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Abstract  

The stress recovery and cyclic deformation behaviour of Feï17Mnï5Siï10Crï4Niï1(V,C) 

shape memory alloy (Fe-SMA) strips, which are often used for pre-stressed strengthening of 

structural members, were studied. The evolution of recovery stress under different constraint 

conditions was studied. The results showed that the magnitude of the tensile stress in the Fe-

SMA member during strengthening can have a signification effect on the final recovery stress. 

The higher the tensile stress in the Fe-SMA (e.g., caused by deadload or thermal expansion of 

parent structure during heating phase), the lower the final recovery stress. Furthermore, this 

study investigated the cyclic behaviour of the pre-stressed alloy followed by a second thermal 

activation.  Although the magnitude of the recovery stress decreased during the cyclic load-

ing, the second thermal activation could retrieve a significant part of the relaxed recovery 

stress.  This observation suggests that the relaxation of recovery stress is due to a reversible 

phase transformation-induced deformation (i.e., forward austenite-to-martensite transfor-

mation) rather than an irreversible dislocation-induced plasticity.  Retrieval of the relaxed re-

covery stress by the reactivation process has important practical implications as the pre-

stressing loss in pre-stressed civil structures can be simply recovered by reheating of the Fe-

SMA elements. 

 

Keywords: 

Iron-based shape memory alloy; thermal activation; stress recovery; fatigue; cyclic defor-

mation behaviour. 

                                                      
*
Corresponding author. Tel.: +41 58 765 4935. 

E-mail address: elyas.ghafoori@empa.ch (Elyas Ghafoori). 

mailto:elyas.ghafoori@empa.ch


2 

 

1. Introduction 

Shape memory alloys (SMAs) are smart metals that can retrieve their shape after being de-

formed through an activation process which includes heating and cooling.  Ni-Ti SMAs, 

which are the most commonly used SMAs, have different applications such as medical and 

aerospace devices.  Fe-Mn-Si based SMAs have gained much attention because of their rela-

tively low production cost and good mechanical properties [1].  Because of these favourable 

characteristics, Fe-Mn-Si SMAs are considered in mechanical [2] and civil engineering appli-

cations [3].  The shape memory effect (SME) in Fe-Mn-Si alloys is a result of a stress-induced 

forward phase transformation from austenite-to-martensite at low temperature and its reverse 

upon heating at higher temperatures [4].  An SMA element can be used as a pre-stressing el-

ement in civil/mechanical engineering applications when it is constrained during the activa-

tion process.  There have been many studies on utilization of SMAs for pre-stressed confine-

ment of concrete girders [5], concrete columns [6] and steel tensile members [7].  

A novel Fe-17Mn-5Si-10Cr-4Ni-1(V,C) SMA, which will be hereafter referred to as Fe-

SMA, has been recently developed at Empa [8-11].  Previous works on the corrosion [12], re-

covery stress [9], creep/relaxation [13] and phase transformation [3] of the alloy showed its 

suitability for civil and mechanical engineering applications. Pre-stressed elements made of 

fibre-reinforced polymer (FRP) have been already proven to be very effective in increasing 

the performance of concrete [14, 15] and metallic [16-19]  structures.  However, the easy pre-

stressing method of the Fe-SMA elements offers clear advantages over the complex pre-

stressing techniques required for FRP composites [20, 21].  Figure 1 schematically presents 

the general concept of pre-stressed strengthening of a structural member (which is also called 

ñparent structureò) using the Fe-SMA strips.  The different steps of pre-straining (Figure 1.a), 

anchoring (Figure 1.b) and thermal activation (Figure 1.c) are illustrated.  Finally, Figure 1.d 

shows the expected stress state in the form of compression in the parent structure and tension 

in the Fe-SMA strip after the activation.  It has been shown in previous studies that applica-
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tion of a compression stress to structural members (using pre-stressed elements) can enhance 

the flexural capacity [22], buckling strength [16] and fatigue behaviour [23, 24] of civil struc-

tures. 

While there are studies on the phase transformation and the recovery stress of Fe-SMA (e.g., 

[25-27]), the mechanical behaviour of activated Fe-SMA subjected to cyclic loading has not 

yet been studied.  This is while it is important for design assessments to acknowledge the me-

chanical response of the Fe-SMA after activation. 

