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Abstract: Active materials have gained increasing momentum during the last decades due to their
ability to act as sensors and actuators without the need for an external controlling system or an
electronic signal. Shape memory alloys (SMAs), which are a subcategory of active materials, are
slowly being introduced in the civil engineering sector in applications that refer to prestressing and
strengthening of various structural elements. Low-cost iron-based SMAs are a good alternative to the
Ni-Ti SMAs for such uses since the cost of large-scale civil engineering applications would otherwise
be prohibitive. The scope of this study is the investigation of the thermomechanical response of
the Fe-17Mn-5Si-10Cr-4Ni-1(V,C) ferrous SMA. In particular, this study focuses on the application
of prestress, and on the alloy’s behavior under fatigue loadings. In addition, the effect of loading
frequency on the recovery stress of the material is thoroughly investigated. Four dog-bone specimens
were prepared and tested in low-cycle fatigue. All the experiments aimed at the simulation of
prestress. The recovery stress was monitored after pre-straining and heating applied under strain–
control conditions. The experimental results are promising in terms of the is situ prestress feasibility
since the measured recovery stress values are satisfactory high.

Keywords: ferrous shape memory alloys; prestress; recovery stress; relaxation; thermomechanical
behavior; fatigue; active materials; low-cost SMAs; civil engineering applications

1. Introduction

According to Lagoudas [1], shape memory alloys (SMAs) are a unique class of shape
memory materials with the ability to recover their shape when the temperature is increased
or, under specific conditions, upon cyclic loading. SMAs are categorized as active ma-
terials due to their ability to recover strain under stress. Other active materials include
piezoelectric and magnetostrictive materials [2]. Due to these attributes, SMAs have been
employed as actuators in multiple fields, such as the aerospace and automotive industry;
however, they have also been used for biomedical applications, for instance, in orthodontic
wires. Ni-Ti alloys are the most popular in these fields. However, their cost is restrictive
for civil engineering applications. Iron-based SMAs are an alternative to this issue. Some
civil engineering applications include prestressing, vibration dampening, strengthening
and actuation.

1.1. Shape Memory Effect

Shape recovery takes place upon transformation between two distinct crystal phases
that exist on the microstructure of SMAs: austenite and martensite. These two phases differ
in both properties and microstructure.

Austenite has typically a cubic structure, while martensite has a structure of lower
symmetry. Martensitic transformation is a diffusionless and displacive first-order phase
transition driven by stress and/or temperature. The transformation from austenite to
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martensite is called forward, while the opposite from martensite to austenite is known as
reverse transformation.

Martensite is present between Mf and Ms, which are typically low, while austenite
can be found between As and Af, which are relatively higher temperatures. These four
temperature thresholds create the thermal boundaries of the two phases. Martensite forma-
tion can be caused by either thermal or mechanical loading. Thus, it can be categorized
into two groups, thermal martensite and stress-induced martensite (SIM), respectively [3].
The phase transformation process during monotonic loading is presented in Figure 1, as
obtained from Zhang et al. [4].
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1.2. Brief Introduction to the Iron-Based SMAs (FeSMAs)

Since Sato et al. discovered that a small Si addition to the chemical composition of an
Fe-Mn alloy enhances the shape memory effect [5,6], many iron-based alloys have been
developed. Various chemical compositions have been formed, such as Fe-32Mn-6Si by
Murakami et al. [7], Fe-28-Mn-6Si-5Cr, Fe-20-Mn-5Si-8Cr-5Ni and Fe-16-Mn-5Si-12Cr-5Ni
by Otsuka et al. [8,9].

Tsuzaki et al. [10] proved that adding carbon on an Fe-Mn-Si system strongly en-
hances the shape memory effect. Many researchers have also demonstrated that austenite
can be strengthened through the addition of microparticles, such as niobium and nitro-
gen [11–13]. The shape recovery percentage of iron-based SMAs is significantly affected
by both the addition of carbon and the subsequent aging process, as Wen et al. [14] and
Farjami et al. [15] indicate.

Aside from these additions in the chemical composition of the alloys, thermomechani-
cal training is also employed to achieve an optimal shape memory effect. The main essence
of training an alloy, through various thermomechanical processes, is the enhancement of
its mechanical properties. Otsuka et al. [16,17] introduced the term “training” and many
researchers continued to examine the topic, proving that these thermomechanical sequences
vastly expand the alloys’ shape memory potential [18–21].

These are all very significant findings that have been thoroughly investigated through-
out the years and have made the industrial production of iron-based SMAs possible.

1.3. Fatigue Behavior of Iron-Based SMAs under Mechanical Loading

According to Zhang et al. [4], Sawaguchi et al. [22,23] were the first to discover the
material’s energy dissipation prospects in 2006. Following these findings, Nikulin et al. [24]
discovered that chemical composition plays a major role in fatigue life. It was then
demonstrated that silicon presence has a significant impact on fatigue life [25]. In 2021,
Fang et al. [26] investigated iron-based SMAs in low-cycle fatigue for strain rates that
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ranged from ±1% to ±9% and proved that the alloys’ behavior under fatigue could pro-
foundly outperform the steel alloys’ response [26].

