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A B S T R A C T

Vast aging metallic structures are suffering from fatigue cracking, jeopardizing structural integrity and
personnel safety. Therefore it is of great benefit to develop strengthening solutions to achieve complete fatigue
crack arrest. A bonded and prestressed fatigue strengthening solution on the basis of an iron-based shape
memory alloy (Fe-SMA) shows great potential in this term. An experimental campaign has been carried out
in this paper to achieve complete fatigue crack arrest in metallic plates. Several activation methods greatly
affecting the prestressing level have been experimentally tested, it has been found that the gas torch activation
is the most effective method, extending the fatigue crack growth life by 6.9 times. The experimental campaign
has demonstrated that prestressing forces required to achieve complete fatigue crack arrest capability could
be realized by increasing the Fe-SMA patch width combined with the most effective activation method. In
addition, the results show that the length of the Fe-SMA repair together with the activation length can be
reduced without sacrificing the repair efficiency. The findings of this paper are greatly beneficial for industrial
sectors suffering from fatigue cracking in metallic structures, small bonded Fe-SMA patches can be easily
activated to achieve complete fatigue crack arrest capability.
1. Introduction

Several fatigue strengthening techniques have been developed to
combat fatigue deterioration of vast metallic structures, yet a fatigue
crack arrest method with great versatility for different industrial sectors
is to be developed. Increasing metallic structures in different sectors,
such as, infrastructures, offshore structures, aircraft structures etc., are
aging and subjected to even more severe service loading, they are
highly vulnerable to fatigue cracking which jeopardizes safety of both
personnel and structures [1,2]. Fatigue strengthening is a cost-effective
yet highly pragmatic solution to ensure structural integrity of vast
fatigue cracked structures. Consequently, it has been a vibrant research
topic and several techniques have been developed and investigated by
researchers [3–8].

Traditionally, fatigue strengthening of metallic structures extends
fatigue crack growth life by mechanically attaching metallic patches
or adhesively bonding composite patches. The added material provides
an additional load path and mitigate the loading at the crack tip.
Bonding is preferred over mechanically joining as adhesive bonding
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provides smoother load distribution and avoids introducing new fatigue
sources such as drilled holes. Moreover, adhesive bonding offers a much
more effective bridging mechanism and permits the possibility of crack
growth monitoring [9]. Nevertheless, the difference in the thermal
expansion coefficient of normally used metals and composites leads to
tensile residual stresses being formed in the metallic structures, which
is detrimental for fatigue strengthening [3,10].

More advanced techniques have also been exploited to achieve
fatigue strengthening, such as cold spraying [11,12], wire arc additive
manufacturing [13]. In addition to the added material, added load
path, beneficial compressive residual stresses can be generated using
these methods, which can contribute to retard fatigue crack growth.
However, the generated compressive stresses are not sufficient to arrest
the crack growth, fatigue crack growth continues under cyclic loading
after repairing.

Complete fatigue crack arrest is not unattainable. In order to form
sufficient compressive stresses in cracked metallic structures so that
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the crack can be significantly retarded, or even completely arrested,
the prestressing technique has been exploited. Prestressing methods,
such as mechanically anchoring pre-tensioned carbon fibre reinforced
plastics (CFRP) strips [14], bonding CFRP patches with shape memory
alloy (SMA) wires embedded [15–18], mechanically anchoring iron-
based shape memory alloy (Fe-SMA) strips [19] and bonding Fe-SMA
strips [1], have been reported. Very promising results can be found in
open literature, Hosseini et al. [20,21] achieved completely crack arrest
with prestressed CFRP strips. Zheng and Dawood [16] reported that the
fatigue crack extension life can be extended as large as 26 times by
prestressing of hybridized SMA and CFRP patches.

The prestressed fatigue strengthening techniques have different
working mechanisms. Prestressed CFRP solutions involve pre-
tensioning CFRP strips prior to anchoring them to cracked metallic
structures, which requires hydraulic jacks and mechanical anchor-
ing [20]. The compressive stresses in parent structures are generated
thanks to the mechanism that anchored pre-tensioned CFRP strips tend
to spring back elastically. Anchoring pre-tensioned CFRP strips by using
adhesive bonding is not a conservatively safe solution as the bondline
at the patch tip is subjected to combined severely high prestressing and
external loading due to load transfer that can cause premature debond-
ing failure [22,23]. Consequently, a heavy and bulky clamping system
is normally required to safely anchor the pre-tensioned CFRP [24].
Modifications to the parent structure in such a solution are not subtle,
it is regarded to be more applicable for rigid metallic structures. In
addition, buckling of the parent structure due to prestressing also needs
to be considered when such a solution is applied [14]. For thin-walled
lightweight structures widely used in aerospace and automotive sectors,
application of such a prestressed solution is challenging.