The present study first reports observations from conducted experiments for characterisation 

of the as-received Fe-SMA strips in terms of tensile strengths, thermal expansion behaviour 

and stress recovery response.  Later it examines the behaviour of the activated Fe-SMA strips 

under cyclic loading.  Moreover, this work studies the effect of a second activation on the be-

haviour of the Fe-SMA strips.  The test results presented in this work are expected to be help-

ful for design of pre-stressed retrofit systems for mechanical and civil engineering applica-

tions.  

 

2. Material  

The investigated Fe-SMA in this study was received in the form of 1.5mm thick sheets with a 

width of 100mm.  The production process for the sheets included induction melting and cast-

ing of large ingots under atmospheric conditions, stepwise hot pressing to a thickness of 

15mm, hot rolling to a thickness of 3mm, solution treatment, ageing, and finally cold rolling 

process.  More details about the manufacturing process can be found in [11]. 

The nominal chemical composition of the alloy is Feï17Mnï5Siï10Crï4Niï1(V,C) (mass%) 

[28].  Figure 2 shows the microstructure of the as-received Fe-SMA etched with a solution of 

C2H5OH (96%)/HNO3(65%)/HCl (32%) with the ratio of 17/2/1.  The alloy has a polycrystal-

line microstructure with an average grain size of approximately 11µm.  Some of the grains 
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contain large bands, which are twins, while many grains contain very fine bands, which are 

presumably Ů-martensite. 

Note that the changes in the microstructure of the alloy due to mechanical and thermal loading 

have been already studied using scanning electron microscopy (SEM), electron backscattering 

diffraction (EBSD) and X-ray diffraction (XRD) techniques [9-11, 13, 27, 28]. 

 

3. Experimental details 

A set of dog-bone shaped tensile specimens with a gauge length of 25mm and cross-section of 

10×1.5mm
2
 was manufactured.  The dog-bone specimens were extracted longitudinal to the 

rolling direction of the Fe-SMA strips, using electro discharge machining.  A servo-hydraulic 

uniaxial testing machine equipped with an induction heating system was employed for con-

ducting of the experiments (see Figure 3).  A spring-loaded side-entry extensometer with a da-

tum leg spacing of 15mm was attached to the central part of the specimen gauge length for 

strain measurement.  Force was monitored by the built-in load cell of the testing machine.  

Feedback from a type-K thermocouple (spot-welded to the centre of specimen gauge length) 

was used for control of the induction heating and an air cooling system for careful control of 

the specimen temperature.  A summary of the conducted experiments is given in Table 1 and 

further described in the followings. 

 

3.1 Material characterisation 

Tensile behaviour: The room temperature tensile properties of the as-received Fe-SMA were 

measured at a strain rate of 0.15%s
-1
.  For strains smaller than 10%, the test was controlled 

based on direct feedback from the side-entry extensometer.  For larger strains, because of the 

measurement limitation of the extensometer, the test continued under a machine crosshead 

displacement rate of 0.075mms
-1
 which is approximately equivalent to the strain rate of 

0.15%s
-1
 in the gauge length.  
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Thermal expansion behaviour: The thermal expansion behaviour of the as-received Fe-SMA 

was investigated for the temperature range of 25-160°C.  The evaluation included monitoring 

the thermal strain development in the specimen under a zero-stress loading condition while 

heating up from room temperature to 160°C and then cooling down to room temperature 

again.  In order to remove the possible strain contribution from shape recovery of the SMA af-

ter cold rolling, the specimen was heated up to 170°C prior to the thermal strain measurement.  

Stress recovery behaviour: The Fe-SMA specimens were first loaded to 2% tensile strain at 

room temperature.  Subsequent unloading of the specimens indicated accumulation of Ḑ1.3% 

tensile pre-strain in the Fe-SMA.  For thermal activation, the specimens were kept under ei-

ther constant total strain or constant mechanical strain (‐mechanical= ‐total - ‐thermal) during heating 

and cooling processes with a constant temperature transient rate of 2°C/min or 30°C/min.  For 

the mechanical strain-controlled activation, a tensile strain equivalent to its thermal expansion 

was applied to the SMA during the heating, while the equivalent compressive strain was im-

posed to the SMA during the cooling process.  The mechanical strain includes all the strain 

components (e.g. due to SME, creep and elastic-loading) except the thermal strain contribu-

tion.  In order to prevent buckling of the specimens (during the early part of heating), a tensile 

stress of 50MPa was applied to the specimen before the start of the activation process [9].  