A significant amount of research has been conducted since 2006 referring to Fe-Mn-Si
systems’ fatigue response in mechanical loading and energy dissipation potential. Among
many researchers, particularly Nikulin, Sawaguchi et al. [27–30], have covered a wide
variety of topics, which include microstructural investigations, strain amplitude effect, de-
formation temperature effect, composition percentages impacts and many more. A compre-
hensive literature review that covers many studies on fatigue is provided by Zhang et al. [4].
Nonetheless, thermomechanical tests and phase transformation sequences have not been
extensively investigated on iron-based SMAs. The present study caters to this exact need,
attempting to add more material to the existing literature referring to the implications of
low-cycle fatigue on the recovery stress that is required during prestress applications.

1.4. Civil Engineering Applications

Iron-based SMAs are used in civil engineering applications during the past decade,
in uses relevant to prestressing and strengthening; however, they are also used as energy-
dissipating components in seismic damping [26]. Recent advances in additive manufac-
turing, generally regarding SMAs [31] and particularly focusing on iron-based SMAs [32],
could enhance the material’s response and facilitate its incorporation on the field.

In 2016, Shahverdi et al. [33,34] investigated the behavior of concrete beams reinforced
with prestressed iron-based SMAs. Following this investigation, further research has con-
firmed the alloys’ successful use as a prestressing or strengthening component [35–37]. On
the topic of finite element modeling, few researchers have dealt with the structural simula-
tion of iron-based SMAs. Although there has been extensive investigation on modeling
NiTi SMAs, these constitutive models are not quite applicable on Fe-SMAs, since their
thermomechanical behavior differs substantially. Khalil et al. [38] have developed a consti-
tutive model, based on previous works of the relevant literature, that described Fe-SMAs’
nonlinearities and phase transformation process, which was also implemented into Abaqus
software [38]. Following this attempt, some researchers further examined the material’s
modeling towards finite element structural analysis, among which are Abouali et al. [39],
who modeled the behavior of prestressed Fe-SMAs used as a reinforcement in a concrete
structural element.

2. Materials and Methods

The iron-based shape memory alloy that was used for this study is the Fe-17Mn-5Si-
10Cr-4Ni-1(V,C) (mass%), as-received, without any additional treatments or thermome-
chanical training. The specimen geometry was chosen to be of dog-bone shape, and the
dimensions are displayed in Figures 2 and 3. All the specimens were cut from an SMA strip.
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Figure 3. Specimen dimensions (mm).

The austenite start (As) and finish (Af) threshold values for each phase of the alloy
were obtained from experiments conducted by the research group of the Laboratory of
Experimental Strength of Materials and Structures, as depicted in Figure 4.
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Figure 4. Austenite start and finish range.

The Instron 596 tensile testing machine was employed for the thermomechanical tests,
as shown in Figure 5. The Instron machine contains an integrated dynamic load cell with a
capacity of 50 kN, while its operating system is the Bluehill software data acquisition system.
During the mechanical loading tests, the strain evolution was monitored using a clip-on
extensometer with a gauge length of 50 mm. The thermomechanical tests, which employed
displacement control, were monitored through the Bluehill system. The thermal cycles
were conducted using a custom-made induction heating and air-cooling machine, which
is also shown in Figure 5. The machine was programmed and manufactured internally
in the laboratory for the scope of the thermomechanical experiments performed by the
research team.
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2.1. Tensile Test Procedure

During prestressing, SMA tendons are expected to generate compressive stresses,
adequate for the purpose of balancing out the impact tensile stresses have on concrete
members. SMA tendons can vastly facilitate on-field pre-stressing: being already in a
prestressed state, the sole remaining process to be conducted in situ would be heating,
which would enable the activation of the shape memory effect; thus, producing the required
recovery stresses. SMAs would therefore eliminate many of the common disadvantages
that emerge from the mechanical pre-tensioning process.

The test profiles were based on the tensile and fatigue tests conducted by Ghafoori
et al. [40]. The test profile is presented in Figure 6. Three initial experiments were performed
in order to characterize the mechanical properties of the alloy. The yield and ultimate
strength and strain were acquired through this process. Strain was monitored using
an extensometer and the displacement values were recorded directly through Instron’s
software. Simultaneously measuring strain and displacement was crucial in order to record
the correlation between the two values and subsequently use it for calibration (this is
explained more thoroughly in the following sections).
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Figure 6. Cyclic loading path [40].

One standard tensile test (S1), along with two loading–unloading sequences with
target strains of 2% and 1.6% (S2 and S3), were conducted. Figure 7 presents the tensile
tests results. The experiments were performed using strain–control under a strain rate of
0.15%/s, as obtained from the literature [40].
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Different target strains were employed throughout the tests, aiming to examine how
the thermomechanical response of the alloys varies in relation to this change. Altering the
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pre-strain values has a practical purpose in civil engineering applications. During on-site
prestressing, it is challenging to acquire a high level of precision. Thus, a target pre-strain
of 2% might eventually turn out to be 1.6%, 1.8% or 2.2%. Given this fact, the research team
decided to employ varying pre-strain values. The concept of the unstable test parameters is
further illustrated in the following sections.

S1 was the first specimen to be tested. Figure 8 presents the stress vs. strain curve
derived from the uniaxial tensile test of S1, up to 9.5% strain. Following this experiment,
S2 was tested up to 1.6% strain; and S3 was tested in two increments, firstly up to 1% and
subsequently up to 2% strain (see Figure 7).

Materials 2023, 16, x FOR PEER REVIEW 6 of 15 
 

 

results. The experiments were performed using strain–control under a strain rate of 
0.15%/sec, as obtained from the literature [40]. 

