. The Fe-SMA surfaces were then sandblasted at a
pressure of 8 bar using 0.15-0.21 mm aluminium oxide to remove the
oxidized layer and increase the surface roughness. After sandblasting,
the Fe-SMA surfaces were cleaned again with acetone before the adhe-
sive was applied. After surface preparation, the two-component adhe-
sive was mixed and applied to the glass and Fe-SMA bond areas
according to the manufacturer’s guidelines. To control the bond length,
1.5 mm-thick Teflon strips were placed between the Fe-SMA strip and
the glass plate at the two ends of the bond line at a distance of 450 mm.

Table 1

Selected information for SikaPower®-1277 [38].
Elastic Lap-shear Elongation Glass transition Mixing
modulus strength atbreak (%) temperature (°C) ratio (by
(MPa) (MPa) volume)
23 80 23 80 23 80
°C °C °C °C °C °C
1940 138 28 13 7.4 17 approx. 67 2:1
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Table 2
Material properties of pre-strained (2.5 %) Fe-SMA [39].

Young’s Ultimate tensile Strain at ultimate 0.2 % yield
modulus strength (MPa) tensile strength (%) strength (MPa)
(MPa)
168,909 953.04 29.06 491.47

Table 3

Overview of the investigated Fe-SMA-to-glass lap-shear test specimens.

Specimens ID Test Slip and strain
temperature measurement

LS—00-Calibration 50 °C, 80 °C

LS-01-(23 °C), LS—02-(23 °C), 23°C DIC

LS—03-(23°C)

LS—-04-(50 °C), LS—05-(50 °C), 50 °C DIC

LS—06-(50 °C)

LS—07-(80 °C), LS—08-(80 °C), 80 °C LVDT and strain gauges

LS—09-(80 °C)

After bonding, steel weights were put on the top surface of the Fe-SMA to
squeeze out excessive adhesive and ensure an even bond thickness. They
were removed after 24 hours, and the specimens were then stored in the
climate room at 23 °C and 50 % relative humidity for at least 14 days.
Fig. 5 illustrates the specimen preparation process. One specimen after
adhesive bonding is shown in Fig. 6.

2.3. Test setup and test procedure

The test setup, depicted in Fig. 7a, was carefully designed for the lap-
shear tests on Fe-SMA-to-glass joints, to ensure a minimum eccentric
loading and restrict the out-of-plane deformation of specimens. The
glass panels were fixed on a rigid, 27.0 mm thick steel plate with two
15.0 mm thick steel bars to restrict the out-of-plane movement of the
glass panels. The steel grade of these parts was S355J2+N. The tests
were conducted within a climate chamber (Zwick, W91118) to ensure a
relatively stable temperature throughout the testing. The setup was
installed in a vertical position on the Zwick universal testing machine
(with a load capacity of 200 kN). At its top, the support steel frame was
connected with a hinge that allowed rotations around the z-axis. At the
bottom, the Fe-SMA strip was mechanically clamped to the Zwick ma-
chine. A sketch of the specimen fixed in the climate chamber is shown in
Fig. 7b.

The tests were conducted under a displacement-controlled loading
scheme at a displacement rate of 0.02 mm/s to allow for stable crack
initiation and propagation. The clamped Fe-SMA strip was pulled
downwards in a vertical direction, as shown in Fig. 7b, until specimen
failure, i.e., debonding, Fe-SMA rupture, or glass panel fracture.

The specimens were first installed in the climate chamber and heated
to the desired temperatures of 50 °C and 80 °C, respectively, with the
chamber closed. For the tests at 50 °C, the chamber was opened once the
target temperature was reached, and then the climate chamber was kept
running to compensate for energy loss. In the meantime, the tempera-
ture of the specimens was measured using thermocouples. In this case,
the DIC was used to measure the strain field with the open climate
chamber door.