The activation process (i.e., heating and cooling processes) retrieved a portion of the pre-

accumulated strain and recovered a significant tensile stress in the specimens. 

 

3.2 Cyclic deformation response of the Fe-SMA after activation 

Fe-SMA reinforced civil engineering structures are typically subjected to external cyclic load-

ing, and therefore, cyclic stresses are expected to superimpose on to the recovered stress in the 

Fe-SMA during the service life of such structures.  As the thin Fe-SMA strip has insignificant 

effect on the global stiffness of large civil  structures, the imposed cyclic loading on the Fe-

SMA is assumed to have a strain-control characteristic.  Laboratory simulation of such a con-
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dition has been realised in a set of tests in this study.  In these tests, after the activation pro-

cess, a strain-control cyclic loading was applied to the Fe-SMA to evaluate the mechanical re-

sponse of the activated Fe-SMA subjected to cyclic loading.  

The test campaign focused on two strain ranges of 0.035% and 0.070% with frequency of 

10Hz for two million cycles.  The strain ranges of 0.035% and 0.070% are aimed to represent 

the common (service) strain ranges that are subjected to pre-stressing elements in steel [7, 29]  

and concrete [9] structures, respectively.  The testing matrix was further complemented with 

two additional tests, one with a strain range of 0.105% and frequency of 10Hz and the other 

with strain range of 0.070% and frequency of 2mHz (2×10
-3
Hz).  The observations from the 

cyclic loading were exploited to understand the mechanical response of the activated Fe-

SMA.  

 

3.3 Second activation and subsequent cyclic loading 

Two of the cyclic tests described in Section 3.2 were chosen to be followed by a second ther-

mal activation.  At the end of cyclic loading, the specimens were kept under a constant total 

strain condition while were heated up to 160°C and subsequently cooled down to room tem-

perature.  The tests were then continued by additional strain-controlled cyclic loading to eval-

uate the cyclic response of the Fe-SMA after the second activation.  

 

3.4 Final tensile testing 

Finally and after the end of cyclic loading, the specimens were loaded up to failure to deter-

mine the effect of the activation process and cyclic deformation on tensile strength and elon-

gation of the Fe-SMA.  The tensile loading was conducted under a constant strain rate of 

0.15%s
-1
 for strains smaller than 10% and continued up to failure under machine crosshead 

displacement rate of 0.075mms
-1
 (Ḑ ‐→=0.15%s

-1
). 
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4. Results and discussion 

4.1 Tensile testing 

Figure 4 presents the observations from uniaxial tensile testing of the as-received Fe-SMA 

strips.  The determined values of elastic modulus, limit of proportionality (ů0.01), 0.2% proof 

stress (ů0.2), tensile strength and elongation are indicated in the figure.  The early inelastic re-

sponse, which can be observed in Figure 4, is assumed to be due to the austenite-to-martensite 

phase-transformation rather than dislocation induced plasticity [10].  The ultimate tensile 

strength and elastic modulus of 1015MPa and 173GPa determined in this study are larger and 

smaller than the 993MPa and 200GPa observed in [10], respectively. 

 

4.2 Thermal expansion behaviour 

The thermal expansion behaviour of the Fe-SMA material in an austenitic state has been illus-

trated in Figure 5 and can be given by: 

( ) ( ) ( )
2 35 8 10

,25 1.49 10 25 3.09 10 25 1.09 10 25th Ce q q q- - -

¯D = ³ - + ³ - - ³ -   (1) 

where ɗ is the temperature in degree Celsius.  As expected, the thermal expansion of the as 

received Fe-SMA with an austenite structure [30] is similar to that of other austenitic steels.  

