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H I G H L I G H T S

• FeNi CoAlT i iron- bas ed shape memory

alloy was investigated following various

heat treatments and loading conditions

• Local accum ula tion of irrecove rabl e

strains was measure d de spite hig h re -

covery rates 

 

 

 

 

 

 

 

 based on global strain mea-

sure ments

• Under cyclic loading conditions, loss 

 

 

 

 

 

 

 

 of

superelasticity was limited 

 

 

 

 

 

 

 

 initially but

became significant after 10 cycles

• Functionality 

 

 

 

 

 

 

 

 loss was attributed to 

 

 

 

 

 

 

 

 the

buil dup of loc al irr ecov erab le str ains

and plast ici ty at the mart ensi te

boundary
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The development of Iron-based shape memory alloys is primarily motivated by the need 

 

 

 

 

 

 

 

 for a cost-effective al-

ternative to NiTi. This work explores the superelastic and functional 

 

 

 

 

 

 

 

 fatigue properties of Fe42.5 Ni30Co15Al10Ti2.5

SMA. Single crystalline samples were subjected to various heat treatments to optimize the precipitation content

and achieve superelastic response. Precipitation heat 

 

 

 

 

 

 

 

 treatments between 180 

 

 

 

 

 

 

 

 and 200 min at 600 °C were con-

ducive to superelasticity with large recoverable strains (~7%) and high levels of recovery ( 95% recovery). HeatN

treatments at lower temperatures altered the strength but 

 

 

 

 

 

 

 

 without achieving superelasticity. A phenomenon

which was attributed to plastic slip resulting from 

 

 

 

 

 

 

 

 the critical transformation stress being higher than the slip re-

sistance. Treatment times beyond 200 min induced a brittle response 

 

 

 

 

 

 

 

 and premature fracture prior to transfor-

mation. 

 

 

 

 

 

 

 

 Cyclic experiments were also conducted following different heat treatments and loading conditions to

study the functional fatigue properties. In all cases, limited degradation 

 

 

 

 

 

 

 

 of superelastic properties took place in

the rst 10 cycles. However, with continued loading, reduction of superelastic strains and loss of functionalityfi

was observed. This was attributed to the gradual buildup of local irrecoverable strains due to plasticity at the mar-

tensit e boundary which acts to pin t he interf ace and pr event r everse tr ansformati on.

© 2018 Elsevier Ltd. All rights reserved.
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1. Introduction

Research focused on the development and characterization of shape

memory alloys (SMA) has enabled advanced applic ations u tilizing their

unique shape mem ory (SM) and superelas tic (SE) proper ties [ ].1 10–
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The widely studied, and commercially available, NiTi 

 

 

 

 

 

 

 

 based composi-

tions continue to be the materials 

 

 

 

 

 

 

 

 of choice in the development of prac-

tical applicati ons due to th eir large t ransfor mati on stra ins, high sli p

resistance, and good functional properties under 

 

 

 

 

 

 

 

 cyclic loading condi-

tions [ ]. However, the cost associated with manufacturing NiTi11 14–

and the high sensitivity to composition variation prevents a wider adop-

tion and use of this class of shape memory materials in structural appli-

cation s. T he deve lopm ent of Fe-based , or ferrous SM As, ha s been

motivated by 

 

 

 

 

 

 

 

 the need for a cost-effective SMA with more commercially

attra ctive proc essi ng route s [ , , ]. Vari ous all oys have be en pro-3 15 16

posed such as the FeNi, FeMn, FeMnSi, FeNiCoTi, FePd and FePt based

compositions [ ,1 17]. However, obtaining the desirable room tempera-

ture supere lasti city has b een a chall enge in t he a forem en tione d Fe-

based SMAs. Recen t effort s 

 

 

 

 

 

 

 

 fo c used on FeNiCoA lX ( where X is ei ther

Ta or Ti) and FeMnAlNi compositions are of particular interest and sev-

eral studies have reported large superelastic and recoverable strains at

room temperature [18–22]. A major drawback, however, is the degrada-

tion of superelastic properties under cyclic loading condition (i.e., f unc-

tional fat igue) [ , ]. 

 

 

 

 

 

 

 

 A phenomen on that has been primar ily16 23

attributed to pinning of the martensite interface boundary which 

 

 

 

 

 

 

 

 pre-

vents complete reversibility and results in the accumulation of residual

strains with continued loading [ ]. The rate of degradation in SE prop-16

erties and the acc umulati on of re sidual st rains are in ue nced by 

 

 

 

 

 

 

 

 thefl

loading l evel (i.e. , 

 

 

 

 

 

 

 

 total applied cyclic strain) and aging heat treatment.

This work is focused on studying the functional fatigue properties of 

 

 

 

 

 

 

 

 sin-

gle crystal line Fe 42.5Ni 30Co15Al10Ti 2.5 (at.%) Fe-based SMA. 

 

 

 

 

 

 

 

 Through the

use of local and full - eld defor mation measu remen ts, th e wor k p ro-fi

vides a quantitative assessment and further insight into the degradation

of superelastic strains for samples subjected to different heat treatments

and cyclic loading conditions.