Another prestressed solution relies on self-prestressing which takes
advantage of the shape memory effect (SME) of SMA. A pre-strained
SMA element tries to recover its original shape when heated to its
activation temperature, a so-called activation process, prestressing is
formed when the recovery deformation is constrained during the ac-
tivation process [25]. The difficulties associated with the prestressed
CFRP solution are circumvented in this method, i.e., no need for
the heavy jacks to keep reinforcing materials in tension during the
complicated anchoring process. Up to date, both NiTiNb-SMA wires
and Fe-SMA strips have been exploited to achieve self-prestressing for
fatigue strengthening of metallic structures [1,15,16,19,26,27]. The
NiTiNb-SMA wires need to be hybridized with fibre reinforced polymers
(FRP) to maximize its repair efficiency, nevertheless, no complete crack
arrest using this method has been reported [15,26]. It is noted that the
sophisticated hybridization of SMA wires and FRP is time consuming
and the NiTi-based SMA material is costly, limiting the vast application
of this solution.

An alternative self-prestressing solution is on the basis of the Fe-
SMA. Researchers at Swiss Federal Laboratories for Materials science
and Technology (EMPA) have recently developed an Fe-17Mn-5Si-
10Cr-4Ni-1(V,C) (mass %) SMA particularly for prestressing applica-
tions with high recovery stresses [28,29]. A recovery stress as high
as 360 MPa can be achieved when a prestrained Fe-SMA member is
constrained and activated [29]. Monolithic Fe-SMA can be directly
employed for fatigue strengthening as a result of its excellent me-
chanical properties, fatigue resistance capability and high recovery
stresses [1]. Numerous studies have been performed in order to study
the effect of prestressed Fe-SMA on fatigue strengthening, as summa-
rized in Ref. [25]. Ghafoori et al. [30] have studies the high-cycle
fatigue behavior of the Fe-SMA using constant life diagram method. Lee
et al. [31] have studied the effect of restraint condition on the recovery
stress of the Fe-SMA. Several activation methods have been employed
to activate the Fe-SMA for strengthening purpose, such as gas torch
activation method [32], electrical resistance heating (ERH) [19,27],
heat gun activation method [1], infrared heating irradiation activation
method [33]. The restraint condition and activation temperature are
2

identified to be the key to the prestressing level.
Wang et al. [1] has demonstrated that the bonded prestressed Fe-
SMA is feasible and highly effective in terms of retarding fatigue crack
growth. The prestressing of the Fe-SMA does not contribute to the
stress concentration of the adhesive bondline at the patch tip in this
solution owning to the fact that only the middle part of the Fe-SMA
patch over the crack in the parent structure is activated, preventing
premature debonding failure [1]. In comparison with the mechanically
anchored prestressed Fe-SMA solution, not only the repair efficiency is
increased by several times thanks to the combined synergistic effect of
the prestressing mechanism and bridging mechanism on fatigue crack
retardation, but also the bonding technique is preferred over the me-
chanical joining technique for thin-walled light-weight structures vastly
used in aerospace, infrastructure, maritime industries etc. A systematic
investigation on the surface preparation methods of the Fe-SMA has
been carried out to ensure the integrity of this bonded strengthening
solution as well [34]. Nevertheless, it is of great interest to achieve
complete crack arrest using this versatile fatigue strengthening solution.
To the best of the authors’ knowledge, it has not been reported in the
open literature that complete crack arrest is achieved using bonded
self-prestressed solutions.

The core to the widely accepted crack arrest methods, e.g., stop-
hole method, dual-alloy repair method, etc. is to remedy the stress
severity at the crack tip by removing the sharp crack tip and adding
an additional load path. In terms of adding an additional load path,
the bonded prestressed Fe-SMA repair method has the same pros and
cons of traditional methods. The essence of the proposed method is
to easily generate compressive stresses in the parent structures, which
significantly reduces the stress intensity factor at the crack tip without
removing the sharp crack tip. The great reduction in the stress intensity
factor can then reduce the crack growth rate or even completely arrest
the fatigue crack growth.

The objective of the paper is to substantiate the feasibility of achiev-
ing complete fatigue crack arrest using the bonded prestressed Fe-SMA
strengthening solution. The heating rate and activation temperature
are recognized to affect the restraint condition in the bonded Fe-SMA
solution, thus affect the prestressing level that can be achieved in the
system. This paper therefore studies for the first time the effect of dif-
ferent activation methods on the fatigue crack retardation using bonded
prestressed Fe-SMA repairs. The most promising activation method was
then exploited to achieve higher prestressing forces for complete fatigue
crack arrest. This paper details an extensive fatigue test campaign
carried out to study the factors affecting the crack retardation or even
crack arrest and discusses the test results and mechanisms of this
versatile fatigue strengthening solution. The developed versatile fatigue
strengthening solution and experimental results in this paper can be
further exploited by industrial sectors to substantially extend service
life of metallic structures already containing fatigue cracks.

2. Specimen manufacturing

Several materials and multiple techniques were employed to man-
ufacture specimens used in this research. A detailed explanation of
the specimen manufacturing is therefore essential. This section de-
scribes the specimen configuration, mechanical properties of involved
materials and specimen preparation.