2.4. Measurement instrumentation

Before conducting the lap-shear tests, temperature calibration tests
were carried out to determine the heating and temperature monitoring
strategies. To achieve this, 18 thermocouples (TC1-TC18) were installed
on the specimen, with six of them (TC1-TC6) on the Fe-SMA strip, six
(TC7-TC12) in the adhesive, and six (TC13-TC18) on the glass surface,
respectively, as shown in Fig. 8. By identifying the temperature devel-
opment at different points on the specimen, a limited number of
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Fig. 5. Manufacturing steps for the lap-shear test specimens.

thermocouples could be used for the rest of the tests to monitor the
temperature of the specimens. This allowed, on the one hand, to avoid
the need to install numerous thermocouples on each test specimen, and,
on the other hand, to prevent the installation of thermocouples in the
adhesive layers, avoiding to artificially damage the adhesive bond. The
thermocouples TC13 and TC18 were used to monitor the temperatures
for all the lap-shear test specimens. They were installed on the glass near
the bond front and end, as shown in Fig. 8.

Strain gauges were employed to measure the strain on the Fe-SMA
strip for the tests at 80 °C. A digital image correlation (DIC) system
was employed to measure the strain on both the Fe-SMA strip and on the
glass surfaces during the tests at 23 °C and 50 °C. The DIC system was
used for the tests conducted at 23 °C and 50 °C since a relatively stable
temperature could be maintained with the climate chamber open. The
setup configuration for the tests is shown in Fig. 9. DIC measurements
were preferred for the tests at 23 °C and 50 °C for two reasons. First, DIC
allows measuring large strains and the deformation of Fe-SMA can be as
high as 12 %-14 %, according to previous investigations [19], which
exceeds the limits of standard strain gauges (up to 3 %-5 %). Second,
DIC allows full-field displacement and strain measurements with suffi-
cient precision, enabling the analysis over entire areas of interest

compared to punctual analysis enabled by strain gauges. The DIC system
was placed in front of the specimen during the lap-shear tests, as shown
in Fig. 9a. For the DIC measurements, a white flat paint and a black
speckle pattern with a dot size of 0.33 mm were applied with a roller on
the top surfaces of the glass and the Fe-SMA strip as shown in Fig. 9b.
The DIC measurements were carried out with a VIC-3D 9 system from
Correlated Solutions, Inc. Two FLIR 12.3 MP cameras with lenses having
a focal length of 24 mm were utilized.

However, to maintain a stable temperature for specimens tested at 80
°C, the climate chamber door needed to remain closed. The DIC system
could not be used during the tests at 80 °C in this case. Therefore, strain
gauges were applied on these specimens to measure the strains on the
Fe-SMA strips. Linear Variable Displacement Transducers (LVDT) were
applied to measure the slip at the bond front for the tests at 80 °C. The
base of the LVDT was fixed on the glass, and the core extension con-
tacted the support fixed on the Fe-SMA, as shown in Fig. 9c.

Ten strain gauges (SG01-SG10) were installed on the Fe-SMA top
surface. The measured values by strain gauges were used to calculate the
approximate effective bond length for the tests conducted at 80 °C. The
idea was that the bonding zone between zero strain and maximum strain
was the active shear zone, which reflected the effective bond length.
Strain gauges of type YHFLA-5 that can measure up to 30 %-40 % strain
were used. The strain gauges were installed from the bond front (near
the loading end) towards the bond end with an interval distance of
50 mm, as illustrated in Fig. 10.

2.5. Post-processing methods

The directly obtained experimental data during the tests were (i) the
load and the displacement measured by the Zwick machine for all
specimens, (ii) full-field strain/displacement measurements by DIC for
the specimens tested at 23 °C and 50 °C, (iii) the strain of the Fe-SMA
strip measured by strain gauges for specimens tested at 80 °C, and (iv)
the slip measured by LVDTs for specimens tested at 80 °C. These data
were used to analyze the full-range behaviour of the Fe-SMA-to-glass
shear joints at different temperatures.

2.5.1. Tensile strain of glass and Fe-SMA

For the tests at 23 °C and 50 °C, the DIC data was post-processed to
calculate the full-field displacement and strain. This was conducted in
the software VIC-3D 9 with a subset size of 21, a step size of 10, and a
filter size of 15. A grid of nodes was defined within the area of interest
(AOI), as shown in Fig. 11a. The displacements and strains of these
nodes were extracted to characterize the behaviour of the Fe-SMA and
glass during the tests. Before the evaluation, a coordinate system was set
with the origin at the middle of the bond front, as shown in Fig. 11a. The
x-axis was defined along the bond line from the origin towards the fixed
end of the specimens. The y-axis is parallel to the top surface of the Fe-
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Fig. 8. Positions and numbers of thermocouples used in the temperature calibration test (dimensions in [mm]).