The FeNiCoAlTa Fe-based SMA, rst reported by Tanaka et al., un-fi

dergoes a reversible fcc (austenite) to bct (martensite) stress-induced

phase transf ormation [ ]. With proper control of texture ( , 

 

 

 

 

 

 

 

 10021 i.e. 〈 〉

textured polycrystalline) and aging treatment, 

 

 

 

 

 

 

 

 large critical transforma-

tion stresses ( 1000 MPa) and large transformation strains on the orderN

of 13% were reported. Aging heat treatments are typically required in

this class of alloy, and in Fe-based SMAs in general, to introduce pre-γ′

cipitates which are essential for inducing reversible martensitic trans-

formation, and there fore super elasticity [ , , ]. In the case of19 22 24 28–

FeNiCoAlTi, the aging treatments introduce ordered L1 2 γ′ precipitates

( 5 –10 n m diame ter) and (FeNiCo) 3(AlTi) chemi cal composit ion in to

the austenite matrix [29]. As the a ging treatment a nd the resultant p re-

cipitation process is time and temperature dependent, a proper optimi-

zation of the heat treatment 

 

 

 

 

 

 

 

 parameters is essential 

 

 

 

 

 

 

 

 to prevent excessive

precipitatio n (note that the pre cipitates do not undergo tran sforma-

tion) or the formation of large precipitates which would degrade ductil-

ity and induce a brittle response. Previous work considering FeNiCoAlX

(where X = Ta or Ti) have reported reversible martensitic transforma-

tion and supere lastic pr opertie s wi th ag ing treatm ents conduct ed at

temperatures ranging from 600 to 700 °C. The aging duration varies sig-

nificantly between the two compositions (i.e., alloying FeNiCoAl with Ta

or Ti) with the lighter Ti atoms allowing for shorter aging times (1–4 h)

compared to the heavier Ta (up to 90 h) [ ,24 25, ]. This particular as-30

pect has sparked additional interest in the FeNiCoAlTi based SMA. Al-

though several studies have reported extensive experimental analysis

of the superelastic properties of FeMnCoAlTi SMA, including works con-

sidering single crystals [25, ,29 31], quantitative assessment of the func-

tional fatigu e p roperti es under c yc lic loadin g rema ins limited . This

particular aspect will be a s ubject of in vestigation in th is work utiliz ing

Fe42.5Ni30Co15Al10Ti 2.5 (at.%) single crystals. The selection of single crys-

tal samples, as opposed to polycrystalline, is primarily motivated by the

tendency of the polycrystalline material to 

 

 

 

 

 

 

 

 develop precipitates at grain

bound aries thus lim itin g su perela stic ity and cau sing an undes irabl e

crystal orientation was selected, the , which has the largest magni-〈001〉

tude of strain recovery based on theoretical calculations.

Different aspects control the SE response in Fe-based SMAs including

the material phase prior to 

 

 

 

 

 

 

 

 loading (should be austenite), 

 

 

 

 

 

 

 

 the dispersion

of precipitates, and the austenite resistance to slip [ ]. Unlike NiTi,γ′ 32

the separate assessment of all of these contributing factors is challeng-

ing in Fe-based SMAs. 

 

 

 

 

 

 

 

 For example, differential scanning calorimetry

(DSC) can be 

 

 

 

 

 

 

 

 easily used to determine the transformation temperature

in NiTi. Such measurements in Fe-based SMAs are not possible and re-

searchers resort to different approaches such 

 

 

 

 

 

 

 

 as resistivity or 

 

 

 

 

 

 

 

 magneti-

zation mea surem ents [ , ]. Is obari c ( , c onsta nt st ress 

 

 

 

 

 

 

 

 loa ding21 24 i . e .

with temp erature cycl ing) h ave also been 

 

 

 

 

 

 

 

 used, howev er, the results

are stres s dependen t [ , ]. T he dynamic mech anic al analyz er2 9 3 3 3 5–

(DMA) enables similar measurements by capturing the change in mate-

rial stiffness following phase transformation. Multiple studies have uti-

lized the DMA to evalua te 

 

 

 

 

 

 

 

 the shape memory prop erti es and phase

transformation temperatures in NiTi, including comparison 

 

 

 

 

 

 

 

 with DSC

result s [3 6 3 8– ] . A s f o r th e  

 

 

 

 

 

 

 

 γ′ nano-sca le precip it ates , its well docu-

mented that their presence 

 

 

 

 

 

 

 

 is essential to obtain a thermo-elastic mar-

tensi ti c trans formati on ( , s uperel astici ty). The har denin g in ducedi.e.

by the presence of these precipitates affects not only the austenite slip

resistance but can also, as will be shown in this work, 

 

 

 

 

 

 

 

 alter the 

 

 

 

 

 

 

 

 critical

martensitic 

 

 

 

 

 

 

 

 transformation stress. Therefore, a proper assessment and

control 

 

 

 

 

 

 

 

 of the amount 

 

 

 

 

 

 

 

 of dispersion and size of the precipitates is ofγ′

great importanc e, how ever , requ ires 

 

 

 

 

 

 

