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A B S T R A C T

Developing a bonded prestressed solution for strengthening structures utilizing an iron-based shape memory
alloy (Fe-SMA), is of significant interest. This study is the first systematic investigation of adhesively-bonded
Fe-SMA joints to achieve complete cohesive failure, which is an essential prerequisite for bond integrity. The
Fe-SMA surface was prepared by combining UV/ozone exposure (UV), sol–gel (SG), and primers (P𝐶 , P𝑁𝐶 ),
and the failure mode of the joint was investigated using the floating-roller peel test. Furthermore, the joint
durability was studied through artificial aging using a salt spray cabinet. Cohesive failure was obtained for
all investigated adhesives, and the effect of every surface preparation step was described. The application of
sol–gel was found to be a crucial step in obtaining complete adhesive failure.
. Introduction

The use of iron-based shape memory alloys (Fe-SMAs) as civil struc-
ural strengthening components has received much attention in recent
ears [1–4]. These alloys are of particular interest as reinforcement
omponents because of their low cost, good mechanical properties, and
nique shape memory effect (SME) feature.

The alloy exhibits the so-called SME thermo-mechanical behavior.
his occurs when the alloy changes its crystallographic phase under
hermal or mechanical loads. Mechanical loading induces a forward
hase transformation and results in permanent deformation, referred to
s prestraining. If the prestrained member is subsequently heated and
ooled down, the phase transformation is reversed, and the material
ends to recover its original size. When the strain recovery is prevented
y mechanical constraints, a tensile stress is built up in the alloy. This
rinciple is exploited to induce compressive stresses in the constraining
tructure, that is, the parent structure to strengthen [2]. A prestrain
f 2% was found enough to achieve a maximal recovery stress and
epresentative of the current applications [5]. More details on the
ecovery stress behavior, transformation stress, and temperatures can
e found in [6].

In this regard, the mechanical coupling between the alloy and
arent structure is of the highest importance. To date, the load transfer
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between the prestressed Fe-SMA and its parent structure has been
realized using mechanical clamps [2] or nails [3]. These solutions are
viable; however, some drawbacks need to be highlighted regarding
stress concentration and fatigue life. When Fe-SMA strips are connected
to structures using mechanical anchors (e.g., [2,7,8]), the existing stress
concentration (as a result of holes) may result in crack initiation in
the Fe-SMA or substrate parent structure [1]. An adhesive bond can
overcome this issue by providing smoother stress transfer and avoiding
stress concentrations owing to holes. It is foreseen that Fe-SMA-bonded
solutions would be used more often for prestressed strengthening of
structures; therefore, there is a need for studies that fill the knowledge
gap on the short-and long-term behavior of Fe-SMA-bonded joints. The
adhesive bond could also significantly expand the application field of
this alloy, such as in the automotive and aerospace industries.

A first step towards a bonded Fe-SMA joint was undertaken re-
cently [4,9], where lap-shear tests showed promising results, but also
raised questions regarding the surface preparation and failure at the
adhesive-to-Fe-SMA interface. This interfacial failure mode is known as
adhesive failure, in the sense that the adhesion between the adhesive
and surface is the limiting factor. This premature failure at the interface
should be avoided by carefully preparing the surface to exploit the full
strength of the adhesive. Failure should occur inside the bulk adhesive,
vailable online 30 June 2023
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Nomenclature

𝐴𝑓 Austenite finish temperature
𝐴𝑠 Austenite start temperature
𝐺 critical failure energy release rate
𝑀𝑓 Martensite finish temperature
𝑀𝑠 Martensite start temperature
𝑃 Load per unit depth
𝑃𝐶 Primer BR6747-1
𝑃𝑁𝐶 Primer BR6747-1 NCB
𝛥𝐴 Crack advance
𝛥𝑊𝑒 Extra elastic energy stored
𝛥𝑈𝑑𝑖𝑠𝑠 Energy dissipated
𝛥𝑚𝑎𝑐ℎ𝑖𝑛𝑒 Crosshead displacement
CFRP Carbon fiber-reinforced polymer
FTIR Fourier transform infrared spectroscopy
Fe-SMA Iron-based shape memory alloy
GB Grit blasting
SG Sol-gel AC 103-2
SME Shape memory effect
UV UV/ozone exposure

that is, cohesive failure. This is the preferred failure mode in most
applications [10–12].

Improving the adhesion and durability of the interfacial adhesive
bond is a well-known challenge, and there exists a wide range of
methods to improve the adhesion between an adhesive and a metallic
substrate [10]. The initial surface texturing is an intuitive method. Grit
blasting (GB) [13] can provide good results, but more sophisticated
approaches, such as laser gas nitriding [14] have also been studied.
The other approach involves the use of chemicals to modify the surface
composition prior to bonding. Chemical etching and anodization [15]
offer good results; however, these processes involve the use of toxic
and environmentally unfriendly agents. Sol–gel technology is an alter-
native that offers similar performance [16,17], is easier to apply, and
more environmentally friendly. In addition, primers have been used as
adhesion promoters and corrosion protection products, and have shown
promising results for the adhesive bonding of aluminum, titanium,
and stainless steel [18]. The AC 130-2 sol–gel (SG) combined with
the BR6747-1 chromatic primer (P𝐶 ) was found to enhance adhesion
and provide a durable bond for austenitic stainless steel [18]. As the
Fe-SMA essentially is an austenitic steel (with additional composi-
tion elements) [6,19], this surface preparation method is a promising
candidate.