2.1. Specimen configuration

The specimen configuration is illustrated in Fig. 1. A steel plate
containing a central notched crack is repaired on both sides by bonding
two Fe-SMA strips. The dimensions of the steel plate are provided
in Fig. 1. Notch preparation was conducted using electrical-discharge
machining (EDM) as per ASTM E 647-00 [35] at Empa. The inset shown
in Fig. 1 depicts the detailed dimensions of the notch. The specimen

was subjected to fatigue loading before bonding Fe-SMA to generate a
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Fig. 1. Schematic configuration of specimen with a central crack.
Fig. 2. Thermomechanical behavior of Fe-SMA [1].
precrack length of at least 1 mm [35]. The precracking procedure will
be described in detail in Section 3.2.

Two Fe-SMA patches of 𝑊 in width and 𝐿 in length were symmet-
rically bonded on both sides of the steel plate using structural adhesive
to study the effect of prestressing on the fatigue life extension. Only
the middle part of the Fe-SMA strips of length 𝐿𝑎𝑐 , the area over the
crack, were activated to generate compressive stresses around the crack
tip in the steel plate. 𝑊 , 𝐿 and 𝐿𝐴𝐶 are three variables studied in
this research work to achieve crack arrest with potentially the smallest
Fe-SMA patch size.

2.2. Fe-SMA

The thermomechanical properties of the Fe-SMA lay the cornerstone
of achieving fatigue crack arrest with the proposed solution. Conse-
quently, it is essential to understand the behavior of the Fe-SMA when
it is subjected to sequential mechanical loading and thermal stimulation
for activation. Fig. 2 shows the experimental stress–strain and stress–
temperature behavior of the tested Fe-SMA. The Fe-SMA material used
in this study is the same as in a previous study [1]. For more details,
one is referred to the previous work [1].

For clarity, the thermomechanical behavior of the Fe-SMA is de-
scribed step-wise. Firstly, the austenite phase, 𝛾, is stable in the pristine
Fe-SMA. A 2% prestrain at room temperature is normally applied
to the Fe-SMA in the rolling direction. As can be seen from Fig. 2,
the Fe-SMA initially exhibits linear behavior and pronounced non-
linear behavior starts after about 0.1% strain during the prestraining
process. The premature non-linear behavior is attributed to the forward
austenite-to-martensite (𝛾 → 𝜀) transformation [30]. This forward
transformation together with plastic deformation leaves a permanent
strain after complete unloading the Fe-SMA strip [28].

The strain of the Fe-SMA is kept constant during the activation
process, as shown in Fig. 2. To avoid compressive stresses due to
thermal expansion in the very beginning of the thermal activation
3

Table 1
Mechanical properties of the Fe-SMA.

E [GPa] 𝜎𝑦 [MPa] Thickness [mm]

Fe-SMA 180 401 1.5

process, a stress level of 50 MPa is applied to the Fe-SMA prior to the
activation. During the activation process, thermal expansion dominates
on the heating of the Fe-SMA and then SME prevails as temperature
increases. Correspondingly, the stress slightly decreases first and in-
creases once the SME dominates. During the cooling process, tensile
stresses continue to develop. The non-linearity at the end of the cooling
is attributed to the development of new martensite at a high stress
level [1]. As shown in Fig. 2, a higher activation temperature leads to
a higher recovery stress. It is noted that the contribution of activation
duration to the development of recovery stress is negligible.

Based on the tensile stress–strain relationship shown in Fig. 2, the
material properties of the Fe-SMA are summarized in Table 1. It is ob-
served from Fig. 2 that the non-linearity of the Fe-SMA starts for strain
values smaller than 0.2% owing to the forward phase transformation, so
the yield strength, 𝜎𝑦, is defined for the standard 0.01% yield strength
and the Young’s modulus is the slope of the curve for a strain value up
to 0.1%.

2.3. Steel

The steel plates of grade S355J2+N were utilized for the fatigue
test campaign. In total 6 tensile specimens of diameter 6.00 mm were
extracted from a steel plate and tensile tests were performed on these
specimens according to DIN EN ISO 6892-1:2019 [36] to obtain the
mechanical properties. The tensile stress–strain relationships for the
3 tested specimens in the rolling direction and the other 3 tested
specimens in the direction perpendicular to the rolling direction are
provided in Fig. 3 while the mechanical properties of the steel plates
are summarized in Table 2.
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Fig. 3. The stress–strain behavior of steel.
Table 2
Mechanical properties of the steel.

Specimen
direction

Elastic
modulus [GPa]

Yield stress
[MPa]

Ultimate
strength [MPa]

Rolling direction 205 ± 2.26 351.55 ± 1.21 513.06 ± 0.94
Perpendicular
direction

205 ± 1.58 353.71 ± 11.85 513.19 ± 2.43

2.4. Specimen preparation

The surfaces of the steel plate and the Fe-SMA patches have to be
carefully prepared in order to avoid premature debonding failure at
the interface between either adherend and the adhesive used. Based
on the preliminary study on the debonding failure behavior of bonded
Fe-SMA-to-steel joints [37], grit blasting of the steel surfaces and the
Fe-SMA surfaces before the application of Sika 1277 adhesive [38]
can already achieve cohesive failure. The same surface preparation
procedure is therefore adopted in this research project. Prior to grit
blasting, the surfaces were thoroughly cleaned by using white clothes
soaked with acetone to prevent contamination from spreading to the
fresh surfaces during the grit blasting process. A pressure of 8 bar was
adopted and 0.15–0.21 mm aluminum oxide was used to grit blast both
the steel and Fe-SMA surfaces. After grit blasting, the surfaces were
thoroughly cleaned again and the adhesive was applied within 2 h. The
Fe-SMA patch and the steel plate were joined together using Sika 1277
adhesive.