Different target strains were employed throughout the tests, aiming to examine how 
the thermomechanical response of the alloys varies in relation to this change. Altering the 
pre-strain values has a practical purpose in civil engineering applications. During on-site 
prestressing, it is challenging to acquire a high level of precision. Thus, a target pre-strain 
of 2% might eventually turn out to be 1.6%, 1.8% or 2.2%. Given this fact, the research 
team decided to employ varying pre-strain values. The concept of the unstable test pa-
rameters is further illustrated in the following sections. 

S1 was the first specimen to be tested. Figure 8 presents the stress vs. strain curve 
derived from the uniaxial tensile test of S1, up to 9.5% strain. Following this experiment, 
S2 was tested up to 1.6% strain; and S3 was tested in two increments, firstly up to 1% and 
subsequently up to 2% strain (see Figure 7). 

 
Figure 7. Stress vs. strain curve, specimens S1–S3. 

 
Figure 8. Stress vs. strain curve up to 9.5%, specimen S1. 

2.2. Low-Cycle Fatigue Test Procedure 
The fatigue test profiles and loading protocols were also based on the literature [40]. 

The aim of this test setup is to investigate the recovery stress generation, while strain is 
monitored. The applied loading path is presented in Figure 6. 

Various researchers have already dealt with strain recovery formation; however, 
there are few studies referring to the recovery stress. In civil engineering applications, the 
recovery stress is highly significant since when prestressing a member, the emphasis is 

0

100

200

300

400

500

600

700

0 0.5 1 1.5 2

St
re

ss
, σ

(M
Pa

)

Strain, ε (%)

S1 S2 S3

0

200

400

600

800

0 2 4 6 8 10

St
re

ss
, σ

(M
Pa

)

Strain, ε (%)

S1 - up to ε = 9.5%

Figure 8. Stress vs. strain curve up to 9.5%, specimen S1.

2.2. Low-Cycle Fatigue Test Procedure

The fatigue test profiles and loading protocols were also based on the literature [40].
The aim of this test setup is to investigate the recovery stress generation, while strain is
monitored. The applied loading path is presented in Figure 6.

Various researchers have already dealt with strain recovery formation; however, there
are few studies referring to the recovery stress. In civil engineering applications, the
recovery stress is highly significant since when prestressing a member, the emphasis is
given to the maximum stress that a tendon can produce. SMAs offer the possibility of a
new prestressing technique that is simpler and easier to conduct on field.

In addition to calculating the amount of recovery stress that can be generated, estimat-
ing how well SMAs tendon can perform over time and under cyclic loadings is equally
substantial for prestressing applications. The tendon will most likely experience fatigue
since it is expected to receive various additional live loads and potentially even seismic
loads. Measuring the relaxation that occurs during low-cycle fatigue loadings is, therefore,
essential to determine the applicability of SMAs in this configuration.

Three variables that directly influence material behavior on fatigue are considered
in the tests: loading frequency, level of pre-strain and limit stress target value. These
parameters are variable in each test. The deviations aim to simulate the conditions of
on-field prestressing, where the level of precision is most likely lower than in a laboratory
setup. Each parameter is briefly highlighted below:

Loading frequency: Four different frequencies are examined: 0.5, 1, 2 and 4 Hz, which are
imposed on the samples C1, C2, C3 and C4, respectively.
Level of pre-strain: Pre-strain values are denoted as εr in Figure 8. For the present study,
pre-strain values of 1.85%, 1.80%, 1.90% and 2% were imposed on the specimens C1, C2,
C3 and C4, respectively.
Limit stress target value: Thermal expansion, which occurs at the beginning of the heating
process, induces stress drop [40]. In order to avoid the formation of compressive stresses
during that phase, setting a lower stress limit is practical. While Ghafoori et al. [40] employ
a stable lower limit of 50 MPa, the present study uses four different ones: 125, 70, 120 and
150 MPa on samples C1, C2, C3 and C4, respectively.
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Due to testing configuration limitations, strain control was not feasible. As can be seen
in Figure 5b, the induction heating coil that is used for the thermal cycles poses a practical
restriction for the positioning of the extensometer. Similarly, a strain gauge would be useless
in such an application since the high temperatures would affect the measurements. Thus,
after careful strain-to-displacement calibration was conducted through the tensile tests,
displacement control was performed. However, all the results were carefully converted
and presented in strain values for the purpose of comparability.

The detailed cyclic test profile loading pattern for all four of the specimens is presented
in Figure 8, as obtained from Ghafoori et al. [40]. Both tensile loading and unloading were
performed at a strain rate of ε = 0.075%/s. After reaching the target pre-strain, the specimen
is unloaded. Both loading and unloading, paths 1 and 2 of Figure 8, respectively, take
place at room temperature. The subsequent step (path 3 of Figure 6) is heating. The
specimen is heated at 160 ◦C and then, cooled back to room temperature (path 4). After
reaching room temperature, the strain is kept constant for 15 min in order to monitor any
potential stress relaxation. According to findings in the literature, [40], this hold time is
sufficient for the most part of the relaxation to occur. Stress relaxation is attributed to creep
phenomena [40,41].

Following the end of the hold time, 10 low-frequency cycles were performed at the
same strain range, 0.04%; however, they were performed at different frequencies. After
the cyclic loading, all the specimens were subjected to an increasing tensile load (again,
through displacement control), with the ultimate target strains being the initial pre-strain
values of each specimen.