 

 extensive analysi s usi n g tech -

niques such as TEM and tomography [ , ]. The collective impact of24 33

all of these contrib uting factors is typ icall y ca pture d at the mac ro-

scale in the form of a 

 

 

 

 

 

 

 

 st ress-s train curve . In th e ca se that no

superelasticity is observed, assessing the cause becomes a formidable

task based on macro-sc ale mea sure ments only. Th e use of local and

full-field strain measurements 

 

 

 

 

 

 

 

 provides additional insight into the prob-

lem and can 

 

 

 

 

 

 

 

 guide optimization efforts. For example, plastic deforma-

tion in the austenite phase and non-rev ersib le martens itic phase

trans formati on 

 

 

 

 

 

 

 

 will have sim ilar macr o-sc ale respo nse ( , stress-i.e.

strain curves), however, the local strain elds 

 

 

 

 

 

 

 

 will 

 

 

 

 

 

 

 

 differ signi cantly.fi fi

In this work , fu ll- eld measureme nts using digital imag e corre lationfi

(DIC) were ut iliz ed to unambigu ousl y differe ntiat e betwee n plastic

slip domin ated deform ation and phase trans formati on. By locall y

asses sing t he pla stic st rain eld, the lack of supere la stici ty fo r somefi

samples was attributed to improper aging treatment resulting in slip re-

sistanc e that is 

 

 

 

 

 

 

 

 lower than th e crit ical transf orma tion stre ss. Th e ap-

proach h as help ed explai n the lac k of super elas ticit y in the mac ro-

scale measurements and has 

 

 

 

 

 

 

 

 facilitated optimizing the aging treatment

conditions to obtain the desirable room temperature superelasticity.

In 

 

 

 

 

 

 

 

 summary, 

 

 

 

 

 

 

 

 the superelastic deformation response of single crystal-

line FeNiCoAlTi Fe-based SMA was investigated in this study under dif-

feren t loadi ng condition s with foc us on the fu ncti onal f at igue

properties . The 〈00 1〉 orientation was selected as it provides the largest

magnitude of theoretical transformation strains (8.7% in tension) [ ].21

Samples were subjected to 

 

 

 

 

 

 

 

 various aging heat 

 

 

 

 

 

 

 

 treatme nt to opt imize

the ro om temperatu re superela stic strain s. Th rough the u se of loca l

and full- eld de forma tion mea suremen ts, the la ck of supe relast icit yfi

for some heat treatments was explained based on the difference in the

local deformation fields for samples undergoing reversible phase trans-

formation and samples exhibiting no SE 

 

 

 

 

 

 

 

 strain recovery. We nally pro-fi

vide quan titati ve insig ht into the fu ncti on al fati gue prop ertie s fo r

samples subjected to different levels of deformation (3% and 4.5% total

cyclic strain) and different aging treatments (600 °C for 180 min and

200 min). In particular, the rate of degradation in SE strains and the ac-

cumula tion of re sidual stra in s we re 

 

 

 

 

 

 

 

 evaluate d un der cyclic loading

conditions.

2. Materials and methods
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britt le be havi or. I n ad dition , it is we ll k nown that the magn itude of
the recoverable SE strains is grain orientation dependent. As this aspect
is not a su bject of inve stig ation in the curre nt study, onl y 

 

 

 

 

 

 

 

 one singl e
Single crystalline ingots of Fe 42.5Ni30Co15Al10Ti2.5 (at.%) we re grown

using the Bridgman technique in a 

 

 

 

 

 

 

 

 helium atmosphere. The ingots 

 

 

 

 

 

 

 

 were

subjected to a 33 h homogenization heat treatment at 1285 °C prior to

cutting sample s 

 

 

 

 

 

 

 

 us ing ele ctric discha rge machining. Dog bone tensile

samples with 1.5 mm × 3 mm 

 

 

 

 

 

 

 

 gauge section were machined with the

loading axis aligned with the 001〈 〉 crystallographic direction. Samples

were subjected to various aging heat treatments at temperatures rang-

ing from 500 to 600 °C. All treatments were conducted in air and termi-

nated with que nching in wate r. To prepar e samples for full- eld DICfi

measurements, the surface of each aged specimen was polished using

SiC paper 

 

 

 

 

 

 

 

 to remove any surface scratches. A ne black paint specklefi

pattern was applied using an airbrush.

Deformation 

 

 

 

 

 

 

 

 was performed using an Instron servo-hydraulic load

frame with loading conducted in strain control with an average strain

rate of 10 3 s 1 (usi n g a 5 mm gaug e le ngth exte nsomet er) and

unloading in load control. For samples deformed at room temperature

(RT), DIC reference and deformed images were captured covering ap-

proximately a 5 mm × 3 mm region of interest with an imaging 

 

 

 

 

 

 

 

 resolu-

tion of (~ 4 m/pixel) . Du ring 

 

 

 

 

 

 

 

 deform ation (loa di ng and un load in g),

optical images were captured every 2 s. As explained in the introduc-

tion, the focus of this study is on the superelastic response of 

 

 

 

 

 

 

 

 the single

crystalline Fe-based SMA FeNiCoAlTi. A schematic detailing all the ex-

perimental parameters which describe the SMA superelastic response

is presented in . The stress pointsFig. 1 f and r point to the critical for-

ward and reverse transfor mation st resses, respectively . The total 

 

 

 

 

 

 

 

 ap-

plied strain during loading ( total) is broken down 

 

 

 

 

 

 

 

 into a recoverable

( recoverable) and irrecoverable or residual strain ( residual) components.