It is important to know the specific failure interface when different
layers of chemical/polymers are applied to enhance the adhesion in
order to pinpoint the weakest part of the joint. The floating-roller peel
test [20] (also referred to as the Bell peel test in the literature), takes
advantage of the specimen geometry and loads asymmetrically only
one side of the joint to reveal the failure interface [21]. This test is
a fast and simple method to compare adhesives strength for metal to
metal joints. It has also been used with carbon fiber-reinforced polymer
(CFRP) to aluminum joints [21], to investigate the effect of aging in
CFRP to steel [22] joints, and CFRP to CFRP joints [23].

While the initial bond strength and failure mode are important, their
durability is even more crucial. Joints are sometimes exposed to harsh
conditions, and their properties must be upheld for long time periods.
The most reliable durability test is the full-scale real aging of the joint.
Unfortunately, this method is expensive and time consuming. There-
fore, accelerated aging processes have been developed to qualitatively
2

assess the corrosion resistance of bonded joints. In this study, a salt
spray cabinet was used to expose the joints to a corrosive fog for several
weeks based on ASTM B-117 [24].

No study so far has systematically investigated the surface prepa-
ration of this novel alloy, and the aim of this study was to investigate
the conditions and surface preparations under which adhesively bonded
2% prestrained Fe-SMA joints can be guaranteed to fail cohesively.
Cohesive failure is a prerequisite condition for ensuring joint integrity.
To this end, multiple surface preparations found to be efficient in the
literature were applied to Fe-SMA surfaces, and the joint strength and
failing conditions were tested using the floating-roller peel test.

2. Material and methods

The standardized floating-roller peel test was employed (ASTM D-
3167 [20]). Its asymmetric specimen design comprises of a thin flexible
adherend bonded to a rigid adherend. The test has been shown to
primarily load the flexible adherend-adhesive interface [21]. Conse-
quently, Fe-SMA was used as the flexible adherend, while AISI 304
grade steel was used as the rigid adherend. AISI 304 grade steel was se-
lected, as a similar surface preparation was found to provide a durable
joint [18]. This ensured that the rigid adherend-adhesive interface
would not fail earlier than the Fe-SMA-adhesive interface, which is
of interest. Furthermore, the corrosion resistance of AISI 304 grade
steel secured the sample integrity during aging process. A variation of
surface preparation methods were applied to both adherends prior to
bonding. Furthermore, the joints were aged in a salt spray cabinet to
assess the durability provided by the surface preparations. This section
summarizes the materials used, surface preparation procedures, test
method, and data reduction.

2.1. Materials

Fe-SMA (Fe–17Mn–5Si–10Cr–4Ni-1(V, C) %wt.) was provided by
Refer AG (Switzerland). The Fe-SMA thickness was 0.5 mm and 50 mm
in width. The Fe-SMA was received in hot-rolled state with no heat
treatment. A recent study using the same alloy found that the mi-
crostructure is fully austenitic [25] and the phase transformation tem-
peratures were reported in [26] to be 𝑀𝑠 = -75 ◦ C, 𝑀𝑓 = -90 ◦ C, 𝐴𝑠 =
85 ◦ C, and 𝐴𝑓 = 110 ◦ C. The AISI 304 grade steel was provided by
Salomon’s Metalen B.V., as 50 mm wide and 1.5 mm thick plates. This
thickness was assumed large enough to provide the necessary stiffness.
The adhesives used and their properties are presented in Table 1 and
the surface preparation materials in Table 2.

2.2. Test matrix

Ultimately, the investigated surface preparation involves the succes-
sive use of two physical processes (grit blasting and UV/ozone exposure
(UV)) and the application of two chemical preparations (sol–gel and
primer (P𝐶 and P𝑁𝐶 )). The order of application was GB, UV, SG, and
primer. The details of each step are presented in Section 2.3. Different
combinations of these processes are used; in this configuration, the
effect of each step can be isolated. This results in seven surface prepa-
rations in Table 3, where the preparation names indicate each step
undertaken, that is, GB+UV+SG+P𝑁𝐶 indicates that the plate was grit
blasted, exposed to the UV, sol–gel was applied, and the non-chromatic
primer was used.

The aging process was only applied to two adhesives, Hysol and
Sika, and six of the seven surface preparations, as the amount of
Fe-SMA was limited. The final test matrix is presented in Table 3.

2.3. Sample preparation

Fig. 1c shows the subsequent interlayers of the final surface prepara-
tion. The floating-roller peel test allows to load primarily this interface
and thus identifies the crack location among successive layers.
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Table 1
Adhesives selected and curing details according to the manufacturer’s datasheets.

Adhesive Hysol EA 9394 SikaPower 1277 FM 300–2 Araldite 2015

[27] [28] [29] [30]
Short name Hysol Sika FM 300–2 Araldite
Application Aerospace Civil engineering Aerospace Civil engineering
Behavior Brittle Ductile Brittle Ductile
Tensile strength [MPa] 46 30 6.15* 30
Elongation at break [%] 1.66 4 – 4.4
Target thickness [mm] 0.2 0.3 0.6 0.1
Curing temperature [◦ C] 20 20 121 20
Curing time 3–5 days 24 h 90 min 7 days
Curing pressure – – 2.8 bar –

*Flatwise tensile [29].
Table 2
Surface preparation materials. P𝐶 and P𝑁𝐶 , are two versions of the same material, P𝑁𝐶 being the non-chromatic version of P𝐶 .