3. Results
3.1. Tensile Tests

The results of the three initial experiments are presented in Figure 7. All three of these
tests were performed at room temperature. According to the recorded data, the standard
0.01% and 0.2% strength of the material are 175 and 510 MPa, respectively. For the purposes
of this study and in accordance with the literature [40], two limits are investigated: the
0.01% stress, as a limit of proportionality; and the limit stress that corresponds to 0.2%
strain. This consideration is further explained in the following section.

S1 was tested first and produced an ultimate tensile strength of 1066 MPa. Specimen
S2 was loaded until a pre-strain of 1.6%, which will be a target strain for the cyclic tests. It
was observed that the stress recovers from 1.6% to almost 1%. Specimen S3 was loaded
in two increments in order to determine if the loading–unloading and reloading sequence
influences the stress that corresponds to 2% strain. According to the experiments, there
is only a slight deviance of approximately 5%, which is considered negligible. From this
experiment, it was also concluded that for a target strain of ε = 1% and ε = 2%, the recovered
strain is equal to 0.65% and 1.5%, respectively. It can also be observed that the slope of the
curve changes at approximately 300 MPa due to phase transformation.

3.2. Low-Cycle Fatigue Tests

The results of the fatigue tests are displayed in Figure 9a–c. Figure 9a is the stress–
strain graph for each specimen, plotted with the stress–strain curve of S1, which serves as a
reference. After the completion of the loading–unloading path, significant recovery stresses
are generated, ranging from 265 to 275 MPa. However, this is attributed to both SME
and thermal contraction. Upon heating and until 100 °C, thermal expansion is prevalent;
therefore, the monitored stress drops at the beginning of the thermal cycle. Once this
temperature is exceeded, SME becomes the governing factor; thus, stress starts to increase.
As soon as the cooling phase is initiated, thermal contraction further increases the stress.
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After the thermal cycle is finished, an initial recovery stress is recorded, which is
denoted as σr in Figure 5. The hold time between the thermal and the mechanical loading
cycles ensures that stress relaxation is allowed to take place. The subsequent mechanical
loading begins from the reduced recovery stress, σmin (see Figure 5). In Figure 9b, it is
evident that each frequency has a different effect on the SMA’s behavior.

4. Discussion
4.1. Tensile Tests

Detecting an exact yield point is a challenging and uncertain procedure that has
already been a matter of discussion in the relevant literature. According to Lee et al. [42]
and Khalil et al. [43], there are two mechanisms taking place upon loading that complicate
the detection of a clear yield stress. Khalil et al. [43] denote two different yield limits, one
that occurs due to the activation of stress-induced martensite and another that relates to
plasticity. The interaction of these two mechanisms complicates the identification of the
precise point where plasticity begins to take effect.

Temperature should also be considered since these two limits are not stable to tempera-
ture variations. Additionally, the stress–strain curve’s slope varies at different temperatures.
Khalil et al. [43] have produced a series of explanatory graphs and tables that clarify the
interaction between the two mechanisms at various temperatures. They report which
mechanism is prevalent for each temperature.

According to the literature, the material’s unloading behavior is not linear, as would be
expected according to Hooke’s law. The nonlinearity of the unloading curve demonstrates
an amount of pseudo-elasticity. The present study’s outcomes are in good agreement with
the literature. This behavior is demonstrated by the change of slope in the unloading curves
of specimens S2 and S3, presented in Figure 6.

The following paragraphs discuss the major findings of the present research. The
adopted loading protocol is chosen from the literature for comparison purposes, taking
under consideration the fact that there is a lack of an official testing standard (ASTM or
EN) for this type of test (thermomechanical fatigue tests for Fe-SMAs). The investigated
parameters are different from the ones reported in the past; thus, they increase the density
of the experimental results concerning Fe-SMAs. The different heating rate, loading rate
and pre-stress range that are applied are the basic parameters that are discussed hereafter
and compared with the literature.

4.2. Low-Cycle Fatigue Tests

Table 1 includes all the parameters investigated in each test. It contains details on the
pre-strain level, unloading target value, cyclic loading frequency and recovery stress for
each specimen. It is expected that different pre-strain and unloading target stresses result in
different residual strains and consequently, different recovery stresses. However, the stress
drops due to relaxation do not significantly deviate from each other, all ranging between 7
and 9 MPa. The corresponding stress drop percentages are all below 2.10%, which means
that the SMA tendons can withstand the anticipated cyclic loads that will be applied on
the structure without experiencing major relaxation. After the cyclic loading–unloading
sequences, the final recovery stresses are quite high, with increases from the corresponding
unloading stresses ranging from 270 to 290 MPa.

Figure 9b displays each specimen’s detailed response on the mechanical cyclic loading–
unloading sequence. Figure 9b is presented similarly to the literature [40]. It is evident that
between the first and tenth cycle, some amount of the recovery stress was lost. This stress
loss is attributed to plasticity. The maximum stress drop is found to occur between the first
and the second cycle. This is apparently the stage where plasticity begins to have an effect
on the material’s mechanical behavior. However, the stress drop due to plasticity that takes
place throughout this process is considered a small fraction of the total stress-drop.
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Table 1. Low-cycle fatigue test results.