The total strain recovery includes the superelastic strain ( SE) and the

recoverable elastic s trains.

3. Results and analysis

Fig. 2a shows the stress-strain response for different single crystal-

line samples subjected to various aging heat treatments. The loading di-

recti on for 

 

 

 

 

 

 

 

 a ll the s pecimen s 

 

 

 

 

 

 

 

 was along th e 10 0 cryst allog raphi c〈 〉

direction 

 

 

 

 

 

 

 

 which, as explained in the 

 

 

 

 

 

 

 

 introduction, has the largest 

 

 

 

 

 

 

 

 magni-

tude 

 

 

 

 

 

 

 

 of theoretical transformation strains. After 60 min of aging treat-

ment at 600 °C, the stress level as obse rved from the stres s-str ain

curve has increased from around 400 

 

 

 

 

 

 

 

 MPa for the as-grown conditions

( , homog enized and withou t any ag ing tr eatmen t) to ~ 800 MPa .i.e.

The stress increase is associated with the anticipated, and desired pre-

cipitation process, however, no superelasticity was detected. By increas-

ing the a ging treatm ent time 

 

 

 

 

 

 

 

 from 60 mi n to 180 min, the strengt h

increased fu rthe r an d a clear supe relastic respo nse wa s ob served. At

200 m in aging time (on ly 20 min increas e), f urther ampli c ation infi

strength was observed and the samples continued to 

 

 

 

 

 

 

 

 exhibit good SE

behavior. Slight modifications 

 

 

 

 

 

 

 

 to the aging time beyond 200 min caused

very high stress levels and brittle fracture prior to macro-scale plasticity

or superelasticity. A similar brittle behavior was also observed for higher

temper ature a ging trea tmen ts ( i.e., 700 °C – not shown in Fig. 2). Sam-

ples subjected to lower temperature aging treatments ( , 500 °C ase.g.

shown in ) did not exh ib it superela sticit y 

 

 

 

 

 

 

 

 de spite the st re ngthFig. 2

increase.

As expla ined in the intr od ucti on, full - e ld stra in meas urement sfi

using DIC can provide further insight into the local deformation and,

therefore, help explain the lack of SE behavior for some samples. A rep-

resentative co ntour plot displayi ng the normal strains ( , along thei.e.

〈 〉100 loading direction) for a sample undergoing reversible SE deforma-

tion is shown in Fig. 2 b. The DIC contour plot captures the activation of 3

differ ent mart ensi te vari ants (mar ked as V1 , V2 , and V3 in b)Fi g. 2

which is expected for this crystal orientation under tensile loading con-

ditions. The martensitic 

 

 

 

 

 

 

 

 transformation in this alloy, fcc austenite to bct

martensite, follows the Bain cubic to tetragonal deformation and can be

accommodated by three martensit e 

 

 

 

 

 

 

 

 variants as described in detail in

[18, ]. The twining plane for such transformation 

 

 

 

 

 

 

 

 belong 

 

 

 

 

 

 

 

 to the {110}21

plane and will, therefore, generate significantly different traces on the

sample's 

 

 

 

 

 

 

 

 surface compared to slip on the {111} planes [ ]. For compar-26

ison, the cont our plot ob tained from a non-tra nsform ing sample is

shown in c. Cl early 

 

 

 

 

 

 

 

 both conto ur plots inFig. 2 Fi g. 2b and c sh ow a

very different 

 

 

 

 

 

 

 

 local behavior. The strain 

 

 

 

 

 

 

 

 bands in the non-transforming

sample match the traces of the {111} planes (see also ). The con-Fig. 3

tour plot 

 

 

 

 

 

 

 

 shown 

 

 

 

 

 

 

 

 in c was obtained following a 

 

 

 

 

 

 

 

 500 °C aging treat-Fig. 2

ment, how ever, as- grown sam ples and the sa mple aged for 60 min

only at 600 °C exhibited a similar response. Since the crystal structure

in the austenite phase is fcc, this 

 

 

 

 

 

 

 

 suggests, based on the local DIC results,

that the samples showing no SE strains did not exhibit noticeable mar-

tensitic transformation (neither reversible nor non-reversible) and the

deformation was 

 

 

 

 

 

 

 

 dominated by plastic slip on the {111} fcc slip planes.

The Schmid f actors fo r the 12 possi ble fcc slip sy stem s a re s hown in

Fig. 3a. Ac tivati on of multi ple sli p sy stems is ex pecte d wi th possi ble

trances from all slip planes. Alt hough th e exac t n umber of a ctiva ted

slip systems is hard to determine based on such analysis, it is easy to

conclude slip mediated plasticity by matching the expected slip plane

traces ( b) with the strain bands obtained from DIC measurementsFig. 3

(Fig. 2c). Its noted that the expected traces for martensitic transforma-

tion are of the {110} [ ] type which will generate completely different24

traces on 

 

 

 

 

 

 

 

 the samples' surface as shown in b and experimentally inFig. 3

Fig. 2b.