Name Sol–gel AC 130-2a [31] BR6747-1b [32] BR6747-1 NCBa[33]

Short name SG P𝐶 P𝑁𝐶
Purpose adhesion enhancement corrosion protection corrosion protection
Curing temperature [◦ C] – 121 121
Curing/drying time 60 min 90 min 90 min

aSupplied by Secoa B.V. in The Netherlands.
bSupplied by Aerospheres (UK) Ltd.
Table 3
Test matrix. Each combination of surface preparation, adhesive tested, and aging time is represented by a ✓, untested
conditions are marked with X. The surface preparation name indicates each step applied to the surfaces, and four
samples were tested in each configuration.
Adhesive Hysol Sika FM 300–2 Araldite

Surface preparation
Weeks aged 0 6 12 0 6 12 0 0

GB* ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

GB+P𝑁𝐶† ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

GB+SG‡+P𝑁𝐶 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

GB+SG+P𝐶§ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

GB+UV⋄ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

GB+UV+SG+P𝑁𝐶 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

GB+UV+SG+P𝐶 ✓ X X ✓ X X ✓ ✓

* Grit blasting, † non-chromatic primer, ‡ sol–gel, § chromatic primer, ⋄ UV/ozone exposure
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The specimens were manufactured according to the ASTM standard
-3167 [20]. The surfaces were prepared on 50 mm wide plates as

hown in Fig. 1a, bonded, and finally cut into four specimens (two in
he width, two in the length as the configuration in Fig. 1a), 15 mm in
idth, by waterjet cutting. All the surface preparations detailed in the

ollowing subsections were applied to the plates.

.3.1. Grit blasting
Both plates were first thoroughly pre-cleaned with acetone cotton

ipes to remove as much contaminants as possible. The surfaces were
rit blasted in a Pulsar 3 Clemco blasting cabinet. The grit blasting
ressure was 6 bar, and the nozzle was kept at 10 ± 0.5 cm in a 45 ◦

ngle to the surface of the plates. The grit blast material was 40 grit
lass beads, filtered before being recirculated. The Corublast super glass
eads were provided by Leering Hengelo B.V. The AISI 304 grade steel
as only grit blasted on one side, both sides of the Fe-SMA plate were
rit blasted to equalize the surface warping. After grit blasting, the dust
as removed using pressured air and the plates subsequently cleaned
ith acetone cotton wipes.

In this step, the mechanical treatment of the surface may induce
tresses greater than the yield strength. This implies that stress-induced
hase transformation of austenite to martensite occurs at the surface,
hich may alter the surface roughness [34]. It is, however, assumed

hat the effect on the global surface roughness is negligible compared
o the mechanical roughening.

.3.2. UV/ozone exposure
Some plates were placed in a closed container and exposed to a
3

V light source of 185 nm and 254 nm, generating ozone and highly 2
active oxygen radicals. The UV light tubes were supplied by UV Technik
in Germany and mounted inside a wooden box. This exposure had
two purposes: first, to remove any organic compound remaining at the
surface [35] and second, to increase the surface free energy due to
oxidation [36], resulting in improved surface wetting (see Fig. 2).

To define the optimal exposure time to the UV source, similar
to [36], the wetting properties of Fe-SMA surfaces exposed for 0, 3,
5, 10, 15, and 30 min were measured by contact angle measurements
on a Technex Cam200/Attension (CAM), as shown in Fig. 2(a). A 5 μ l
istilled water droplet was placed on the surface, and the wetting angle
as recorded by curve fitting the droplet contour, as shown in Fig. 2(b).
ach measurement was repeated five times. The static apparent wetting
ngles for prestrained and non-prestrained Fe-SMA before and after grit
lasting were measured. Based on these results (Fig. 2(a)), the optimal
xposure time to the UV source was chosen to be 15 min.

.3.3. Sol–gel
The sol–gel AC 130-2 coating was applied by brushing, within one

our after either the grit blasting or the UV/ozone exposure according
o the manufacturer’s technical datasheet [31].