Specimen Pre-Strain (%) Unloading Target
Value (MPa)

Residual Strain ε
(%)

Recovery Stress
σr (MPa)

Recovery Stress after 15′

σr
15min (MPa)

C1 1.85 125 1.50 427 418

C2 1.80 70 1.30 354 347

C3 1.90 120 1.40 424 416

C4 2.00 150 1.50 437 428

Specimen Stress Drop Due to Relaxation (MPa) Stress Drop
Percentage (%)

Cyclic Loading
Frequency (Hz)

Recovery Stress after
Cyclic Loading σr (MPa)

C1 9 2.10 0.5 404

C2 7 2.00 1 340

C3 8 1.90 2 409

C4 9 2.10 4 420

Specimen C4 demonstrates a partly different response to the fatigue loadings com-
pared to C1–C3: It exhibits a clear hysteresis loop for each cycle, as can be seen in both
Figure 9b,c. The recorded hysteretic behavior can not entirely be attributed to the increase
of frequency since it only occurs for C4 and not for C2 or C3. It can be assumed that the
microstructural response of C4 was different from the rest; however, in order to reach a
conclusion on the factors that drive this change in behavior, microstructural investigation
needs to be conducted. However, the hysteretic behavior of C4 is in good agreement with
the literature covering fatigue [22–30] since it has been reported that iron-based SMAs
have energy-dissipating potential. The hysteresis loop on 4 Hz, thus, verifies the material’s
damping capacity. Setting that aside, similarly to the rest of the specimens, C4 demonstrates
plasticity mostly during the first cycle; After that, its response is stabilized with each cycle.

Figure 10a presents the stress–temperature curves for the specimens used in the present
study. Figure 10b is a comparison between the findings of this study and the literature. The
shape of the curves and, therefore, the thermomechanical behavior of the alloy, depends
on the heating and cooling rates. It is evident from Figure 10b that the more rapid heating
rate induces thermal expansion more intensely than the slow rate does. In this study, the
heating and cooling rate is equal to 1.2 ◦C/s; a very quick heating rate, trying to simulate
realistic in situ civil engineering applications (e.g., the increase of temperature that occurs
with the use of an inductive current or with a simple flamethrower). On the other hand,
the literature adopts a slower heating rate that reaches 2 ◦C/min [40]. In Figures 10 and 11,
the rapid heating rate results in a small initial increase of the recorded stress at the range
of 50–80 MPa, followed by an equivalent decrease in stress. During cooling, the shape
memory effect (SME) is initialized and coupled with the thermal contraction, it results
in the increase of the recorded stress at the range of 450 MPa. Similar findings of the
SME initiation and the thermal contraction effect are also mentioned in the literature (see
Figures 10b and 11b).

Figure 11a shows the stress–time and temperature–time curves that correspond to the
thermal protocol, without the hold time for temperature equalization. The left vertical axis
depicts the recorded stress, whereas the right vertical axis the applied temperature. Two
curves are presented: the stress curve (continuous line) and the temperature curve (dashed
line). The time record upon heating and cooling is different since heating was performed
using a standard rate, whereas cooling was completed naturally. In combination with
Figure 4, the interaction between the SME and the thermal expansion effect can be better
understood: firstly, Figure 4 shows that the austenite start ranges between 50–80 ◦C. From
Figure 10a, it can be seen that stress increase takes place around 40 ◦C and is continued until
70 ◦C. Therefore, during the austenite start, stress increase occurs at an almost constant
rate and it can be considered that at this point, the SME is dominant. After 70 ◦C, a
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rapid decrease in stress is observed; thus, for the temperature range of 70–110 ◦C, thermal
expansion appears to be prevalent. From 110 ◦C to about 160 ◦C, an increase is observed at
a significantly lower rate. Therefore, coupling of the two effects takes place at this point,
with the SME prevailing. During cooling, SME is still present since the quick heating rate
prevents the phase transformation from martensite to austenite, to be entirely completed
before cooling begins. Namely, it takes some time for the specimen to distribute the
temperature changes across its whole volume, which means that the initiation of cooling
does not signify the end of the SME. A slower heating rate would allow the temperature
to be more uniformly distributed and such peaks would be avoided; an overall smoother
curve (similar to the literature’s) would most likely be formed. After 110 ◦C, a rapid
increase in stress is observed due to the thermal contraction effect.
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Figure 11a,b demonstrate that the heating–cooling rate plays an important role in
the thermomechanical behavior of the alloy, especially in terms of the thermal expansion
effect and the alloys’ temperature distribution across its whole volume. The specimens
used by Ghafoori et al. [40] were heated at a rate of 2 ◦C/min, while the samples of the
present study were heated at an average rate of 1.2 ◦C/s. The specimens are left to cool
naturally. According to the monitored data, cooling occurs at an average rate of 8 ◦C/min,
(~0.13 ◦C/s), which is evidently slower than heating.

5. Conclusions

The present study focused on the thermomechanical behavior of an iron-based shape
memory alloy subjected to tensile and low-cycle fatigue tests. A set of specimens was
subjected to a certain target of pre-strain values, thermal and then, mechanical cyclic
loading for different frequencies. Under constant strain conditions, the recovered stress
was monitored. The following conclusions were drawn from the experimental investigation:

1. Cyclic loading was applied with four different frequencies (i.e., different strain rates)
that were missing from the literature. It was shown that while at 0.5, 1 and 2 Hz, the
behavior of the alloy was similar, at 4 Hz, a hysteresis loop was observed. This finding
confirms the alloy’s energy-dissipating capacity.

2. The studied alloy demonstrated a significant recovery stress, which was largely
maintained after the fatigue tests. After the loading cycles, a small drop in the
recovery stress, around 2–3% was observed. Moreover, the measured recovery stress
decrease, during the 15 min hold time, was relatively small.

3. The experimental results are promising in terms of the on-field prestress feasibility.
Recovery stress values are high enough, although accuracy can be an issue that needs
careful handling.