Based 

 

 

 

 

 

 

 

 on the previous results, it is concluded that the deformation in

the absence of superelasticity is dominated by plastic slip on the {111}

fcc slip planes. The precipitation process induced by aging altered the

slip resistance (compare as-grown response to 60 min a ging in

Fig. 2a) as well as the critical transformation stress (compare 180 

 

 

 

 

 

 

 

 min

to 200 min agi ng in F i g .  

 

 

 

 

 

 

 

 2 a ) . T h e r e f o r e,  

 

 

 

 

 

 

 

 a c a r e f u l  

 

 

 

 

 

 

 

 o p t i m i z a ti o n  

 

 

 

 

 

 

 

 o f t h e

aging treatment parameters is required to alter both stresses ( , 

 

 

 

 

 

 

 

 slipi.e.

resis tance and c rit ica l transf ormati on stress) s uch that they are in

the correc t 

 

 

 

 

 

 

 

 range where 

 

 

 

 

 

 

 

 the slip res istan ce 

 

 

 

 

 

 

 

 ends up exceedin g th e

trans formati on stres s, thus resultin g in SE re versib le marten sitic

transformation.

As reported 

 

 

 

 

 

 

 

 in , samples subjected to a 180 min aging time ex-Fig. 

 

 

 

 

 

 

 

 2

hibited superela sticity at RT. Loading at lower deformation tempera-

tures is expe cted to disp lay similar SE beh avior as lon g as the

deformation temperature is higher than the martensite transformation

temperature (M s). The stress-strain curves presented in a reveal SEFig. 4

strains and high levels of recovery between RT and 50 °C deformation

temperatures. However, once loading 

 

 

 

 

 

 

 

 was conducted 

 

 

 

 

 

 

 

 at 100 °C, a deg-

radation in the SE strains was observed with signi cant accumulation offi
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residual deformation. This deformation temperature can potentially be
lower th an the martensite transfor mation tempera ture ( M s) which
will therefore adversely affect superelasticity. As discussed in the intro-

duction, 

 

 

 

 

 

 

 

 DSC measurements, which are predominately used in SMAs, do

not typically aid in the determination of phase transformation temper-

atures in the case of 

 

 

 

 

 

 

 

 Fe-based SMAs. The refore, a direct con rmationfi

Fig. 1. Illustration of the superelastic response in shape memory alloys (deformation at a

temperature austenite nish temperatureN fi A f). The functional degradation in properties

is typically manifested as a reduction in the superelastic strains ( SE) and accumulation

of residual strains ( residual).

using phase transformation temperatures was not possible.  

 

 

 

 

 

 

 

 Fig. 4b pre -

sents the stor age mod ulus and tan delt a 

 

 

 

 

 

 

 

 wh ich were ob ta ined by

conduc ting a temperatu re sw eep us ing th e DMA on a 180 min aged

specimen and as-grown samples. A drop in the storage modulus, and

an inc rease in ta n del ta, t ook pl ace aro und 10 0 °C which sug gests

that M s 100 °C. The DMA data provides further evidence that the

degradation in SE strains observed 

 

 

 

 

 

 

 

 at 100 °C was associated with ex-

cessive temperature drop inducing the formation of non-transforming,

temperature induced, martensite phase.

For samples exhibiting no superelasticity at RT 

 

 

 

 

 

 

 

 (e.g., following aging

for 60 min, which revealed slip dominated plasticity at RT as shown in

Fig. 2a), SE 

 

 

 

 

 

 

 

 response can be induced at 

 

 

 

 

 

 

 

 lower deformation temperatures

due to 

 

 

 

 

 

 

 

 the expected drop in the critical transformation stress ( f ) and

increase in the slip resistance with temperature decrease (see d).Fig. 4

The stress-strain curves presented in c reveal SE strains startingFig. 4

at 4 ° C deformati on temperat ure and down 

 

 

 

 

 

 

 

 to 

 

 

 

 

 

 

 

 100 °C. It is na llyfi

worth noting tha t lowe ring th e def ormati on te m pera tu re, down to

50 °C, for as-grown samples (i.e., no aging treatments) did not cause

any superelastic properties and 

 

 

 

 

 

 

 

 the stress-strain curves exhibited typi-

cal plastic response with incremental strength increase with each defor-

mation temperature drop.

For a pr oper quanti tativ e u ndersta nding of the fun ctional f atigue

properties of superelastic SMAs, it is important to investigate the global

as well as the material 

 

 

 

 

 

 

 

 response. a reports global, and locallocal Fig. 5

Fig. 2. (a) Stress-strain response of single crystalline FeNiCoAlTi subjected to various aging heat treatments. All samples loaded in tension along the 100〈 〉 crystallographic direction.