SMA strip and perpendicular to the x-axis. Five rows of nodes (225 nodes
with a distance of 2 mm to each other for each row) were defined within
the area of interest (AOI). Three rows were defined on the top surface of
the Fe-SMA strip, and the other two were on the top surface of the glass
panel with a distance of 25.0 mm to the x-axis. This post-processing was
based on the assumption that the tensile strains were uniform across the
width of the Fe-SMA strips as the values obtained from the DIC mea-
surements did not vary significantly across the width.

2.5.2. Tensile stress in Fe-SMA strips

After obtaining the tensile strain on the Fe-SMA strip, the corre-
sponding tensile stress o; in the Fe-SMA could be computed by the
constitutive relationship (stress-strain relationship) for Fe-SMA under
uniaxial tensile loading. The uniaxial tensile stress-strain relationship
was calculated based on the two-stage Ramberg-Osgood model [39],
which allowed determining more stress-strain data pairs compared with
the limited number of data pairs obtained from uniaxial tensile tests.



Z. Deng et al.

(@)

Construction and Building Materials 453 (2024) 138937

2 Fixed end

y

Strain gauges

on Fe-SMA

Coule
LVDT fixation
®) ©

) Speéi(le‘patem

Fig. 9. Test setup with specimen installed in the climate chamber (a), specimen configuration for the tests at 23 °C and 50 °C (b), specimen configuration for the tests

at 80 °C (o).

500.0

Fe-SMA

SG01 SG02 SG03 SG04 SGO5 SG06 SG07 SG08 SG09 SG10)

(b)
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provided dimensions in [mm].

2.5.3. Load-displacement behaviour and load-slip behaviour

The load-displacement curves were obtained from the Zwick ma-
chine. However, the displacement included the deformation of the
unboned Fe-SMA as visible in Fig. 6. The main objective of this research
was to investigate the bonded part (450 mm of bond line). The
displacement of the unbonded Fe-SMA needed to be excluded from the
total displacement of the tests, such that the analyzed load-slip curve
only reflected the behaviour of the adhesively bonded joint. For the tests
at 23 °C and 50 °C, the slip §; (the relative displacement between the Fe-
SMA strip and the glass panel) at the loaded end of the joint was
calculated using Eq. (1). The displacements of the Fe-SMA strip
(U, Usj, Us;) and the glass panel (U; ; and Us;) were characterized by

the displacements of the nodes of rows 2-4, and 1 and 5, respectively, as
shown in Fig. 11a. The calculated slip §; was used to characterize the slip
behaviour of the joints.

8= (Uzi+ Us;+Usy) /3= (Ury+  Usy)/2 (€8]

For the tests conducted at 80 °C, the slip at the loaded end of the joint
was measured by LVDT.

2.5.4. Shear behaviour of the adhesive

An infinitesimal element of the joints, shown in Fig. 11b, was used to
calculate the shear stress in the adhesive. Here, w = 25 mm and tge_sma
= 1.5 mm were the width and the thickness of the Fe-SMA, respectively.
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x; was the x-coordinate of the points and
tensile stress in the Fe-SMA cross-section.

The equilibrium for the represented infinitesimal Fe-SMA part is
shown in Eq.(2). The shear stress 7; in the cross-section of the adhesive
along the x-axis was calculated with Eq.(3).

o; was the corresponding

Gi 1 W-lpe_sma + Ti2:AXW = 6111 W-tre_sma 2

_ 0i-1 = 0in ¢
=5 AL re-smA
2. Ax

By correlating the shear stress 7; and the slip §; in the bond length
over time, the bond-slip behaviour was obtained. The nodes at the bond
front were chosen for the analysis of bond-slip behaviour in this
investigation.

3

Ti

2.5.5. Effective bond length

The effective bond length is the active length of the bond line, over
which shear stress is transferred between the glass panel and the Fe-SMA
strip through the adhesive. It is essential for defining the safe anchorage
length in the adhesively bonded joints. The effective bond length of the
Fe-SMA-to-glass joints was quantified by the gradient zone of the tensile
strain on the Fe-SMA strip (length over which the strain in the Fe-SMA
strip drops from a relatively constant value to zero), which corre-
sponds to the length of non-zero shear stress in the adhesive along the
bond line (see also evaluation in [19]).