4. The heating and cooling rate has a profound effect, significantly changing the thermo-
mechanical behavior of the material.

Author Contributions: Conceptualization, E.M. and K.K.; Methodology, E.M. and K.K.; Software,
K.K.; Formal analysis, E.M.; Investigation, E.M. and K.K.; Resources, K.K.; Data curation, E.M.;
Writing—original draft, E.M.; Writing—review & editing, K.K.; Supervision, K.K.; Project administra-
tion, K.K.; Funding acquisition, K.K. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Data Availability Statement: The data can be requested by the authors.

Acknowledgments: This study would not have been possible without the contribution of the entire
research group of the Laboratory of Strength of Materials and Structures. Special thanks shall be
given to Konstantinos Chrysopoulos, who produced the austenite range diagram used in this study
under the guidance of Konstantinos Katakalos; Tasos Vlachos, who developed the induction heating
and air-cooling machine; Lazaros Melidis and Thomas Koukouftopoulos.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Lagoudas, D.C. Shape Memory Alloys, Modeling and Engineering Applications; Springer: New York, NY, USA, 2008. [CrossRef]
2. Hartl, D.J.; Lagoudas, D. Aerospace applications of shape memory alloys. Proc. Inst. Mech. Eng. Part G J. Aerosp. Eng. 2007, 4,

535–552. [CrossRef]
3. Cladera, A.; Weber, B.; Leinenbach, C.; Czaderski, C.; Shahverdi, M.; Motavalli, M. Iron-based shape memory alloys for civil

engineering structures: An overview. Constr. Build. Mater. 2014, 63, 281–293. [CrossRef]
4. Zhang, Z.-X.; Zhang, J.; Wu, H.; Ji, Y.; Kumar, D.D. Iron-Based Shape Memory Alloys in Construction: Research, Applications and

Opportunities. Materials 2022, 15, 1723. [CrossRef] [PubMed]
5. Sato, A.; Chishima, E.; Soma, K.; Mori, T. Shape memory effect in γ�ε transformation in Fe-30Mn-1Si alloy single crystals. Acta

Metall. 1984, 30, 1177–1183. [CrossRef]
6. Sato, A.; Chishima, E.; Yamaji, Y.; Mori, T. Orientation and composition dependencies of shape memory effect IN Fe-Mn-Si alloys.

Acta Met. 1984, 32, 539–547. [CrossRef]

http://doi.org/10.1007/978-0-387-47685-8
http://doi.org/10.1243/09544100JAERO211
http://doi.org/10.1016/j.conbuildmat.2014.04.032
http://doi.org/10.3390/ma15051723
http://www.ncbi.nlm.nih.gov/pubmed/35268954
http://doi.org/10.1016/0001-6160(82)90011-6
http://doi.org/10.1016/0001-6160(84)90065-8


Materials 2023, 16, 237 13 of 14

7. Murakami, M.; Otsuka, H.; Suzuki, H.; Matsuda, S. Complete shape memory effect in polycrystalline Fe-Mn-Si alloys. Trans-
Actions Iron Steel Inst. Jpn. 1986, 27, 985–990.

8. Otsuka, H.; Yamada, H.; Maruyama, T.; Tanahashi, H.; Matsuda, S.; Murakami, M. Effects of alloying additions on Fe-Mn-Si
shape memory alloys. ISIJ Int. 1990, 30, 674–679. [CrossRef]

9. Otsuka, H. Fe-Mn-Si Based Shape Memory Alloys. MRS Proc. 1991, 246, 309–320. [CrossRef]
10. Tsuzaki, K.; Natsume, Y.; Kurokawa, Y.; Maki, T. Improvement of the shape memory effect in Fe-Mn-Si alloys by the addition of

carbon. Scr. Met. Mater. 1992, 27, 471–473. [CrossRef]
11. Jian, L.; Wayman, C. Shape memory effect and related phenomena in a microalloyed Fe-Mn-Si alloy. Mater. Charact. 1994, 32,

215–227. [CrossRef]
12. Kajiwara, S.; Liu, D.; Kikuchi, T.; Shinya, N. Remarkable improvement of shape memory effect in Fe-Mn-Si based shape memory

alloys by producing NbC precipitates. Scr. Mater. 2001, 44, 2809–2814. [CrossRef]
13. Ariapour, A.; Perovic, D.D.; Yakubtsov, I. Shape-memory effect and strengthening mechanism in a Nb and N-doped Fe-Mn-Si-

based alloy. Met. Mater. Trans. A 2001, 32, 1621–1628. [CrossRef]
14. Wen, Y.; Yan, M.; Li, N. Effects of carbon addition and aging on the shape memory effect of Fe–Mn–Si–Cr–Ni alloys. Scr. Mater.

2004, 50, 441–444. [CrossRef]
15. Farjami, S.; Hiraga, K.; Kubo, H. Shape Memory Effect and Crystallographic Investigation in VN Containing Fe-Mn-Si-Cr Alloys.