(d) Full- eld contour plot showing the normal DIC strains (along the loading direction) for a sample undergoing reversible SE martensitic transformation accommodated by threefi

variants; V1, V2, and V3. (c) Contour plot 

 

 

 

 

 

 

 

 showing the local strains for a sample exhibiting no SE strains. The non-recoverable strain bands match the traces of the {111} fcc slip planes.
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Fig. 3. (a) Schmid factors for the 12 possible slip system in the fcc austenite phase. (b) Possible slip traces of the slip planes {111}. (c) Traces of the {110} 

 

 

 

 

 

 

 

 planes associated with potential

martensite variants.

stress-strain curves for a single crystalline FeNiCoAlTi sample exhibiting

SE properties. The strains calculated to construct the curve rep-“Global”

resent the DIC eld averages in the 

 

 

 

 

 

 

 

 entire region of interest as outlinedfi

in Fig. 5b. The Local“ ” curve was plotted using the localized strains in a

small region of interes t havi ng th e high est st rain m agnitu des in the

DIC eld. The global average response, which is equivalent to 

 

 

 

 

 

 

 

 extensom-fi

eter measurements, points to full recovery following unloading with no

accum ulati on of re sidual deforma tion. However, th e loc al response

displayed two notable difference s; the magnitude of the loc al strains

exceeded the global average by at least a 

 

 

 

 

 

 

 

 factor of 3 (reaching 7% locally

for 2% applied average 

 

 

 

 

 

 

 

 strain), and a nite accumulation of residual andfi

irrecoverable strains was detected. This observation of local accumula-

tion of residual 

 

 

 

 

 

 

 

 strains can also be visualized using the full-field c ontour

plot of the normal DIC strains (i.e., along 

 

 

 

 

 

 

 

 the loading 

 

 

 

 

 

 

 

 direction) following

complete unloading as shown in d. It is important to emphasizeFig. 5

that despite the seemingly complete recovery from the global measure-

ments, at the macro-scale, local accumulation of residual strains took

place.

As discussed previously, the aging treatment had a signi cant im-fi

pact on both; 

 

 

 

 

 

 

 

 the austenite slip resistance and the critical forward trans-

formation stress. The desirable superelastic behavior was only achieved

in two of the c onside red agin g trea tment s, nam ely the 180 mi n 

 

 

 

 

 

 

 

 and

Fig. 4. (a) 

 

 

 

 

 

 

 

 Stress-strain response at different deformation temperatures for a single crystalline FeNiCoAlTi sample subjected to 180 min aging treatment. (b) The storage modulus and tan

delta for as-grown and aged samples. (c) 

 

 

 

 

 

 

 

 Stress-strain response at different deformation temperatures for a sample subjected to 60 min 

 

 

 

 

 

 

 

 aging treatment. (d) The critical transformation

stre ss ( f) as a function 

 

 

 

 

 

 

 

 of temperature. Data extracted from (a).
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Fig. 5. (a) Global and local stress-strain curves 

 

 

 

 

 

 

 

 of a single crystalline sample exhibiting superelastic response. (b) Full-field contour plot of the normal strains captured 

 

 

 

 

 

 

 

 at the maximum

stress, point as marked in (a). The global as well as the local DIC regions used to calculate the strains plotted in (a) are marked with black 

 

 

 

 

 

 

 

 and red rectangles, respectively. (c)A –

(d) Full-field contour plot of the normal strains at the onset of reversed transformation, point B which is captured at r, and after unloading, respectively.

200 min aging times, both at 600 °C. Although both samples exhibited

SE strains, the strength of the sample subjected to the 200 

 

 

 

 

 

 

 

 min treat-

ment was , as expe cted, higher comp ared to th e sampl e expose d to

180 min of aging only. It is easy to explain the incre ase in strengt h

based on the higher volume fraction of 

 

 

 

 

 

 

 

 precipitates which is expected

for the s light ly longe r agin g tr eatm ent. How ever, it re mains un clear

how the local response 

 

 

 

 

 

 

 

 will be affected, in particular, the accumulation

of local, and eventually global, residual 

 

 

 

 

 

 

 

 strains with continued loading

and at higher 

 

 

 

 

 

 

 

 leve ls of impose d defo rmation. To shed further insig ht

into th e effe cts in troduc ed by a ging in the SE re gi me, tw o samp les

with different aging conditions (i.e., 180 min and 200 min) were incre-

mentally loaded up 

 

 

 

 

 

 

 

 to 7% global strain and unloaded. The incremental

loading curves for the 

 

 

 

 

 

 

 

 180 min aged sample and 200 min sample are

presented 

 

 

 

 

 

 

 

 in , respectively. The evolution of residual 

 

 

 

 

 

 

 

 strainsFigs . 6 a nd 7

and recovery levels for all the loading cycles (shown 

 

 

 

 

 

 

 

 in Figs. 6b and 7b)

do not point to any discernable difference between the considered aging

conditions even thou gh a wide r hystere sis is observed for the longer

aging time.