3. Results and discussion

This section presents and discusses (i) the temperature calibration
test results, (ii) the failure modes, (iii) the load-displacement behaviour,
(iv) the load-slip behaviour, (v) the tensile strain of the Fe-SMA, (vi) the
effective bond length, (vii) the bond-slip behaviour, and the (viii) frac-
ture energy obtained for the specimens tested at different temperatures.

3.1. Temperature calibration test

The temperature calibration tests were carried out to investigate the
temperature development at different locations on the specimens. For
the temperature calibration test at 50 °C, the temperatures of Fe-SMA,
adhesive, and glass are shown in Fig. 12a, Fig. 12¢, and Fig. 12e,
respectively. The curves indicated that temperature differences between
glass, Fe-SMA, and adhesive were relatively small (<2.5 °C). The first
drop and kinks of the curves were due to the opening and closing of the
climate chamber door. The later kinks were due to adjusting the target
temperature of the climate chamber. For the temperature calibration
test at 80 °C, the temperatures of Fe-SMA, adhesive, and glass are shown
in Fig. 12b, Fig. 12d, and Fig. 12f, respectively. The results indicated that
the temperate of glass, Fe-SMA, and adhesive were constant and stable
at approximately 80 °C (0.5 °C). Based on these temperature calibra-
tion results, the temperature of the other specimens could be monitored
using only two thermocouples, TC13 and TC18, during the tests.

3.2. Failure modes

Four different failure modes were observed during the tests at
different temperatures:

(a) Cohesive failure (also called cohesion failure in some literature
[36]), where cracks were initiated and propagated in the adhesive layer;

(b) Fe-SMA strip rupture;

(c) Adhesive failure (also called adhesion failure [36]), where fail-
ures were initiated in the glass-adhesive interface;

(d) Glass failure, where the glass panel fractured, while the adhesive
still bonded the Fe-SMA strip and fractured glass panel.

The observed failure modes of the lap-shear tests are shown in
Fig. 13. The failure modes for the tests at 23 °C were mainly cohesive
failures, as shown in Fig. 13 (a and b). When the temperature increased,
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the failure modes were more likely to be adhesive failure, due to the
decreased bond strength between the glass and the adhesive, as shown in
Fig. 13 (d-e, and g-i). This conclusion was similar to the one obtained
from the experimental study on FRP-to-steel single lap-shear joints
bonded by epoxy resin structural adhesive presented in [24].

The glass failure shown in Fig. 13 (b, e, and g-i) was due to the dy-
namic impact at the end phase of crack propagation. They were not
considered as glass failure in this case, since a considerable amount of
cohesive failure or adhesive failure occurred before glass failure. The
glass failure in the case of specimen LS-06-50 °C might be because of
defects during manufacturing or damage during transportation of glass.
The rupture of the Fe-SMA strip in the case of specimen LS-03-23 °C
might have been the result of a loading eccentricity or of a local defect of
the Fe-SMA strip.

The following can be summarized from the testing results. With the
proper surface preparation, the Fe-SMA-adhesive and glass-adhesive
interfaces were stronger than the adhesive, resulting in cohesive fail-
ures at room temperature. As the temperature increased, the strengths of
the adhesive and of the interfaces were reduced, with evidence being the
reduced bond capacities, which will be presented in Section 3.3. How-
ever, the strength reduction of the interfaces was more severe than that
of the adhesive. Thus, adhesive failure was the major failure mode at 50
°C and 80 °C.

3.3. Load-displacement behaviour

The load-displacement curves for the tests at 23 °C, 50 °C, and 80 °C
are shown in Fig. 14a. All the specimens showed ductile failure modes,
allowing for observation of crack propagation, except for one specimen
(LS-03-23 °C), which failed due to Fe-SMA rupture, and one specimen
(LS-06-50 °C), which exhibited glass failure during the test. Table 4
presents the crack initiation loads and maximum loads of all specimens,
where the crack initiation loads were defined as the points on the load-
displacement curves with a mild drop of tensile load. The mean values of
crack initiation loads for the tested specimens at 23 °C, 50 °C, and 80 °C
were 32.5 kN, 29.9 kN, and 26.7 kN, respectively. These crack initiation
loads were nearly identical to the maximum loads at each of the tem-
peratures, which were 33.3 kN at 23 °C, 30.5 kN at 50 °C, and 26.7 kN at
80 °C. In addition, Table 4 provides values for the maximum tensile
stress in the Fe-SMA strips, and for the effective bond length, which will
be discussed in Section 3.5.