Mater. Trans. 2004, 45, 930–935. [CrossRef]
16. Otsuka, K.; Shimizu, K. MRS International Meeting on Advanced Materials. In Proceeding of the MRS International Meeting on

Advanced Materials, Tokyo, Japan, 31 May–3 June 1988; Volume 9.
17. Otsuka, K.; Wayman, C.M. Shape Memory Materials; Cambridge University Press: Cambridge, MA, USA, 1998.
18. Watanabe, Y.; Mori, Y.; Sato, A. Training effect in Fe-Mn-Si shape-memory alloys. J. Mater. Sci. 1993, 28, 1509–1514. [CrossRef]
19. Wang, D.F.; Chen, Y.R.; Gong, F.Y.; Liu, D.Z.; Liu, W.X. The Effect of Thermomechanical Training on the Microstructures of

Fe-Mn-Si Shape Memory Alloy. J. Phys. Colloq. 1995, 05, 527–530. [CrossRef]
20. Chung, C.; Shuchuan, C.; Zuyao), T.H. Thermomechanical training behavior and its dynamic mechanical analysis in an Fe-Mn-Si

shape memory alloy. Mater. Charact. 1996, 37, 227–236. [CrossRef]
21. Liu, D.Z.; Kajiwara, S.; Kikuchi, T.; Shinya, N. Atomic force microscopy study on microstructural changes by ‘training’ in

Fe-Mn-Si-based shape memory alloys. Philos. Mag. 2003, 83, 2875–2897. [CrossRef]
22. Sawaguchi, T.; Kikuchi, T.; Ogawa, K.; Yin, F.X.; Kajiwara, S.; Kushibe, A.; Ogawa, T. Internal Friction of Fe-Mn-Si-Based Shape

Memory Alloys Containing Nb and C and Their Application as a Seismic Damping Material. Key Eng. Mater. 2006, 319, 53–58.
[CrossRef]

23. Sawaguchi, T.; Sahu, P.; Kikuchi, T.; Ogawa, K.; Kajiwara, S.; Kushibe, A.; Higashino, M.; Ogawa, T. Vibration mitigation by the
reversible fcc/hcp martensitic transformation during cyclic tension–compression loading of an Fe–Mn–Si-based shape memory
alloy. Scr. Mater. 2006, 54, 1885–1890. [CrossRef]

24. Nikulin, I.; Sawaguchi, T.; Tsuzaki, K. Effect of alloying composition on low-cycle fatigue properties and microstructure of
Fe–30Mn–(6−x)Si–xAl TRIP/TWIP alloys. Mater. Sci. Eng. A 2013, 587, 192–200. [CrossRef]

25. Nikulin, I.; Sawaguchi, T.; Ogawa, K.; Tsuzaki, K. Effect of γ to εmartensitic transformation on low-cycle fatigue behaviour and
fatigue microstructure of Fe–15Mn–10Cr–8Ni–xSi austenitic alloys. Acta Mater. 2016, 105, 207–218. [CrossRef]

26. Fang, C.; Wang, W.; Ji, Y.; Yam, M. Superior low-cycle fatigue performance of iron-based SMA for seismic damping application. J.
Constr. Steel Res. 2021, 184, 106817. [CrossRef]

27. Sawaguchi, T.; Nikulin, I.; Ogawa, K.; Sekido, K.; Takamori, S.; Maruyama, T.; Chiba, Y.; Kushibe, A.; Inoue, Y.; Tsuzaki, K.
Designing Fe–Mn–Si alloys with improved low-cycle fatigue lives. Scr. Mater. 2015, 99, 49–52. [CrossRef]

28. Nikulin, I.; Sawaguchi, T.; Ogawa, K.; Tsuzaki, K. Microstructure Evolution Associated with a Superior Low-Cycle Fatigue
Resistance of the Fe-30Mn-4Si-2Al Alloy. Met. Mater. Trans. A 2015, 46, 5103–5113. [CrossRef]

29. Nikulin, I.; Sawaguchi, T.; Kushibe, A.; Inoue, Y.; Otsuka, H.; Tsuzaki, K. Effect of strain amplitude on the low-cycle fatigue
behavior of a new Fe–15Mn–10Cr–8Ni–4Si seismic damping alloy. Int. J. Fatigue 2016, 88, 132–141. [CrossRef]

30. Tasaki, W.; Sawaguchi, T.; Nikulin, I.; Sekido, K.; Tsuchiya, K. Effect of Deformation Temperature on Low-Cycle Fatigue Properties
of Fe-28Mn-6Si-5Cr Shape Memory Alloy. Mater. Trans. 2016, 57, 639–646. [CrossRef]

31. Alagha, A.N.; Hussain, S.; Zaki, W. Additive manufacturing of shape memory alloys: A review with emphasis on powder bed
systems. Mater. Des. 2021, 204, 109654. [CrossRef]

32. Ferretto, I.; Kim, D.; Della Ventura, N.; Shahverdi, M.; Lee, W.; Leinenbach, C. Laser powder bed fusion of a Fe–Mn–Si shape
memory alloy. Addit. Manuf. 2021, 46, 102071. [CrossRef]

33. Shahverdi, M.; Czaderski, C.; Motavalli, M. Iron-based shape memory alloys for prestressed near-surface mounted strengthening
of reinforced concrete beams. Constr. Build. Mater. 2016, 112, 28–38. [CrossRef]

34. Shahverdi, M.; Czaderski, C.; Annen, P.; Motavalli, M. Strengthening of RC beams by iron-based shape memory alloy bars
embedded in a shotcrete layer. Eng. Struct. 2016, 117, 263–273. [CrossRef]