 

4.3 Stress recovery behaviour 

The Fe-SMA recovered stress after the thermal activation process depends on the pre-

straining and thermal activation conditions.  Lee et al. [28] have investigated the influence of 

different elastic restraints on the formation of the recovery stress in Fe-SMAs.  Their observa-

tions have shown that the recovery stress is maximum when the Fe-SMA element is fully  con-

strained by a parent structure with infinite stiffness (i.e., rigid restraint) during the activation 

process.  The recovery stress, however, reduces if the parent structure has a finite stiffness 

(i.e., elastic restraint).   
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By assuming that a Fe-SMA pre-stressing element is anchored to a very stiff parent structure 

(e.g., see the structural member shown in Figure 1), the activation process is under a rigid re-

straint condition (i.e. total strain-control) provided that the temperature of the parent structure 

does not change during the activation process.  However, for the heating condition in which 

the temperature of both the Fe-SMA element and the parent structure simultaneously changes 

during the temperature transients, the activation is not any more under a constant total strain 

condition and is affected by the thermal expansion behaviour of the parent structure.  There-

fore, for the case where both the Fe-SMA element and the parent structure experience an 

identical heating and cooling history (e.g. homogeneous temperature distribution), the Fe-

SMA undergoes a total tensile and compressive strain during heating and cooling processes, 

respectively (ȹ‐tot = ȹ‐th(parent structure)).  Provided that both the Fe-SMA element and the parent 

structure have an identical thermal expansion coefficient, the activation takes place under 

constant mechanical strain (ȹ‐mech = ȹ‐tot ï ȹ‐th= 0  ȹ‐tot = ȹ‐th).  

Figures 6.a and 6.b present the observed stress recovery behaviour of the pre-strained Fe-

SMA during activation under total and mechanical strain-control for two different temperature 

transient rates.  For the tests with mechanical strain-controlled activation, the total strain dur-

ing the thermal transient varies based on the relationship given by Equation 1. 

The presented results in Figure 6 show that both temperature transient rates result in approxi-

mately identical final recovery stress values.  Furthermore, a comparison between the recov-

ery stresses achieved by different activation strategies indicates that the final recovery stress is 

higher when the activation is under total strain-control.  For mechanical strain-controlled acti-

vation, a larger recovery stress is formed during the heating process compared to that for total 

strain-controlled activation.  During the cooling process, a substantial stress recovery is 

achieved for activation under total strain-control, while no further stress increase was ob-

served for mechanical strain-controlled activation.  It is therefore interesting to see that the fi-

nally recovered stress under total strain-control is almost twice that developed under mechan-
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ical strain-control.  This observation implies that activation of the Fe-SMA element while it is 

subjected to some extent of tensile stress (e.g., due to thermal expansion of the parent struc-

ture or dead-loads) will result in a decreased final recovery stress.  In the following, more de-

tails about activation under total and mechanical strain-controlled conditions are given.  

For total strain-controlled activation, the stress variation during the thermal transient is a re-

sult of two simultaneous phenomena of phase transformation and thermal expan-

sion/contraction.  At the beginning of heating and below 35°C, the dominance of thermal ex-

pansion over the phase transformation effect reduces the stress in the Fe-SMA.  During 

further heating, the phase transformation is more dominant and higher stresses are developed.  

More significant stress development is observed during the cooling phase where thermal con-

traction also helps to increase the stress.  The decreasing slope of stress increase during cool-

ing at lower temperatures in Figure 6.b is most likely due to time-dependent relaxation and to 

some extent of austenite-to-martensite phase transformation. 

Regarding the activation under mechanical strain-control, based on [28], the main factor de-

termining the final recovery stress is the amount of martensite that transforms back to austen-

ite during the heating process and the induced strain.  The applied strain during the heating 

process of the activation was fully compensated during the cooling phase (ȹ‐tot = ȹ‐th) and 

therefore does not directly influence the final recovery stress.  Lee et al. [10] have proposed a 

stress-temperature phase diagram giving estimations for the austenite start, austenite finish 

and martensite start temperatures (As, Af and Ms lines respectively).  A schematic of such a 

stress-temperature phase diagram is presented in Figure 7 which shows that the As tempera-

ture increases with increase of the stress level.  From Figure 6.b, a stress level of approximate-

ly 50MPa and 100MPa were respectively generated under total- and mechanical strain-control 

during the heating process at q=60°C (with 2°C/min).  Points A and B in Figure 7 represent 

these two stress-temperature coordinates.  It can be seen that while the reverse transformation 

is expected to have already started under total strain-control (point A), no martensite-to-
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austenite phase transformation is expected to occur for the specimen under mechanical strain-

control at 60°C (point B).  