The fu ll-field DIC contour plots shown in were captured atFigs. 6–7

the max imum stre ss an d follow ing un loadin g for ea c h of the

Fig. 6. (a) Incremental stress-strain curves of a single crystalline 

 

 

 

 

 

 

 

 sample aged for 180 min at 600 °C. (b) The total recovery properties and residual accumulated strain (global) for 

 

 

 

 

 

 

 

 each

loading cycle 

 

 

 

 

 

 

 

 reporte d in (a). (c) Full- eld contou r plots of the normal strains captured at the maximum stress for each loading cycle (L1 L4). (d) DIC str ain co ntour plots of thefi –

residual strains 

 

 

 

 

 

 

 

 at points B, D, F, and G marked in (a).
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Fig. 7. (a) Incremental stress-strain curves of a single crystalline 

 

 

 

 

 

 

 

 sample aged for 200 min at 600 °C. (b) The total recovery properties and residual accumulated strain (global) for 

 

 

 

 

 

 

 

 each

loading cycle 

 

 

 

 

 

 

 

 reported in (a). (c) Full- eld contour plots of the normal strains captured at the maximum stress for each loading cycle (L1 L3). (d) DIC strain contour plots of thefi

residual strains 

 

 

 

 

 

 

 

 at points B, D, and F marked in (a).

deformation cycles. It is noted that multiple martensite variants were

activated in all 

 

 

 

 

 

 

 

 cases and at all loading levels and that their volume frac-

tion increased at higher applied strains. Despite the formation of multi-

ple varia nts of martensi te, 

 

 

 

 

 

 

 

 the deforma tion elds were prim aril yfi

dominated by only one as observed by intense strain band formation

along one di re cti on . Bo th sa mples shared this feature, however , the

dominating martensite variant differed. The local variation 

 

 

 

 

 

 

 

 in the stress

field which is associated with different precipitation size and volume

fracti on m ay 

 

 

 

 

 

 

 

 hav e con trib ut ed 

 

 

 

 

 

 

 

 to s uch dissimil ar be havior . Th e full -

field contour plots captured at the unloaded states point to the magni-

tude, a nd loca tion of residual st rain s. 

 

 

 

 

 

 

 

 By co m pari ng the DIC contour

plots with the corresponding results obtained at the maximum applied

stresses, it is noted that the spatial locations for residual strain accumu-

lation do not necessarily coincide with the locations of maximum ap-

plied strains. Further discussion of the implication of this observation

is provided in Sec tion 4.

The results presented thus far for the 180 min and 200 min aging

treatme nts point 

 

 

 

 

 

 

 

 to an insigni cant dif ference in the mac ro-scal e SEfi

strains and average recovery properties. However, the critical transfor-

mation stress, stress hysteresis (Figs. 6a and 7a), a nd th e loc al SE st ra ins

( , the domina ting martens ite variant) differ ed fo r th e con sid eredi.e.

aging times. As one of the aim s of this work is to bet te r unde rsta nd

Fig. 8. (a) Cyclic stress-strain curves (3% applied strain) of a single crystalline sample aged for 200 min at 600 °C. (b) The evolution of the total average strain ( ), SE strain ( ), and

residual 

 

 

 

 

 

 

 

 strain ( ) for the cyclic loading results shown in (a). (c) Cyclic stress-strain curves (4.5% applied strain) of 

 

 

 

 

 

 

 

 a single crystalline sample aged for 200 min at 600 °C. (b) The

evolution of the total average strain ( ), SE strain ( ), and residual strain ( ) for the cyclic loading results shown in (c).
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Fig. 9. (a) SEM micrograph revealing the accumulation of residual martensite following cyclic loading (see c for stress-strain curves). The marked martensite variants (V1 V3) matchFi g. 8 –

the localized strain bands induced during transformation as shown for a representative case in (b).

the functional fatigue properties of the 

 

 

 

 

 

 

 

 Fe-based SMA under investiga-

tion, it is important to analyze the stability of the SE strains under cyclic

loadin g con diti ons an d how the di fferent heat treatmen ts aff ect the

functional fatigue properties of this 

 

 

 

 

 

 

 

 alloy at different levels of loading.

Fig. 8a reports the cyclic stress-strain response for a FeNiCoAlTi sample

subjected to a constant 3% applied average strain for 20 cycles. The evo-

lution of the to tal av erage strain ( ), 

 

 

 

 

 

 

 

 SE stra in ( ), and res idu al

strain 

 

 

 

 

 

 

 

 ( ) are shown in b. A clear degr ada ti on in the SEFi g. 8

strains is observed 

 

 

 

 

 

 

 

 in the rst 10 cycles followed by a sharp drop andfi

an accelerated rate of degradation in SE properties due to the buildup

an accelerated buildup of residual strains. As pointed previously, local

accumulation of residual strains takes place even with seemingly insig-

nificant levels of average residual strains at the macro-scale (see ).Fig. 5

This in cremen tal in crease in local resid ual st rains result s in the 

 

 

 

 

 

 

 

 late r

degradation in the macro-scale properties as shown in b. The evo-Fi g. 1 0

lution of t he residu al and SE stra ins exhib ited si milar tr ends to the

Fig. 10. (a) Cyclic stress-strain curves 

 

 

 

 

 

 

 

 (3% applied strain) of a single crystalline sample aged for 180 min at 600 °C. (b) The evolution of the total average strain ( ), SE strain ( ), and

residual strain ( ) for the cyclic loading results shown in (a). (c) Cyclic 

 

 

 

 

 

 

 

 stress-strain curves (4.5% applied strain) of a single crystalline sample aged for 180 min at 600 °C. (b) The

evolution of the total average strain ( ), 

 

 

 

 

 

 

 

 SE strain ( ), and residual strain ( ) for the cyclic loading results shown in (c).
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of residual strains. Similar trends were observed at higher levels of ap-
plied stra in (i.e., 4.5%) as reported in cFig. 8 –d. Ho wever, th e ra te of a c-
cumulation of residual strains, and consequently the degradation in SE

strains, varied slightly.