The curing of the bonded specimens was carried out in a climate
room at Empa laboratory at a controlled temperature of 23 ± 0.5 ◦C.
Weight was placed on the bonded Fe-SMA patches after joining the two
adherends to apply a pressure of roughly 0.003 MPa. The specimen was
left untouched in the climate room for 14 days in order for the adhesive
to be completely cured according to the technical data sheet [38].

The surface preparation and curing of the adhesive were repeated to
bond Fe-SMA patches on both sides of the steel plate. The activation of
the Fe-SMA was implemented after the adhesive layer was completely
cured.

2.5. Activation

Three different activation methods were utilized to activate the Fe-
SMA over the crack with the aim of investigating the effect of different
activation methods on the fatigue life extension. Fig. 4 shows the three
used activation methods, namely, heat gun (HG) activation, hot bonder
4

(HB) activation and gas torch (GT) activation. It is noted that the Fe-
SMA on both sides needs to be activated to avoid undesirable secondary
bending in this study.

The effect of the three different activation methods on the fatigue
life extension was studied by activating the same length of the Fe-SMA
patches of different specimens with the same configuration, as shown in
Table 3. The activated specimens were then subjected to fatigue loading
to reveal their fatigue crack growth behavior and corresponding fatigue
lives. The most effective activation method which resulted in the
longest fatigue life extension was further employed in combination of
larger Fe-SMA patches to achieve fatigue crack arrest. The fatigue test
procedure will be detailed in the next section while the procedure of the
different activation methods are explained concisely in this subsection.

A heat gun (model: Steinel HG2320E) was used to heat up the target
Fe-SMA and the temperature on the surface was monitored using a
infrared camera (model: Testo 885) in the HG activation method, as
shown in Fig. 4(a). Based on a previous study, it is crucial to paint the
Fe-SMA white beforehand in order to have an accurate measurement
of the temperature during the activation process [1]. The blowing hot
air with a preset temperature of 600 ◦C, almost the capacity limit of the
heat gun, was directed to a specific area until the temperature measured
by the infrared camera reached 160 ◦C and the area next to it was then
heated using the same technique. The area over the activation length,
𝐿𝐴𝐶 , was activated spot-by-spot in this manner manually. For more
details, one can refer to the previous study [1].

Fig. 4(b) depicts the hot bonder activation method. A hot bonder
(BriskHeat®ACR®3 Hot Bonder, USA) was employed to activate the
Fe-SMA, a heating blanket was placed over the area of Fe-SMA to be
activated and a vacuum bag was used to hold the heating blanket
against the Fe-SMA. Both the vacuum and the heating process were
controlled by the hot bonder. A vacuum pressure of 0.86 bar was
maintained during the activation process. Several type K thermocouples
that were attached to the Fe-SMA surface under the heating blanket
were connected to the hot bonder to monitor and control the temper-
ature using a built-in temperature controller. A ramp-up program at
the maximum capacity of the hot bonder was employed to heat up the
Fe-SMA to a target temperature of 160 ◦C as fast as possible. However,
the heating rate continued to decrease as the temperature increased as
a result of heat transfer in the specimen. In the end, the activation was
terminated when the measured temperature at the center of the Fe-SMA
reached about 155 ◦C.

The GT activation method, shown in Fig. 4(c), employed a camp
gas torch to activate the Fe-SMA to represent an easy on-site activation
process without electricity. This activation method is similar to the
HG method, flame instead of hot air in this method was directed to a
specific area of the Fe-SMA to be activated. White paint could be burned
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Fig. 4. Three different activation methods.
Table 3
Test matrix.
Specimen ID 𝐿 [mm] 𝑊 [mm] Activation method 𝐿𝐴𝐶 [mm] 𝑎𝑝𝑟𝑒 [mm]

Ref – – – – 1.64

N-L-NAa 500 50 – – 1.75
N-L-HG 500 50 HG 150 1.63
N-L-HB 500 50 HB 150 1.57
N-L-GT 500 50 GT 150 1.75

W-L-NA 500 120 – – 1.54
W-L-GT 500 120 GT 150 1.47
W-M-GT 250 120 GT 100 1.61
W-S-GT 120 120 GT 50 1.63

a NA refers to the not activated case.

out and it was not used consequently. The type K thermocouple was
employed to measure the temperature of a specific area immediately
after heating. The Fe-SMA was considered to be activated once the
measured temperature was over 160 ◦C. Compared to the HG method,
the GT activation method is rapid and the temperature that can be
reached is much higher. It is crucial to avoid overheating when this
method is used to prevent the introduction of damage to the bondline.