The load-carrying capacity only decreased slightly (8.4 %) when the
test temperature was 50 °C, compared with that at 23 °C, despite the
elastic modulus and the strength of the adhesive at 50 °C were much
lower compared to those at 23 °C according to the additional product
information of SikaPower®-1277 [38]. However, the main reason was
that the decreased elastic modulus enabled a longer effective bond
length of the joints at 50 °C. When the test temperature was 80 °C, the
load-carrying capacity decreased by around 19.8 % compared with that
at 23 °C. This was because the test temperature of 80 °C was higher than
the glass transition temperature of the adhesive and the adhesive
properties degraded more severely.

3.4. Load-slip behaviour

The load-slip curves were obtained using the methods described in
Section 2.5.3 and are shown in Fig. 14b. The load-slip behaviour was
obtained by DIC measurements for the tests at 23 °C and 50 °C, and by
LVDT measurements for the tests at 80 °C. The load-slip curves were
similar for the tests at 23 °C and 50 °C, which was in agreement with the
similar load-displacement curves for these temperatures shown in
Fig. 14a. The tests at 80 °C showed significantly less slip compared with
those at 23 °C and 50 °C. One reason was the lower maximum load
reached in the tests at 80 °C compared with those at 23 °C and 50 °C.
This resulted in less deformation of the Fe-SMA strips. The other reason
was that the effective bond length at 80 °C was longer than those at 23
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Table 4
Selected mechanical properties determined as mean values and coefficients of
variation (CV) based on the single-lap-shear tests at 23 °C, 50 °C and 80 °C.

Properties 23 °C 50 °C 80 °C
Mean (4% Mean (4% Mean (4%
value value value
Crack initiation 325 3.7% 299 14% 267 2.4 %
load (kN)
Maximum load 33.3 34% 305 37%  26.7 2.3%
(kN)
Max. tensile stress 888.9 34% 8133 3.7% 712.0 2.3%
in Fe-SMA (MPa)
Effective bond 116 200 250-300

length (mm)

°C and 50 °C, which also led to shorter Fe-SMA strip parts that could
freely deform before the total debonding. A close-up of the loading stage
in Fig. 14b shows that the stiffness of the joints slightly decreased with
the increasing temperature. Results for LS-09-80 °C are not shown in
Fig. 14b due to the accidental detachment of the LVDT during the test.

The maximum tensile stresses in the Fe-SMA were calculated by
dividing the maximum load by the area of the cross-section of the Fe-
SMA strip. They are shown in Table 4. It can be seen that the
maximum tensile stress in the Fe-SMA strip was below the ultimate
tensile strength (953.04 MPa) of Fe-SMA. This means that a higher load-
carrying capacity of the joint would be possible with a more robust
adhesive.

The mechanical behaviour of the adhesive joints between glass and
Fe-SMA included two stages divided by the moment of crack initiation:
the load-increasing stage and the crack propagation stage. During the
load-increasing stage, the stiffness of the bonded joints exhibited
temperature-dependent variations. An increase in temperature resulted
in a decrease in joint stiffness, as shown in Fig. 14b. This phenomenon
was primarily attributed to the fact that the Young’s modulus of the
adhesive significantly decreased with rising temperatures [38]. In the
crack propagation stage, the results from the tests conducted at different
temperatures in this study consistently demonstrated stable crack
propagation, regardless of cohesive or adhesive failure. This suggested a
ductile failure mode for these types of joints.