During heating, and for temperatures higher than 60°C, some extent of reverse phase trans-

formation (martensite-to-austenite) takes place for the specimen activated under mechanical 

strain-control.  It can be shown that for all temperatures, total strain-control results in lower 

stress levels which are closer to the Af line.  The latter then leads to a larger extent of marten-

site-to-austenite phase transformation which consequently gives higher final recovery stresses 

after cooling.  Note that the aim of presenting Figure 7 is only to qualitatively show the effect 

of stress level during the activation process on the magnitude of the reverse phase transfor-

mation, and more details regarding the methodology for determination of the As, A f and Ms 

lines are given in [10].   

This observation has important practical implications.  It can be concluded that for Fe-SMA 

pre-stressing elements which are anchored to structural members, employment of a heating 

methodology that only increases the temperature of the Fe-SMA element and not the parent 

structure enhances the final obtained recovery stress.  Passing a high electrical current through 

the Fe-SMA element can therefore be considered as an effective methodology for thermal ac-

tivation of the Fe-SMA.  Rapid heating techniques such as electrical resistance heating (ERH) 

prevent any significant heat transfer to the parent structure, minimise thermal strain develop-

ment, and therefore lead to a higher recovery stress in the Fe-SMA element.  Furthermore, it 

can be concluded that activation of the Fe-SMA elements under high stress levels (e.g., due to 

dead-load) will result in a reduced final recovery stress. 

The values of the recovery stress in the present study are between 360MPa and 370MPa.  

These values are consistent with the results of previous studies (e.g., [9, 10, 28]) on activation 

of the Fe-SMA that have also employed a fully constrained thermal activation condition (i.e. 

total strain-controlled) with a heating rate of 2°C/min.  Total strain-controlled thermal activa-
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tion has been considered in the following for evaluation of the effect of cyclic loading on the 

mechanical response of the Fe-SMA.  

 

4.4  Cyclic response of the Fe-SMA strips after activation 

A set of 2% pre-strained Fe-SMA specimens were activated in total strain-control (with a 

temperature transient rate of 2°C/min) and were then subjected to cyclic loading.  Figure 8 

presents the observed initial stress-strain response of the activated Fe-SMA for different ap-

plied strains and strain rates.  The early elastic deformation response demonstrates a modulus 

of 173GPa which is identical to that of the as-received material.  The start of non-linear be-

haviour is dependent on the strain rate and advances with decreasing strain rate.  Importantly, 

as shown in Figure 9, such non-linear deformation behaviour is responsible for a decrease in 

the subsequent recovery stress (i.e. after unloading, see sr,1 in Figure 9).  The amount of re-

covery stress loss increases with increasing loading strain and decreasing strain rate (i.e. lower 

frequencies).  

Repeating loading and unloading cycles further decreases the residual recovery stress in the 

Fe-SMA.  Figure 10 presents the evolution of the observed maximum stress and recovery 

stress (i.e. minimum stress) for the first 10 cycles of deformation involving different strain 

ranges and frequencies.  Figure 11 illustrates evolution of the residual recovery stress for the 

Fe-SMA for the different examined cyclic loading conditions up to two million loading cy-

cles.  It is observed that of the recovery stress reduced with cycle number at a decreasing rate 

and the reduction is more significant for cyclic loading conditions with larger strain ranges.  

Nevertheless, for the two strain ranges of 0.035% and 0.070%, which are relevant for service 

loading conditions [7, 9, 29], the recovery stress after two million cycles remained above 

285MPa.  

The observed loss of the recovery stress is attributed to cyclic-deformation-enhanced stress 

relaxation due to time-dependent inelastic deformation.  As discussed in the next section, this 
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inelastic deformation is mostly due to austenite-to-martensite phase transformation rather than 

dislocation-induced plasticity.  Such a decrease in the recovery stress is important and should 

be taken in to account in design assessments of SMA pre-stressed structures. 