3. Fatigue test procedure

An experimental campaign was implemented in order to investigate
the effect of bonded prestressed Fe-SMA reinforcements on the fatigue
crack growth life extension. A number of specimens with different Fe-
SMA configurations were tested under fatigue loading. This section
therefore details the test matrix and test procedure.

3.1. Test matrix

Table 3 summarize the test matrix in this work. As discussed in
Section 2.1, the length, 𝐿, and width, 𝑊 of the Fe-SMA strips were
taken into consideration. The activation method and activation length,
𝐿𝐴𝐶 were also two key factors to consider. In total 9 specimens were
consequently tested. Fatigue test of the same specimen configuration
was not repeated owning to extreme time cost.

A coding system is employed to distinguish the specimens in this
study. The Ref specimen in Table 3 denotes a bare steel plate containing
a central notch that was tested to obtain the reference crack growth be-
havior. The rest of the specimens in Table 3 is further categorized into
two groups. The first group includes specimens reinforced with narrow
Fe-SMA strips and the second group includes specimen reinforced with
wide Fe-SMA strips.

As shown in Table 3, the specimens in the first group are coded
as 𝑁 − 𝐿 − 𝑋𝑋. 𝑁 and 𝐿 refer to narrow and long Fe-SMA strips.
The dimensions of the Fe-SMA are provided in Table 3. The last two
letters in the coding system indicate the activation method. NA refers to
the not activated case. This group of specimens with the same Fe-SMA
configuration were tested to study the influence of activation method
5

Fig. 5. Fatigue test setup.

on the fatigue crack growth life extension. The most efficient activation
method, i.e., the GT method, was chosen to activate the Fe-SMA of the
specimens in the second group.

The coding system for the second group is 𝑊 −𝐿∕𝑀∕𝑆 −𝑁𝐴∕𝐺𝑇 ,
where 𝑊 refers to wide Fe-SMA strips, 𝐿, 𝑀 and 𝑆 refer to long,
medium and short Fe-SMA strips. The dimensions are provided in
Table 3. It is of great desire to develop repair solutions which can
achieve crack arrest for structures with limited space to carry out
such repairs. Consequently, the width of the Fe-SMA repairs was kept
constant but the Fe-SMA length was reduced together the activation
length for the specimens in the second group. The specimens were then
tested to realize crack arrest with the smallest Fe-SMA size.

3.2. Pre-cracking

Fatigue pre-cracking was performed to form a sharpened crack tip
starting from the EDM notch shown in Fig. 1. Per-cracking serves for
two purposes: (1) to form a sharpened crack tip more representative
of a realistic crack tip formed in a structure owing to service loading;
(2) to minimize the effects of notch manufacturing on the subsequent
fatigue crack growth behavior during testing. The fatigue pre-cracking
in this research follows the recommendation in ASTM E 647-00 [35].
All the specimens were subjected to the same fatigue loading spectrum
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Fig. 6. Illustration of the fatigue spectrum and data processing.

to produce a minimum precrack length of 1.0 mm prior to bonding
Fe-SMA patches.

A detailed description of fatigue test is provided in the following
section. The difference between pre-cracking tests and fatigue tests lies
in the fatigue loading spectrum. The pattern of the fatigue loading spec-
trum used for pre-cracking is similar to the fatigue loading spectrum
used for fatigue tests, as shown in Fig. 6. It is noted that the maximum
cyclic force is 140.6 kN while the minimum cyclic force is 28.1 kN for
precracking. This loading corresponds to 𝛥𝜎𝑝𝑟𝑒 = 75 MPa with a ratio
of 𝑅𝑝𝑟𝑒 = 0.2. This fatigue loading of 50,000 cycles was followed by
the beach marking loading of 25,000 cycles with a maximum force of
140.6 kN and a ratio of 𝑅 = 0.6. The sinusoidal wave shape was used
and the loading frequency was 15 Hz. The beach marking technique
was adopted to facilitate locating the precrack tip. The beach marking
loading dose not advance the crack growth, it leaves a visible mark
of the crack front instead. In order to form a minimum precrack of
1 mm, the two alternating blocks of fatigue loading were repeated four
times, resulting in a total number of 20 000 cycles of 𝛥𝜎 = 75 MPa with
a ratio of 𝑅 = 0.2 applied to form a sharpened precrack [1,20]. The
resulting precrack lengths are summarized in Table 3. Slight scatter
in the precrack lengths can be observed, i.e., the precrack length is
1.62 ± 0.09 mm.

3.3. Fatigue test

The fatigue test set-up is shown in Fig. 5. The fatigue tests were
carried out on a computer-controlled servo hydraulic fatigue machine.
The specimen was clamped by two sets of wedge grips to a Walter +
bai testing frame (type: LFV 500-HH) with a 500 kN load cell (model:
GTM DR-F 500 kN). No external fatigue crack detection equipment,
such as high resolution cameras, digital image correlation system, was
employed to monitor the fatigue crack growth. Beach marking fatigue
loading spectrum was utilized to facilitate the fatigue crack growth
analysis instead. Constant amplitude fatigue loading spectrum was
used. To this end, the machine was tuned to obtain a proper set of PID
values for a given specimen configuration before running any fatigue
tests.