3.5. Tensile strain of the Fe-SMA and effective bond length

For the tests at 23 °C and 50 °C, the tensile strain of the Fe-SMA was
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determined from the DIC measurements. The results are shown in
Fig. 15a and Fig. 15b for a representative test specimen at each of the
two temperatures. The maximum strains in the Fe-SMA for the tests at 23
°C and 50 °C were around 10.6 % and 9.8 % on average, respectively.
Based on the tensile strain of the Fe-SMA, the effective bond length of Fe-
SMA-to-glass lap-shear joints was defined for 23 °C and 50 °C, respec-
tively. Effective bond lengths of approximately 116 mm (average of LS-
01-23 °C and LS-02-23 °C) at 23 °C and 200 mm (average of LS-04-50
°C and LS-05-50 °C) at 50 °C were determined according to the length of
the Fe-SMA strips over which the tensile strains dropped from the
maximum values to zero, as shown in Fig. 15a and Fig. 15b. The results
at 23 °C were similar to the effective bond length of 120 mm estimated
from lap-shear tests on Fe-SMA-to-glass joints in [19]. For the tests at 80
°C, the effective bond length was estimated based on strain gauge
measurements instead of DIC measurements. Six strain gauges measured
tensile strain before crack initiation for both LS-07-80 °C and LS-08-80
°C, as shown in Fig. 15c. Since the strain gauges were installed with an
internal distance of 50 mm as shown in Fig. 10, the effective bond length
at 80 °C was estimated between 250 mm and 300 mm. The strain gauge
values were also plotted along the bond line, as shown in Fig. 15d, as a
similar way to Fig. 15a and b. Since strain gauges were installed with an
internal distance of 50 mm, the strain values between the strain gauges
were unsure. The effective bond length was estimated to be between
250 mm and 300 mm, which was not as accurate as the results obtained
based on the DIC measurements.

As the temperature increased, the effective bond length likewise
increased. This phenomenon can be attributed to a decrease in the ad-
hesive’s stiffness, leading to larger deformation of the adhesive.
Consequently, longer bond lengths were subjected to shear stress.

3.6. Bond-slip behaviour and fracture energy

The triangular bond-slip behaviours from representative tests at 23
°C and 50 °C are shown in Fig. 16a and Fig. 16b. Since DIC was not used
during the tests at 80 °C, the bond-slip behaviours at 80 °C were
calculated directly from the load-slip curves using an analytical model
given by [40], and the results are shown in Fig. 16c. This analytical
model [40] involved a mapping between the external load and dissi-
pated fracture energy, whose derivative is the shear stress in the
bond-slip behaviour.

The triangular bond-slip behaviours contain an ascending branch,
which indicates the shear stiffness of the joints. The descending branch
shows the damage evolution. The area under the bond-slip curve, shown
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Fig. 15. Axial strain in the Fe-SMA at representative moments of a representative lap-shear test before crack initiation and during crack propagation at (a) 23 °C and
(b) 50 °C, and strain development in the Fe-SMA strip of a representative lap-shear test at 80 °C (c), the strain gauges values along the bond line (d).

in Fig. 16d, represents the fracture energy Gy. It is a crucial property of
adhesive joints and directly influences the bond capacity [40]. The
specimens LS-03-23 °C and LS-06-50 °C had failure modes of Fe-SMA
rupture and glass failure; hence, they were not considered for the in-
vestigations in this section. The specimen LS-09-80 °C was not included
due to the accidental detachment of the LVDT during the test.

Fig. 17 illustrates the extent to which the peak shear stress and the
fracture energy changed with temperature. The tests conducted at 23 °C,
50 °C, and 80 °C revealed average peak shear stresses of 18.0 MPa,
11.8 MPa, and 9.3 MPa, respectively. Since the failure modes were
cohesive failures at 23 °C, the peak shear stress of 18.0 MPa at 23 °C
indicated that the interfacial strength at this temperature exceeded this
value. The failure modes were adhesive failures at 50 °C and 80 °C,
which suggested that the shear strength of the adhesive was higher than
the peak shear stresses of 11.8 MPa, and 9.3 MPa. A notable decrease in
peak shear stress was observed with increasing temperatures. This trend
was attributed to the adhesive becoming softer as the temperature
increased, which facilitated a longer effective bond length. Conse-
quently, the distribution of stress over this extended effective length
resulted in lower peak shear stresses.
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The fracture energies calculated for the tests at 23 °C, 50 °C, and 80
°C are shown in Fig. 17b. They are 14.6 MPa-mm, 14.2 MPa-mm, and
4.4 MPa-mm on average, respectively. The fracture energy only slightly
decreased when the temperature increased from 23 °C to 50 °C, even
though the shear strength decreased from 28 MPa at 23 °C to around
19 MPa at 50 °C [38]. This was due to the softening of the adhesive,
which enabled a longer effective bond length. The slightly reduced
fracture energy at 50 °C was the reason for the marginally reduced
load-carrying capacity at 50 °C compared with that at 23 °C. The
significantly lower fracture energy at 80 °C led to the significantly
reduced load-carrying capacity at 80 °C.