.3.4. Primers
Both primers were applied according to the same procedure de-

cribed in the product’s technical datasheets [32,33]. This process
ncludes curing at 121 ◦ C (see Table 2). The primers were applied
irectly after the sol–gel finished drying, 1 h at room temperature,
0 ◦ C.
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Fig. 1. Plate and specimen dimension and configuration. (a) Prepared plate and configuration of specimens cut into the plate. (b) Details of precrack and bonded plates. (c) The
detailed interface between the Fe-SMA and the adhesive is the result of the surface preparation investigated. Failure location indicates the failure mode, adhesive, or cohesive.
Fig. 2. Contact angle measurement analysis. (a) Contact angle of distilled water as a function of the exposure time to UV/ozone for prestrained and non-prestrained Fe-SMA, and
grit-blasted and non-grit-blasted Fe-SMA. (b) Wetting of a distilled water droplet before (top) and after (bottom) 30 min of UV/ozone exposure on non-prestrained grit-blasted
Fe-SMA surfaces.
If the primer layer is too thick, the primer’s mechanical properties
can influence the joint and lead to premature failure [10,37]; therefore,
it is critical to control its thickness. However, because of the surface
roughness, even before grit blasting, it was not possible to measure
the primer thickness. An Extech CG304 Coating Thickness Tester in
Eddy-current working principle was used, but no reliable thickness
value could be recorded. A Keyence VK-X1000 confocal microscope
revealed that the rolling striae amplitude of the Fe-SMA was greater
than 20 μ m. Therefore, it was not possible to define a reference
point for measuring the thickness. Furthermore, it was observed that
the primer formed a multitude of droplets, giving little meaning to
the definition of the coating thickness. Through confocal microscopy
(see Section 2.5.2), the amplitude range measured with (or without)
primer remained unchanged, leading to the conclusion that the droplet
thickness was well below 20 μ m.

2.3.5. Prestraining
To develop a prestress, the Fe-SMA needs to be prestrained, bonded,

heated to the reverse transformation temperature (𝐴𝑠), and cooled
down. A prestrain of 2 % was found to be enough to achieve a max-
imal recovery stress and representative of applications of Fe-SMA [5].
Because the primer curing temperature (121 ◦ C) was higher than 𝐴𝑠,
prestraining could only be applied after primer curing.
4

The 480 mm strips (Fig. 1) were prestrained to 2 % using a Zwick-
Roell testing machine with a 250 kN load cell in a displacement-
controlled condition with a loading speed of 1 mm/min. A Zwick-Roell
BTC-EXMACRO.002 extensometer with ±0.15% uncertainty on the mea-
sured length was used to record a nominal strain of 2 %. The initial
extensometer arm opening was 180 mm.

2.3.6. Adhesive bonding
The final step of the specimen manufacturing process was adhesive

bonding. A 50 mm precrack was created by taping both ends of the Fe-
SMA plate with Airtech flashbreaker 1 tape (Fig. 1). Glass beads were
added to the adhesive to control the layer thickness, 4% by weight,
with a diameter of 90–150 μ m for Araldite, 200–300 μ m for Hysol.
In the case of Sika, where glass beads are already included in the
product [28]. The adhesives were manually smeared on both substrate
surfaces. The adherends were bonded and placed in a mold to control
alignment. Finally, a weight of approximately 15 kg was placed at
the top. The room temperature was approximately 20 ◦ C with 70 %
relative humidity (RH). The details of the target thickness and curing
conditions can be found in Table 1.

For the FM 300-2, a 0.6 mm thick film was applied only to the Fe-
SMA surface, and the Fe-SMA was placed onto the AISI 304 grade steel
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Fig. 3. Floating-roller peel test scenarios.
plate. The plates were cured in an autoclave at 121 ◦ C and 2.8 bar for
120 min (30 min ramp and 90 min hold), as specified in the product’s
technical datasheet [29].

2.4. Test method

2.4.1. Floating-roller peel test
To determine the failure type, the joints were tested using the

floating-roller peel test, ASTM D3167 standard [20]. The test measures
the load necessary to peel off an adhesively-bonded strip from its
adherend. The flexible adherend is peeled through a fixture away from
the rigid adherend, as in Fig. 3(a). The test was carried out in a uniaxial
Zwick-Roell testing machine with a ±0.2% accuracy, 1 kN load cell, a
loading speed of 152 mm/min, and a sampling rate of 10 Hz.

The test can unfold according to three different scenarios depending
on the interfacial strength and adherend stiffness. First, the test behaves
as expected, as in Fig. 3(a), the flexible adherend complies with the
roller radius, and the peel angle is predetermined, hereafter referred to
as Scenario A.

Second, the flexible adherend was slightly stiff for the test and
interface strength. The rigid adherend rises to a horizontal but stable
position, referred to as Scenario B (Fig. 3(b)) [38]. In this case, the
flexible adherend still undergoes significant deformation, and the test
is regarded as valid.

In Scenario C, the interface strength is too low, the decohesion
propagates backward, and the load is transmitted to the crack tip
through the elastic bending of the flexible adherend (Fig. 3(c)). This
loading was considered to be invalid. However, the determination of
the failure type remains valid. This scenario occurs when the interface
adhesion is very low, leading to a 100 % adhesive failure.

2.4.2. Aging, salt spray exposure
To assess the joint’s durability, Sika and Hysol adhesive joints were

subjected to accelerated aging [18,36,39]. The joints were placed in a
salt spray cabinet (Liebisch Constamatic Salt Spray chamber) according
to the standard ASTM B117-19 [24], at 35 ◦ C for a duration of 6 and
12 weeks. The NaCl concentration in the water was 5 % by weight.

To prevent the adherends from getting corroded in the chamber
and examine only the effect on the interface, the top and bottom face
5

Fig. 4. Example of a typical load displacement curve.

of the samples were coated with a metal paint (Hammerite Metaallak,
Akzo Nobel Paints Belgium NV/SA). Only the edges of the joints were
exposed to the harsh environment.

For practical reasons, the specimens had to be placed in a horizontal
position. This caused water to flow from the specimen top surface to
the bottom of the cabinet through the same path on the specimen edge.
It lead to a locally more aggressive corrosion process as water was
actively flowing in this location. The effect on the load–displacement
curve were limited as the effect were very local and therefore ignored
in the results analysis.