Fatigue crack growth can eventually fracture the specimen into two
halves and the crack surfaces with crack front marks can be exposed.
The fatigue loading spectrum together with the crack surfaces shown in
Fig. 6 are used to explain how the beach marking technique works. The
loading spectrum consists of two alternating blocks of cyclic loading.
The maximum cyclic load of 140.6 kN is always the same while the
minimum cyclic load values are different. As shown in Fig. 6, the
loading with a minimum cyclic load of 7 kN was employed to advance
the fatigue crack growth. The ratio of this block of loading is 𝑅 = 0.05.
6

𝛥𝑁1 = 50,000 was used. The beach marking loading spectrum with
𝑅 = 0.6 and 𝛥𝑁2 = 25,000 was employed to form a visible mark on
the crack surface after complete failure of the specimen. The sinusoidal
wave shape and a loading frequency of 15 Hz were used as well.

It is noted that a stress ratio of 𝑅 = 0.2 was used previously for
fatigue crack growth [1]. It is argued by the authors that the compres-
sive stresses generated by the bonded and prestressed repair solution
mainly changes the stress ratio instead of changing the effective stress
intensity factor range of the crack tip [1]. As a result, the fatigue crack
growth life enhancement of this bonded and prestressed Fe-SMA repair
is not pronounced. When the stress ratio is changed to 𝑅 = 0.05, as the
case in this research, the prestressing effectively shifts the lower part of
the applied tensile stress range to negative. Meanwhile, the maximum
cyclic stress is also reduced. Consequently, the effective stress range and
thus the effective stress intensity factor range experienced by the crack
tip after being strengthened is fairly reduced. 𝑅 = 0.05 was therefore
chosen for this fatigue test campaign.

The fatigue test stopped once the steel plate was completely cracked.
The specimen was not removed from the fatigue machine immediately
as the bonded Fe-SMA patches on both side of the steel plate still joined
the two half steel plates. Quasi-static loading was subsequently applied
to pull-off the bonded Fe-SMA patches using the fatigue machine.
The crack surfaces and the Fe-SMA-to-steel interfaces could then be
examined.

Postmortem of the specimen after each fatigue test was performed to
attain the crack growth behavior and the bondline failure mechanism.
As shown in Fig. 6, a photo of the crack surfaces with a ruler placed
above was taken using a 4MP single lens camera. An image processing
toolkit ImageJ was used to post-process the images to obtain the crack
lengths vs cycles data. The ruler scale was utilized to calibrate the pixel
size of the photo and the number of pixels between two given points on
the photo could be counted and then the distance can be determined
by ImageJ. The distance between the notch tip and a beach mark close
to the steel surface was measured. For a given fatigue life, two beach
marks could be found on both sides of the initial notch. Four crack
lengths were averaged to estimate the crack length. A series of crack
lengths corresponding to a fatigue life interval of 𝛥𝑁1 = 50,000 could
be obtained.

Photos of the damaged surfaces of the bondline between Fe-SMA
patches and steel plates were also taken. The morphology of the dam-
aged bondline due to fatigue loading is distinguishable from that due
to quasi-static loading [1]. The fractography analysis could reveal the
influence of different activation methods on the integrity of bonded
Fe-SMA joints subjected to fatigue loading.

4. Results and discussion

The fatigue life extension results and corresponding fatigue crack
growth behavior are summarized and analyzed in this section.

The fatigue life extension results are categorized into two groups.
The first group exams the influence of the activation methods on the
fatigue life extension, their results are summarized in Table 4. The
second group exams the feasibility of using small patch sizes to achieve
crack arrest, see Table 5. The ratio in the table indicates the fatigue
crack growth life ratio between the strengthened specimen and the
reference specimen.

As can be seen from Table 4, the activated narrow and long Fe-
SMA strips could significantly increase the fatigue crack growth life,
but the crack indeed propagated under fatigue loading and cracked the
steel plate in the end. Complete fracture of the fatigue strengthened
steel plate using narrow and long Fe-SMA configuration was just a
matter of time. On the other hand, it shows that the GT activation
method resulted in the highest fatigue life extension ratio. The fatigue
life extension results of the HG and HB methods are similar.

The crack growth behavior of the tested specimens are analyzed
to further deepen the understanding of the prestressing impact on the
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Table 4
Fatigue life extension results of narrow Fe-SMA repairs.
Specimen ID 𝐿𝑆𝑀𝐴 [mm] 𝑊𝑆𝑀𝐴 [mm] Activation 𝐿𝐴𝐶 [mm] 𝑁 [106 cycle] Ratio

Ref – – – – 0.48 –
N-L-NA 500 50 – – 1.47 3.1
N-L-HG 500 50 HG 150 1.69 3.5
N-L-HB 500 50 HB 150 1.88 3.9
N-L-GT 500 50 GT 150 3.33 6.9
Fig. 7. Three different activation methods.
Table 5
Fatigue life extension results of wide Fe-SMA repairs.
Specimen ID 𝐿𝑆𝑀𝐴 [mm] 𝑊𝑆𝑀𝐴 [mm] Activation 𝐿𝐴𝐶 [mm] 𝑁 [106 cycle] Ratio