 

4.5 Second activation and subsequent cyclic loading 

Relaxation of recovery stress during cyclic loading has been discussed in the previous section.  

The following examines employment of a second thermal activation process for retrieving at 

least a part of the relaxed recovery stress.  For the tests with cyclic strain ranges of 0.070% 

and 0.105%, which showed considerable amounts of relaxation after two million cycles, the 

specimens were held under constant total-strain after the last cycle (at a strain level of 

Ḑ1.3%).  Similar to the first thermal activation process, the specimens were then heated to 

160°C and cooled down to room temperature (at a rate of 2°C/min). 

Figure 12 illustrates evolution of the stress in the Fe-SMA as a function of temperature during 

the second activation process.  As can be seen, during the early stage of reheating and up to 

70°C, the stress decreases substantially due to thermal expansion.  With increasing tempera-

ture, the stress-temperature curve becomes less steep which is assumed to be a result of the 

shape memory effect and martensite-to-austenite transformation.  During the cooling phase, 

the stress increases mainly due to thermal contraction.  Figure 12 demonstrates that the second 

activation could effectively enhance the recovery stress in the Fe-SMA after cyclic defor-

mation.  A comparison of the obtained recovery stresses after the first and second activations 

indicates that the second activation retrieves a considerable portion of the recovery stress 

which had been relaxed due to cyclic loading.  This phenomenon is more pronounced in par-

ticular for the specimen loaded for the strain range of 0.070% where the recovery stress at the 

end of the second activation is very close to that of the first activation.  This indicates an al-

most full retrieval of the relaxed recovery stress and implies that the stress relaxation and ac-

cumulation of the inelastic strain during the cyclic loading are mainly due to the austenite-to-
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martensite forward transformation, and therefore recoverable.  Figure 13 shows the complete 

stress and temperature histories for specimen #8, including pre-straining, first activation, first 

cyclic loading, second activation, second cyclic loading and the final tensile loading. 

The retrieval of relaxed recovery stress by a second activation has important implications for 

practical employment of the Fe-SMA as pre-stressing elements in civil engineering applica-

tions.  Such reactivation, for example, can retrieve the pre-stressing force in a strengthened 

structure, when the SMA element has lost some of its pre-stressing force due to cyclic load-

ing, relaxation or accidental overloading. 

Figure 14 compares the behaviour of the Fe-SMA strips subjected to cyclic loading after the 

first and the second thermal activations.  The observations indicate almost identical patterns in 

the stress relaxation behaviour of the Fe-SMA after first and second activations. 

 

4.6 Final tensile loading 

The last step for most of the conducted experiments in this study was applying an increasing 

tensile load to the specimens up to the failure.  Figure 15 shows the tensile behaviour of the 

as-received specimen and those which were activated and subjected to cyclic loading.  The re-

sults indicate that neither thermal activation nor cyclic loading (up to 2.2 million cycles) have 

induced any damage in the Fe-SMA to deteriorate the tensile response. 

 

5. Concluding remarks 

This study examined the mechanical behaviour of a novel Fe-SMA under different loading 

conditions.  The following concluding remarks may help to better assess the integrity of struc-

tures employing this material, in particular those subjected to cyclic loading conditions. 

¶ The as-received Fe-SMA strips showed outstanding tensile strength and elongation of 

>1ô000MPa and >55%, respectively.  These values were not affected by activation and 

subsequent cyclic loading (e.g. up to 2.2×10
6
 cycles for ȹ‐=0.105%). 
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¶ After 2% pre-straining, heating to 160°C and cooling to room temperature under total 

strain-control, the alloy recovers a stress of 360-370MPa.  The finally recovered stress 

for activation under mechanical strain-control, where strains representative of the 

thermal expansion and contraction of the parent structure during heating and cooling 

are applied to the Fe-SMA during the activation process, is nearly half of that achieved 

under total strain-control.  It can then be concluded that the tensile stress level on the 

Fe-SMA element during the activation process (thermal expansion of parent structure 

or due to dead-loads) should be minimized in order to obtain higher recovery stresses. 