2.5. Analysis tools

The different analysis tools and data reduction used to generate the
final results are summarized. The load–displacement curve was used
to extract the average peel load. Visual assessment, microscopy, and
Fourier transform infrared spectroscopy (FTIR) were used to determine
the failure mode [40].

2.5.1. Load displacement curve analysis
A typical load displacement curve is presented in Fig. 4. The load is

corrected to correspond to a 15 mm width as the machining gave rise
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Fig. 5. (a) Fe-SMA fracture surface bonded with Hysol with GB+SG+P𝑁𝐶 surface preparation after six weeks aging. (b) Color threshold, cohesive failure in black, and adhesive
failure in white.
Fig. 6. Fe-SMA fracture surface bonded with Sika and GB+P𝑁𝐶 after six weeks aging. The depth debonded by water diffusion is characterized by the darker color of the Fe-SMA.
to slight variations in specimen width. The average load in the region
of interest (red box Fig. 4), and the standard deviation were measured
for each specimen. Each test was repeated at least four times. Only the
mean of the average peel loads and a pooled standard deviation are
reported.

2.5.2. Fractography
To determine the failure mode, the fracture surfaces of the Fe-

SMA were inspected. Visual inspection was sufficient to detect cases
of complete adhesive failure. In such cases, the Fe-SMA surface was
entirely stripped of any adhesive, and only the bare metal was visible.
Otherwise, a Keyence VK-X1000 confocal microscope system was used
to inspect the Fe-SMA strips after fracture. Thus, the bare metal was
distinguishable from the thin adhesive layers. A Keyence VR-5000
wide-area 3D measurement system was used for the large-area scans,
as in Fig. 5a. The amount of cohesive failure was measured using the
image analysis tool ImageJ [41]. The ratio of white to total pixels was
measured using the color threshold and de-noise feature to separate the
bare metal from the rest (Fig. 5b).

Using ImageJ and the VR-5000 images, the depth of the edge
debonding owing to water infiltration for the aged samples was also
measured (Fig. 5a). The debonding depth is clearly recognizable as the
transition from full adhesive failure to either cohesive or mixed failure
modes. With the Sika adhesive, it was possible to visually measure the
edge debonding depth, even in the case of complete adhesive failure.
The two regions were clearly visible on the Fe-SMA fracture surfaces as
a color change in Fig. 6. The edge-debonded area was not considered
in the computation of the percentage of cohesive failure, as this would
introduce a size effect.

2.5.3. FTIR
Using microscope analysis, visual detection of bare metal was possi-

ble, but an interfacial failure between the primer and adhesive could be
misclassified as a cohesive failure. In both cases, the underlying metal
would not be visible. This issue was addressed by FTIR spectroscopy
using a PerkinElmer Spectrum 100 spectrometer.

With Hysol prepared with sol–gel and either primer, the fracture
surfaces exhibited regions where the Hysol adhesive was recognizable
6

through microscopy and regions where a thin light yellow layer covered
the metal (Fig. 7b). To determine whether this was an exposed primer,
pure adhesive and pure primer FTIR spectra were measured. Both
materials were analyzed three times to produce the spectra presented
in Fig. 7a. Between 3100 and 2700 cm−1, a clear difference in spectral
shape is recognizable, which is generally attributed to epoxy groups.

Finally, the experimental fracture surface showing an undetermined
failure mode was measured at 20 different locations in the focus range.
The relative crystal size is shown in Fig. 7b. None of the recorded
spectra presented the characteristic shape of the primer spectrum, and
the Hysol peak at 2821 cm−1 is present in all measurements. The thin
yellow layer could be identified as Hysol adhesive, and it was thus
concluded that the failure occurred cohesively in these regions as well.
This was the case for all surface preparations involving Hysol, sol–gel
and either primer.

3. Results

3.1. Effect of surface preparation

The average peel load recorded for every surface preparation and
adhesive is presented in Fig. 8. The secondary axis indicates the per-
centage of cohesive failure. The names of the surface preparations
describe the succession of the applied processes (grit blasting (GB),
sol–gel (SG), chromatic primer (P𝐶 ), non-chromatic primer, (P𝑁𝐶 ), and
UV/ozone exposure (UV)). If the test followed Scenario B or C, the bar
was hatched (insert Fig. 8(a)).

The results obtained with the Sika adhesive are displayed in
Fig. 8(a). The results show that surface preparation is necessary because
grit blasting alone yields complete interfacial debonding. Using either
primer or UV/ozone exposure was not sufficient to obtain cohesive
failure either. However, it appears that the addition of sol–gel to the
primer yields a 100% cohesive failure along with a significant increase
in peel load. All tests followed Scenario A, even with adhesive failure.
Very high loads were reached with this adhesive compared to the other
adhesives.

In the case of Araldite (Fig. 8(b)), the most striking result is that grit

blasting alone produces complete cohesive failure. It appears that the
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Fig. 7. (a) FTIR spectrum for pure Hysol adhesive and pure primer P𝐶 . (b) Fe-SMA fracture surface bonded with Hysol prepared with GB+SG+P𝐶 . Areas showing a thick layer of
adhesive are recognizable by the characteristic gray color. Areas with thinner layers are yellow. (c) FTIR spectra in the focus range at 20 random locations on the fracture surface,
along with both adhesive and primer spectra.