35. Izadi, M.; Ghafoori, E.; Shahverdi, M.; Motavalli, M.; Maalek, S. Development of an iron-based shape memory alloy (Fe-SMA)
strengthening system for steel plates. Eng. Struct. 2018, 174, 433–446. [CrossRef]

http://doi.org/10.2355/isijinternational.30.674
http://doi.org/10.1557/PROC-246-309
http://doi.org/10.1016/0956-716X(92)90213-X
http://doi.org/10.1016/1044-5803(94)90091-4
http://doi.org/10.1016/S1359-6462(01)00978-2
http://doi.org/10.1007/s11661-001-0140-8
http://doi.org/10.1016/j.scriptamat.2003.11.008
http://doi.org/10.2320/matertrans.45.930
http://doi.org/10.1007/BF00363341
http://doi.org/10.1051/jp4:1995881
http://doi.org/10.1016/S1044-5803(96)00149-0
http://doi.org/10.1080/1478643031000149090
http://doi.org/10.4028/www.scientific.net/KEM.319.53
http://doi.org/10.1016/j.scriptamat.2006.02.013
http://doi.org/10.1016/j.msea.2013.08.061
http://doi.org/10.1016/j.actamat.2015.12.002
http://doi.org/10.1016/j.jcsr.2021.106817
http://doi.org/10.1016/j.scriptamat.2014.11.024
http://doi.org/10.1007/s11661-015-3127-6
http://doi.org/10.1016/j.ijfatigue.2016.03.021
http://doi.org/10.2320/matertrans.MBW201503
http://doi.org/10.1016/j.matdes.2021.109654
http://doi.org/10.1016/j.addma.2021.102071
http://doi.org/10.1016/j.conbuildmat.2016.02.174
http://doi.org/10.1016/j.engstruct.2016.03.023
http://doi.org/10.1016/j.engstruct.2018.07.073


Materials 2023, 16, 237 14 of 14

36. Strieder, E.; Aigner, C.; Petautschnig, G.; Horn, S.; Marcon, M.; Schwenn, M.; Zeman, O.; Castillo, P.; Wan-Wendner, R.; Bergmeister,
K. Strengthening of Reinforced Concrete Beams with Externally Mounted Sequentially Activated Iron-Based Shape Memory
Alloys. Materials 2019, 12, 345. [CrossRef] [PubMed]

37. Rezapour, M.; Ghassemieh, M.; Motavalli, M.; Shahverdi, M. Numerical Modeling of Unreinforced Masonry Walls Strengthened
with Fe-Based Shape Memory Alloy Strips. Materials 2021, 14, 2961. [CrossRef]

38. Khalil, W.; Mikolajczak, A.; Bouby, C.; Ben Zineb, T. A constitutive model for Fe-based shape memory alloy considering
martensitic transformation and plastic sliding coupling: Application to a finite element structural analysis. J. Intell. Mater. Syst.
Struct. 2012, 23, 1143–1160. [CrossRef]

39. Abouali, S.; Shahverdi, M.; Ghassemieh, M.; Motavalli, M. Nonlinear simulation of reinforced concrete beams retrofitted by
near-surface mounted iron-based shape memory alloys. Eng. Struct. 2019, 187, 133–148. [CrossRef]

40. Ghafoori, E.; Hosseini, E.; Leinenbach, C.; Michels, J.; Motavalli, M. Fatigue behavior of a Fe-Mn-Si shape memory alloy used for
prestressed strengthening. Mater. Des. 2017, 133, 349–362. [CrossRef]

41. Leinenbach, C.; Lee, W.; Lis, A.; Arabi-Hashemi, A.; Cayron, C.; Weber, B. Creep and stress relaxation of a FeMnSi-based shape
memory alloy at low temperatures. Mater. Sci. Eng. A 2016, 677, 106–115. [CrossRef]

42. Lee, W.; Weber, B.; Feltrin, G.; Czaderski, C.; Motavalli, M.; Leinenbach, C. Phase transformation behavior under uniaxial
deformation of an Fe–Mn–Si–Cr–Ni–VC shape memory alloy. Mater. Sci. Eng. A 2013, 581, 1–7. [CrossRef]

43. Khalil, W.; Saint-Sulpice, L.; Chirani, S.A.; Bouby, C.; Mikolajczak, A.; Ben Zineb, T. Experimental analysis of Fe-based shape
memory alloy behavior under thermomechanical cyclic loading. Mech. Mater. 2013, 63, 1–11. [CrossRef]

44. Koster, M.; Lee, W.; Schwarzenberger, M.; Leinenbach, C. Cyclic deformation and structural fatigue behavior of an FE–Mn–Si
shape memory alloy. Mater. Sci. Eng. A 2015, 637, 29–39. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.3390/ma12030345
http://www.ncbi.nlm.nih.gov/pubmed/30678305
http://doi.org/10.3390/ma14112961
http://doi.org/10.1177/1045389X12442014
http://doi.org/10.1016/j.engstruct.2019.02.060
http://doi.org/10.1016/j.matdes.2017.07.055
http://doi.org/10.1016/j.msea.2016.09.042
http://doi.org/10.1016/j.msea.2013.06.002
http://doi.org/10.1016/j.mechmat.2013.04.002
http://doi.org/10.1016/j.msea.2015.04.028

	Introduction 
	Shape Memory Effect 
	Brief Introduction to the Iron-Based SMAs (FeSMAs) 
	Fatigue Behavior of Iron-Based SMAs under Mechanical Loading 
	Civil Engineering Applications 

	Materials and Methods 
	Tensile Test Procedure 
	Low-Cycle Fatigue Test Procedure 

	Results 
	Tensile Tests 
	Low-Cycle Fatigue Tests 

	Discussion 
	Tensile Tests 
	Low-Cycle Fatigue Tests 

	Conclusions 
	References