Furthermore, this observation implies employment of fast heating methods such as the 

ERH technique for the thermal activation of Fe-SMA elements minimise the amount 

of heat transfer to parent structures and result in higher pre-stressing forces. 

¶ The recovery stress partially relaxes when the activated Fe-SMA is subjected to cyclic 

loading conditions.  The relaxation is more pronounced for larger strain ranges and 

lower strain rates.  For the cyclic strain ranges relevant for practical applications of the 

Fe-SMA, the recovered stress remains above 280MPa after 2×10
6
 cycles (e.g. for ȹ‐ = 

0.07% with frequency of 10Hz). 

¶ A significant part of the loss in the recovery stress, which occurs during cyclic load-

ing, is retrieved when the Fe-SMA is reheated to 160°C and cooled to room tempera-

ture (i.e., reactivation).  Such observations indicate that relaxation of the recovery 

stress during cyclic deformation is mainly due to a forward phase transformation and 

is recoverable.  This finding has important practical implications and provides a possi-

ble solution for restoring the pre-stressing force of structures, which have lost a sub-

stantial portion of their pre-stressing force due to relaxation, cyclic loading or over-

loading, simply by reheating the Fe-SMA elements to the activation temperature. 
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Figure and Tables 

 

 

 

 

 

 

 

 

 
 

(a) (b) 

 

 

 
(c) (d) 

Fig. 1. Application of SMA elements to strengthen a structural member.  a) pre-straining, b) 

fixing to a structural member c) thermal activation, d) stress state after activation. 
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Fig. 2.  SEM-BSE image of the as-received 

Fe-SMA.  

Fig. 3.  Employed testing setup illustrating 

the dog-bone specimen, side-entry extensom-

eter, thermocouple and heating/cooling sys-

tems. 
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Fig. 4. Room temperature tensile behaviour 

of the as-received Fe-SMA.  

Fig. 5. Comparison between the thermal ex-

pansion behaviour of the as-received Fe-

SMA in this study and that of a typical aus-

tenitic stainless steel [30]. 

 

 

 

 

 

 

 

 

 

 

 

0 0.2 0.4 0.6 0.8 1
0

100

200

300

400

500

600

700

E = 173GPa 

« s
0.01

 = 230MPa

s
0.2

 = 546MPa 

S
tr

e
s
s
 [
M

P
a
]

Strain [%]

0 50 100 150 200
0

0.05

0.1

0.15

0.2

0.25

Temperature [°C]

T
h
e
rm

a
l 
s
tr

a
in

 [
%

]

 

 

Fe-SMA heating

Fe-SMA cooling

Austenitic steel [29]

0 8 16
0

400

800

1200

s
UTS

 = 1015MPa

Elongation = 54.9%S
tr

e
s
s
 [

M
P

a
]

Crosshead displacement [mm]



21 

 

 

 

 

 

 

 

 

 

 

 

  
(a) (b) 

Fig. 6. (a) Stress as a function of the total strain during pre-straining and different thermal ac-

tivation strategies. (b) Recovered stress in the Fe-SMA strip as a function of temperature for 

different thermal activation strategies. 
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Fig. 7. Scheme of the stress-temperature 

phase diagram including As, Af and Ms lines 

[10]. Coordinates A and B put into perspec-

tive the material phase state during total and 

mechanical strain controlled activation pro-

cess during heating at T=60°C, respectively. 

Fig. 8.  The mechanical response of the acti-

vated Fe-SMA under tensile loading (ůr 

=Ḑ360-370MPa and ‐r =Ḑ1.3% are stress and 

strain values at the end of thermal activation). 
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Fig. 9.  Decrease of recovery stress due to the 

first loading and unloading cycle (0.070%, 

10Hz) after activation of the Fe-SMA (inset: 

recovery stress reduction after first loading 

cycle for different conditions). 

Fig. 10.  Evolution of the recovery stress and 

the maximum stress in the activated Fe-SMA 

for the first ten load cycles for different strain 

ranges and frequencies 
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Fig. 11.  Relaxation of the recovery stress due 

to cyclic loading of the activated Fe-SMA for 

different strain ranges and frequencies. 

Fig. 12.  Comparison of stress recovery be-

haviour during first and second thermal acti-

vations (after two million loading cycles). 
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