Fig. 8. Peel load and percentage of cohesive failure for every adhesive as function of the surface preparation. The percentage of cohesive failure over the total crack surface is
in gray. A, B, and C in (a) refer to Fig. 3. GB stands for grit blasting, SG is the sol–gel, P𝑁𝐶 is the non-chromatic primer, P𝐶 is the chromatic primer, and UV is the UV/ozone
treatment.
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Fig. 9. Effect of aging in the salt spray cabinet on the joints.
non-chromatic primer alone has a negative effect on adhesion, leading
to complete adhesive failure and accordingly lower peel load. These
results were repeated to eliminate the possibility of contamination
during manufacturing, and the results were consistent. In addition, the
test followed Scenario B (Fig. 3(b)).

The Hysol results are presented in Fig. 8(c). In the case of GB,
GB+P𝑁𝐶 , and GB+UV, the test followed Scenario C. The Fe-SMA did
not comply with the roller and resulted in a limited deformation of
the Fe-SMA after the test, along with 0 % cohesive failure. In these
cases, the reported peel load cannot be compared with the others. For
the three surface preparations involving sol–gel, the peel tests followed
Scenario B (Fig. 3(b)) and failed mostly cohesively.

Finally, the FM 300-2 results, presented in Fig. 8(d) are similar to
the Hysol results. Only showing that the extra cleaning and oxidation
step provided by the UV/ozone improved cohesive failure percentage
when used with sol–gel and the non-chromatic primer. It was not
possible to test GB+SG+P𝐶 as evidence of surface contamination was
observed on the samples, and the results were not reported.

3.2. Effect of aging

Aging had a negative effect on the integrity of bonded joints. The
peel load decreased consistently, as displayed in the top part of the
plots with the filled lines in Fig. 9. As a second effect, the percentage
of cohesive failure decreased (dashed lines on the top plots in Fig. 9).
Third, the joints exhibited edge debonding (Fig. 5a and Fig. 6).

Fig. 9(a) shows the effect of the salt spray exposure on the Sika
joints. The two groups visible in Fig. 8(a) are also visible here. The
preparations yielding cohesive failure (all with sol–gel) retained most
of this characteristic (only the chromatic primer preparation showed
some loss of cohesive failure), while the peel loads dropped linearly
to 72 ± 3.5 % of their initial value after 12 weeks. Furthermore, for
the surface preparation yielding adhesive failure before aging, the load
decreased significantly to reach 16, 24, 33% (in order of appearance)
of their initial values after 12 weeks. The least performing surface
preparations, those without sol–gel, also performed less in durability.

In the lower plot of Fig. 9(a), the debonding depth as a function
of the exposure time is represented. All joints exhibited comparable
debonding depths after 12 weeks, with the exception of GB+UV+SG+
P𝑁𝐶 , showing 60% less debonding after 12 weeks.

In the case of Hysol, aging in the salt spray cabinet had a significant
8

effect on the joint, as shown in Fig. 9(b). Indeed, the preparations
showing cohesive failure before aging (those with sol–gel) showed a
decrease in peel load to below 30% of their initial value. Meanwhile,
the cohesive failure was lost completely, except for GB+UV+SG+P𝑁𝐶 ,
which retained 15% of cohesive failure. As for the edge effect, only
the two preparations showing cohesive failure were measured and
reported. The two curves reported in Fig. 9(b) show similar results. The
debonding after 0 weeks was due to damage caused by waterjet cutting.

4. Discussion

In this study, a large array of surface preparation methods and four
adhesives were tested when bonded to Fe-SMA. It is shown that for the
four selected adhesives, complete cohesive failure can be guaranteed
prior to aging. In the second step, the durability of certain joints
was tested by accelerated salt-spray aging. Sika and Hysol adhesives
were investigated, and several mechanisms of joint degradation were
identified. In this section, several aspects of the results are discussed to
provide additional insight into the analysis.

4.1. Influence of surface preparations

From Fig. 8, it appears that sol–gel AC-130 is the crucial preparation
step that allows to reach complete cohesive failure for Sika, Hysol, and
FM 300-2. Without this, none of these adhesives bonded properly to
the Fe-SMA surface.

To isolate the effect of the sol–gel from the primer, the surface was
prepared with primer alone. For all adhesives, only applying the primer
had no effect compared to grit blasting only, and even a negative effect
on the Araldite adhesion (blue and cyan bar in Fig. 8(b)). It appears that
the primer does not adhere to the Fe-SMA on its own, making the sol–
gel step the most important in ensuring adhesion between the primers
and the surface.

Furthermore, in Fig. 9(a), it appears that the primer alone does
not improve the bond’s durability either. The peel load and water
penetration depth were similar to the bonds with grit blasting only. This
further emphasizes the importance of the sol–gel in terms of durability
and evidences the incompatibility between the primer and the Fe-SMA.