4. Conclusions

The bond behaviour of Fe-SMA-to-glass lap-shear joints with a
selected epoxy adhesive at 23 °C, 50 °C, and 80 °C were investigated in
this study. The failure modes, the load-carrying capacity, the shear
behaviour, the approximate effective bond length, and the fracture en-
ergy were investigated. The following conclusions could be obtained:



Z. Deng et al. Construction and Building Materials 453 (2024) 138937

25.0 T T T T T 25-0 T T T T T
235 ——LS-01-23°C 1 237 ——LS-04-50 °C )
20.0 4 - =-~1L§:02-23 °C . 20.0 - - - -L8-05-50 °C .
175 4 ~175f .
< <
2 150 . % 150 | -
g 125 ¢ 1 & 12.5
£ 10.0 1 §100
= <=
2 75 {1 2 s
5.0 . 5.0
2.5 . 2.5
0.0 1 1 1 1 el B 0.0
0.0 0.5 1.0 L5 2.0 2.5 3.0 0.0
Slip (mm)
@
250 T T T T T 250 T T T T T
25t slare 1 25+ 1
20.0 ~ ~ ~LS-08-80 °C = 20.0 + 4
~175F 4 ~175F Crack initiatioin ]
£ &
=150+ » 1 21501 : 7
%125 @
;5; S b g 12.5 .
1] .
§100 » : 41 5100 Crack propagation 4
= Q
2 7.5 F 18 15 i
50 e\ 4 5.0 4
U
25+ X g 25| Fracture energy
0.0 I - \I - A Vi i 0.0
0.0 0.5 1.0 1.5 2.0 2.5 3.0 0.0 0.5 1.0 1.5 2.0 2.5 3.0
Slip (mm) Slip (mm)
© )

Fig. 16. Bond-slip behaviour of Fe-SMA-to-glass lap-shear tests at 23 °C (a), 50 °C (b), and 80 °C (c), and fracture energy at 23 °C (d).

25 20
18 .

20 =16
g :

% = 14
&

2 15 S 12
g N

; 810
[}

210 5 8
@ 5]

E g6
~ 5

5 o4

2

0 . 0

23°C 50 °C 80 °C 23 °C 50 °C 80 °C
Test temperature (°C) Test temperature (°C)
(@) (b)
Fig. 17. Peak shear stress vs. temperature (a), and fracture energy vs. temperature (b).

e The major failure modes turned from cohesive failure at 23 °C to e Ductile failure modes could be achieved at 23 °C, 50 °C and 80 °C,
adhesive failure at elevated temperatures of 50 °C and 80 °C. The however, the ductility was significantly lower at 80 °C compared
reason was the reduced interfacial strength at the elevated with those at 23 °C and 50 °C.
temperatures. e The crack initiation load and maximum load decreased by around

8.0 % and 8.4 %, respectively, when the temperature increased from
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23 °C to 50 °C, while they decreased by around 17.8 % and 19.8 %,

respectively, when the temperature increased from 23 °C to 80 °C.

The effective bond length increased from 116 mm at 23 °C to

200 mm and 250-300 mm at 50 °C and 80 °C, respectively. This was

due to the softening of the adhesive when the temperature increased.

e The fracture energy of 14.9 MPa at 23 °C was reduced to
14.2 MPa-mm at 50 °C and 4.4 MPa-mm at 80 °C. It resulted in
reduced bond capacities at 50 °C and 80 °C, compared to that at 23
°C.

In addition to the aforementioned investigations of short-term be-
haviours at elevated temperatures, further studies should also explore
the long-term effects of elevated temperatures, UV exposure, and hu-
midity on the bonded joints between glass and Fe-SMA. Specifically,
research should assess the bonding performance when Fe-SMA strips are
bonded to the edges of glass beams. Additionally, it is crucial to develop
effective simulation methods for designing post-tensioned glass beams
under varying temperature conditions.
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