Ref – – – – 0.48 –
W-L-NA 500 120 – – 2.4 5
W-L-GT 500 120 GT 150 7.1 14.8
W-M-GT 250 120 GT 100 Inf Inf
W-S-GT 120 120 GT 50 Inf Inf
fatigue crack retardation. Figs. 7(a) and 7(b) show the a-N and da/dN-
a data of the listed specimens in Table 4 respectively. For the fatigue
strengthened specimens, the bridging and/or prestressing reduced the
loading experienced at the crack tip such that the beaching marking did
not leave visible marks for the commencing part of the fatigue crack
growth. As the crack propagated, the loading at the crack tip increased
and the marks due to beach marking were visible again. The crack
growth behavior for crack lengths having visible marks is presented in
Fig. 7.

As can be observed from Fig. 7, the crack growth in the bare steel
plate is rapid, after initial slow crack growth for several millimeters,
the crack growth rate soars up. Bonding non-activated Fe-SMA can
reduce the fatigue crack growth rate significantly for the crack growth
underneath the Fe-SMA. This reduction in the fatigue crack growth rate
is due to the bridging mechanism provided by the bonding technique.
Nevertheless, the crack growth rate dramatically increases once the
crack tip grows beyond the Fe-SMA edge, which is attributed to the fact
that the bridging mechanism is not effective anymore when the crack
tip is away from the bridging Fe-SMA. This phenomenon is consistent
with the crack growth behavior in fibre metal laminate [39].

In addition to the bridging mechanism, the activation of the Fe-
SMA could generate compressive stresses in the cracked steel plate,
which further retards the fatigue crack growth. As can be seen from
Table 4, the prestressed and bonded Fe-SMA patches consistently lead
to longer fatigue crack growth life. Compared to the non-activated
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case, the HG and HB activation methods lead to 14.97% increase and
27.89% increase in the fatigue crack growth life respectively. As can
be observed from Fig. 7, the crack growth rates of these two activated
specimens are slightly smaller than that of non-activated specimens
when the crack tip is underneath the Fe-SMA patch, once the crack
tip is beyond the edge of the Fe-SMA patch, these specimens exhibit
highly similar crack growth behavior. It is unfortunate that the crack
growth behavior of the commencing part is not available with the beach
marking technique. However, it can be observed from Fig. 7(a) that
prestressing retard the fatigue crack growth more effectively when the
crack length is smaller.

For the GT activated case, the impact of prestressing on the crack
growth retardation is much more pronounced, the fatigue crack growth
life is twice as much compared to the life of the non-activated case. As
can be observed from Fig. 7, not only the growth rate is the lowest when
the crack tip is underneath the Fe-SMA patch, but also tremendous
retardation effect can be observed when the crack tip grows beyond the
patch edge. The highly desirable fatigue crack retardation is attributed
to an adequate prestressing level generated by using the GT activa-
tion method. Compared to the other two activation methods, the GT
activation method could reach a higher temperature instantly without
heating up the steel plate and damaging the adhesive layer. Please
refer to the postmortem analysis of the bond-line shown in Fig. 10
for more information. Consequently, the promising results motivated
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Fig. 8. Postmortem of W-M-GT specimen.
Fig. 9. Postmortem of W-S-GT specimen.
the synergistic combination of the GT activation method and wide Fe-
SMA patches to achieve fatigue crack arrest, leading to the fatigue test
campaign of the second group of specimens.

The fatigue test results for the second group of specimens are
summarized in Table 5. As can be seen, it is feasible to achieve
complete fatigue crack arrest using the bonded prestressed Fe-SMA
patches. Strengthening the cracked steel plate with wider Fe-SMA
patches without the prestressing effect is more efficient in terms of
retarding the fatigue crack growth in two ways: (1) more stiffness is
added and consequently the loading experienced by the crack tip is
less; (2) the bridging mechanism is effective and continues to reduce
8

the stress intensity factor at the crack tip for a much longer crack. The
fatigue life results of W-L-NA confirmed the beneficial effect of bonding
wide instead of narrow Fe-SMA on retarding the fatigue crack growth,
a fatigue crack growth life of 2.4 million cycles was achieved.

The fatigue crack growth lives are tremendously increased for the
specimens with activated wide Fe-SMA. The fatigue test was ceased
after 1 ∗ 107 cycles for specimens W-M-GT and W-S-GT, no signs
of crack increment were found for these two specimens. To reveal
the fatigue behavior of these two bonded and prestressed specimens,
another fatigue loading spectrum shown in Figs. 8 and 9 were applied.
The postmortem images of these two specimens are also provided. As
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Fig. 10. Postmortem of bondline.
can be seen, the prestressed and bonded Fe-SMA repair solution arrests
the fatigue crack growth under the fatigue loading spectrum shown in
Fig. 6. After applying the fatigue loading depicted in Fig. 8, the crack
starts to grow symmetrically on both sides, three marks due to the
beach marking loading can be observed on the crack surface. In total
201,000 cycles of fatigue loading with 308 kN (205.3 MPa) maximum
load and R = 0.05 were applied to completely fracture the reinforced
steel plate.