The next interlayer in Fig. 1c is the primer. Two versions of the
same primer were used in this study, the non-chromatic one being an
environmentally friendlier alternative version of the regular BR6747-

1. From Fig. 8, no difference can be noted between the two primers
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prior to aging. As chromium is a key element in corrosion protection,
its absence can affect primer performance in aging. Nonetheless, in the
case of the Sika joints (see Fig. 9(a)), both the red (chromatic primer)
and green (non-chromatic) curves show similar behavior with respect
to the loss of peel load.

In the lower plot of Fig. 9(a), both primers showed similar debond-
ing of the edges as surface preparations without primer. It seems that
the primer does not protect the exposed edges from water ingress. It
preserved cohesive failure in the middle of the joint and protected the
interface from water in the adhesive, but did not affect edge debonding.

With Hysol, Fig. 9(b), the non-chromatic primer did not prevent a
complete loss of cohesive failure after six weeks, whereas the chromatic
version allowed 45 % cohesive failure. Accordingly, the peel load using
the chromatic primer was higher than that of the non-chromatic ver-
sion. However, both show only 22 % and 37 % of their respective initial
peel loads after six weeks, which cannot be considered acceptable.

The third surface preparation step investigated was the UV/ozone
exposure, which was used on grit blasted Fe-SMA and in combination
with sol–gel and primer (Fig. 8). Its effect on durability was tested only
in combination with the non-chromatic primer. With regard to the use
of UV/ozone alone, no significant effect was observed compared to grit
blasting alone.

When used in combination with sol–gel and primer, UV/ozone
exposure allowed to reach complete cohesive failure if not already
obtained with sol–gel and primer. This was the case for Hysol (Fig. 8(c))
and FM 300-2 (Fig. 8(d)), where the peel load increased accordingly.
This is likely induced by better wetting of the surface by the sol–gel
allowed by the exposure (Fig. 2(b)).

The UV/ozone exposure showed a significant improvement in dura-
bility. The surface preparation GB+UV+SG+P𝑁𝐶 showed the least joint
eterioration (Fig. 9). The edge debonding is 70% and 40% less deep
fter 6 and 12 weeks than the same preparation without UV. With
ysol, it was the only surface preparation that retained some amount
f cohesive failure. Again, it is assumed that the improved wetting of
he Fe-SMA by the sol–gel prevented water from propagating at the
nterface.

.2. Adhesive comparison

Four adhesives were investigated and all were compatible with both
rimers, as no evidence of interfacial failure between the primers and
he adhesives was observed (see Fig. 7,Section 2.5.3).

In complete adhesive failure, Sika and Araldite followed Scenarios
and B. The peel loads were 57 N/15 mm, and 12 N/15 mm, namely

1 % and 40 % of their cohesive failure peel load, respectively. In
omplete adhesive failure, the two other adhesives showed no adhesion
t all as they followed Scenario C. Both Sika and Araldite are ductile
dhesives ( Table 1) and a partial plastification of the adhesive diffused
nergy, resulted in a higher load. Brittle adhesives can only diffuse
nergy through fracture, which does not occur.

Regarding durability, it is evident that the Hysol joint suffered
evere degradation (Fig. 9(b)). Aakkula et al. [18] tested lap-shear AISI
04 grade steel joints bonded with Hysol EA 9396 (the unfilled version
f EA 9394 used in this study) prepared with the same chromatic
rimer and sol–gel. It was found that cohesive failure occurred after
0 days of exposure to a hot wet environment (60 ◦ C/98 % RH).
hile the materials used for surface preparation were the same, the

dherend material, the grit blasting parameters, and mechanical test
ere different. While peel tests are considered more severe for the

nterface than shear loading, it is assumed that the incompatibility
etween the Fe-SMA and the primer might be the source of this poor
urability.

The joints using Sika adhesive (Fig. 9(a)) in combination with an
ppropriate surface preparation showed signs of degradation, namely
ebonding at the edges, but no loss of cohesive failure in the middle
f the joint. This highlights the importance of protecting the joint from
ater infiltration, but indicates that the joint is durable and sustains its
9

trength when exposed to harsh conditions.
4.3. Test scenarios

As mentioned in Section 2.4.1, the peel test does not systematically
follow Scenario A; therefore, the peel load results are not comparable.
For a crosshead displacement 𝛥𝑚𝑎𝑐ℎ𝑖𝑛𝑒 with load 𝑃 per unit depth,
the debonding will advance 𝛥𝐴, and the extra energy 𝑃𝛥𝑚𝑎𝑐ℎ𝑖𝑛𝑒 is
istributed according to the following expression:

𝛥𝑚𝑎𝑐ℎ𝑖𝑛𝑒 = 𝐺𝛥𝐴 + 𝛥𝑊𝑒 + 𝛥𝑈𝑑𝑖𝑠𝑠 (1)

here 𝐺 is the joint critical energy release rate (ERR) assumed homoge-
eous in the specimen length direction, 𝛥𝑊𝑒 is the elastic energy stored
n the newly debonded flexible strip, and 𝛥𝑈𝑑𝑖𝑠𝑠 is the energy dissipated
via plasticity and phase transformation in the Fe-SMA) in the same
olume. Assuming that the test has reached a steady-state, meaning
ach newly debonded strip undergoes the same deformation history
s previously debonded strip, a constant peel load, 𝑃 , is necessary to
ropagate the crack as shown in Fig. 4:

= 𝐺 𝛥𝐴
𝛥𝑚𝑎𝑐ℎ𝑖𝑛𝑒
⏟⏞⏟⏞⏟
constant∼1

+
𝛥𝑊𝑒

𝛥𝑚𝑎𝑐ℎ𝑖𝑛𝑒
+

𝛥𝑈𝑑𝑖𝑠𝑠
𝛥𝑚𝑎𝑐ℎ𝑖𝑛𝑒

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
constant but depending

on scenario

(2)

It is evident that the peel loads are not a direct measure of the joint
strength, and the comparison is invalid between different scenarios.
To address this issue, an alternative fixture design constraining the
specimen to Scenario A along with a complete energetic analysis of the
alternative fixture was proposed by Kemp [38].

Using the floating-roller fixture and a simplified strip material be-
havior, Kawashita [42] also proposed a complete energy analysis of
the test when following Scenario A, and reported a fourth possible test
scenario, that is, when the crack front moves forward owing to the
high adhesion to adherend stiffness ratio. The plastic bending energy
contributed up to 75 to 90 % of the peel load. Hence, the difference
due to plastic deformation in Scenarios A, B, and C can be a major
contributor to the decrease in load, while not allowing to conclude on
variations in 𝐺.

4.4. General discussion

It appeared that the flexible 0.5 mm thickness Fe-SMA strips were
slightly too stiff to comply with the fixture. As discussed in the previous
section, the peel load is influenced by plastic and phase transformation
deformation, which can vary from test to test. The results are therefore
qualitative in nature, and no fracture toughness of the bond was
measured with the peel test. Nonetheless, the objective is to investigate
the compatibility of surface preparation materials, adhesives, and Fe-
SMA to obtain cohesive failure. The test setup was adopted owing to its
simplicity, rapid execution, allowing for an extensive test matrix such
as the one in Table 3, and its asymmetry allowing to test only the Fe-
SMA-adhesive interface. This was confirmed experimentally as none of
the test exhibited interfacial failure between the AISI 304 grade steel
and adhesive.

While the methods investigated in the current study are so far
confined to aerospace applications, the findings of this paper are mean-
ingful for civil engineering (the current field of application of the
Fe-SMA) applications as well. The proposed surface preparation is
relatively easy and involves no work on the application site as the
primer has a surface stabilization function that allows prepared surfaces
to be stored up to 6 month prior to bonding [33].

Lastly, it is worth mentioning an important influencing parameter
left out of this study. Namely the effect of prestraining of the Fe-
SMA. This limitation has multiple implications as the prestraining can
affect the local interface as well as the global mechanical behavior.
Martensitic transformation induces an out of plane deformation at the
free surface and will affect the free surface roughness [34]. Even if this

was not investigated specifically for the 𝜀 martensite forming in the
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Fe-SMA, it is fair to assume this effect also occurs in the alloy. This
can have a major effect on the bond properties as martensite is formed
during the sandblasting and the prestraining steps. This is however
outside of the scope of this paper focusing only on the 2% prestrain
level and left for future studies.

The prestraining level can have significant influence on the joint
durability. Indeed, the corrosion resistance of the Fe-SMA is influenced
by the deformation [43]. Up to 4 % prestrain, no significant influence
was observed but a pronounced decrease was observed beyond this
threshold [44].

Finally, the prestraining level and martensitic volume fraction has
an influence on the Fe-SMA mechanical properties, which influences
the peel load. The current test is not appropriate as the Fe-SMA mechan-
ical behavior is influenced by the prestrain and therefore an alternative
test procedure such as the butt-tension test (ASTM D2095-96 [45]) shall
be used to investigate this parameter.

5. Conclusion

The effect of surface preparation methods including UV/ozone ex-
posure, sol–gel, and primer on the adhesion and durability of an
adhesively-bonded Fe-SMA was investigated. Bonded joints were sub-
jected to a peel load applied through the floating-roller peel test, and
the load and failure modes were reported. The main findings of this
study are as follows:

1. For all selected adhesives, complete cohesive failure of bonded
Fe-SMA joints was obtained. Sol–gel and primers are needed to
improve the Fe-SMA-adhesive interface strength for SikaPower
1277, Hysol EA 9394, and FM 300-2 adhesive film. No surface
preparation was required for Araldite 2015.

2. The application of sol–gel AC 130-2 is the crucial step to achieve
cohesive failure as it was found indispensable for the primer
bond with the Fe-SMA.

3. UV/ozone cleaning/surface activation helped to obtain com-
plete cohesive failure when sol–gel and primer alone were not
sufficient with FM 300-2.

4. Both primers tested showed similar performance in adhesion
enhancement suggesting that the non-chromatic equivalent is
a suitable alternative while being less toxic. None of the four
tested adhesives were incompatible with the primers.

5. Even in adhesive failure, ductile adhesives SikaPower 1277 and
Araldite 2015 resisted peel while the brittle adhesives FM 300-2
and Hysol EA 9394 did not.

6. The accelerated aging of the joints revealed the effect of the
corrosion protection of the adherends.

(a) SikaPower 1277 combined with sol–gel and either primer
exhibited limited deterioration. The UV/ozone exposure
reduced the edge debonding depth by 30 % after 12
weeks.

(b) Hysol EA 9394 joints using sol–gel and either primers lost
all of the cohesive failure after 12 weeks and the load
decreased accordingly.
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