Fig. 9 shows the postmortem image of the crack surface of W-S-
GT specimen, 1.7 mm crack propagation can be observed on one side
of the specimen under the loading spectrum shown in Fig. 6. The
crack growth behavior exhibits asymmetry, which is associated with the
difference in prestressing generated by the manual activation method
on both sides. Nevertheless, the average crack growth is smaller than
1 ∗ 10−10 m/cycle, implying that the stress intensity factor range is
smaller than the threshold and crack arrest is achieved [35]. When the
fatigue loading as depicted in Fig. 9 was applied, the crack started to
grow. Compared to the W-M-GT specimen, the crack grows faster in
W-S-GT and 150,000 cycles of fatigue loading were applied to crack
the prestressed reinforced steel plate. The shorter fatigue crack growth
life in specimen W-S-GT is mostly attributed to the short patch length
in comparison to the W-M-GT specimen. According to the study in
Ref. [37], the effective bond length of Fe-SMA bonded joints using Sika
1277 is 115 mm. The crack tip of W-S-GT can be more loaded than
that of W-M-GT due to this reason. In addition, the prestressing level
in W-S-GT might also be slightly smaller than that in W-M-GT.

Contrary to the crack arrest achieved in W-M-GT and W-S-GT spec-
imens, it is not the case for W-L-GT. Interestingly, the patch length is
much longer than the effective bonding length. No crack arrest in this
specimen therefore is attributed to a lower prestressing level achieved
in W-L-GT than those in W-M-GT and W-S-GT. It is a clear evidence
that there are scatters in the prestressing level that can be achieved by
using the manual gas torch activation method. Even though crack arrest
is not achieved in this specimen, the fatigue crack growth life extension
is tremendous, a ratio of 14.8 is achieved as a result of the desirable
prestressing effect. It becomes evident that increasing the width of
the Fe-SMA patch increases the prestressing forces counteracting the
applied loading. The bonded prestressed Fe-SMA strengthening solution
arrests fatigue cracks when the prestressing forces developed are high
enough.

In addition to the analysis of the crack growth behavior, it is also
of great interest to analyze the bondline failure behavior under fatigue
loading. Fig. 10 shows typical fractographic images of bondline of
representative specimens after the removal of the Fe-SMA patches. It
is possible to distinguish the debonding due to fatigue loading from
the quasi-static loading, fatigue debonding of the bondline exhibit
smoother surface as a result of repetitive friction [1]. As can be seen,
debonding due to fatigue loading in W-L-NA and W-L-GT is marginal. It
justifies that the gas torch activation does not deteriorate the mechan-
ical properties of the adhesive used. Furthermore, the marginal fatigue
debonding in these specimens implies that the bridging mechanism
does not weaken during the course of fatigue crack propagation. For
specimen W-M-GT, evident fatigue debonding can be observed. How-
ever, it is noted that this fatigue debonding is due to the much more
severe loading shown in Fig. 8.
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5. Conclusions and recommendations

The self-prestressing feature of the Fe-SMA thanks to the SME
makes the bonded prestressed Fe-SMA strengthening solution versatile
for different metallic structures suffering from fatigue cracking. This
paper presents a systematic experimental endeavor to achieve complete
fatigue crack arrest in metallic structures using bonded and prestressed
Fe-SMA repairs. The experimental results reveal that the developed
prestressing forces can be tailored by using different activation methods
in combination with Fe-SMA sizes. The prestressing forces required to
arrest fatigue cracks in metallic structures can be realized to this end.

For specimens reinforced by bonding Fe-SMA strips of width 50 mm,
the gas torch activation method, representing an easy on-site activation
approach, was found to be the most effective. This activation method
can realize the highest instant temperature in the Fe-SMA than other
two activation methods studied, leading to the highest prestressing
level and thus tremendous fatigue crack growth life extension. The
results show that the fatigue crack growth life was extended by 6.9
times. The developed high prestressing forces continues to greatly
retard the fatigue crack growth when the crack tip is beyond the Fe-
SMA patch edge. These findings inspired the authors to combine this
activation method with Fe-SMA patches of width 120 mm to arrest
fatigue crack growth. The experimental results substantiate that the
bonded prestressed Fe-SMA solution is able to arrest fatigue cracks in
metallic structures. The GT activation method does not deteriorate the
mechanical performance of the bondline, but results in high enough
prestressing forces so that the fatigue crack is stopped from growing. A
small Fe-SMA path configuration as short as 120 mm with an activation
length of 50 mm was also tested, complete fatigue crack arrest is
achieved as well.

This paper shows the great potential of the bonded prestressed
Fe-SMA strengthening solution. Nevertheless, it is noted that more in-
depth research is needed to advance this highly efficient strengthening
technology. Further study should focus more on the development of
analysis tools to reveal the relationship between the bond integrity
and the capability of developing prestressing level in the system. The
developed analysis tools can then be used to maximize the potential of
this repair solution and to analyze possible failure mechanisms of this
repair system subjected to very severe loading cases.
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