The cle ar degr ada ti on in 

 

 

 

 

 

 

 

 the magnitu de of SE strain s (sh ow n in

Fig. 8) was induced by the incremental accumulation of residual strains

during cyclic loading. The 

 

 

 

 

 

 

 

 full-field strain measurements provide an ac-

curate assessment of the level, and spatial location, of residual strain ac-

cumul ation. Howeve r, the m icros tr uctu ral asp ects as sociat ed with

permanent shape change 

 

 

 

 

 

 

 

 requi re further 

 

 

 

 

 

 

 

 investigation. a showsFig. 9

an SE M m icro graph of the fa tigued 

 

 

 

 

 

 

 

 s ample' s su rfa ce d iscuss ed in

Fig. 8 c. Following 20 cycles of cyclic 

 

 

 

 

 

 

 

 loading at 4.5% applied 

 

 

 

 

 

 

 

 strains, the

SEM image reve als the accu mulati on of residu al marten site. The ob-

served variants (V1-V3 as marked in a) match the localized strainFig. 8

bands associated with martensite transformation (a representative DIC

contour plot is shown in b). These observations highlight that theFig. 8

source of res idual s train accumul ation was the 

 

 

 

 

 

 

 

 associate d wit h the

buildup 

 

 

 

 

 

 

 

 of non-transforming residual martensite.

The cyclic stress-strain response for 

 

 

 

 

 

 

 

 the FeNiCoAlTi samples aged for

180 min, which 

 

 

 

 

 

 

 

 is the second aging treatme nt being consi dered for

functional fatigue properties, is shown in . The sample 

 

 

 

 

 

 

 

 subjectedFi g. 10

to 

 

 

 

 

 

 

 

 3% applied strain exhibited 

 

 

 

 

 

 

 

 minimal accumulat ion residual strains

initially, however, a transition took place around the 10th cycle with

Fig. 11. (a) Ev ol uti on of th e r es idu al st rai ns fo r sa mples s ubje c ted to d iffe rent agi ng

treatments and loading conditions. (b) Comparison of the residual strain accumulation

rate (εresidual ,) for the results presented in (a).

results obtained from the 200 min aging times. However, the 

 

 

 

 

 

 

 

 complete

loss 

 

 

 

 

 

 

 

 of superelastic properties, 

 

 

 

 

 

 

 

 as shown by the essentially elastic stress-

strain curves in Fig. 9a a nd c a t cy c le 20 ( i.e., elastic shakedown), was not

reached for the 180 min aged samples.

The evolution of residual 

 

 

 

 

 

 

 

 strains and the associated degradation in

superelastic strains under cyclic loading condition differed for the two

aging conditions and 

 

 

 

 

 

 

 

 loading levels discussed in Figs. 9–10. For a b ette r

quantitative evaluation, we focus on 

 

 

 

 

 

 

 

 the rst few cycles prior to the in-fi

flection and 

 

 

 

 

 

 

 

 sharp spike in residual strain which was observed 

 

 

 

 

 

 

 

 around

the 10th fatigue cycle. shows a comparison between the mea-Fig. 11

sured macro-scale residual strains for the 180 min and 200 

 

 

 

 

 

 

 

 min aging

treatments, both with two cyclic 

 

 

 

 

 

 

 

 loading levels 3% and 4.5%. A 

 

 

 

 

 

 

 

 summary

of the residual strain accumulation rate, εresidual , which is defined using

the slope as shown in Fig. 11a, is presented in Fig. 11b. The strain acc u-

mulation rate for both aging treatments experienced an increase at 4.5%

loading level compared to 3%. However, it is noted that the sample aged

for 180 min and subjected to 3% 

 

 

 

 

 

 

 

 cyclic strain experienced a significantly

lower accumulation 

 

 

 

 

 

 

 

 rate compared to all other samples.

4. Discussion

The development and optimization of Fe-based shape memory al-

loys has a great 

 

 

 

 

 

 

 

 potential to provide cost-effective alternatives to NiTi,

thus allo wing a wi der range of 

 

 

 

 

 

 

 

 applic ation s utiliz ing thei r uniq ue

shape mem ory and s uperel astic properti es. The re sults presented in

this paper illustrate considerable promise of FeNiCoAlTi alloys, one of

the Fe-based SMA compositions currently being explored, to achie ve

superelasticity upon optimization of aging heat treatment. In addition,

the work provides a deep insight into the functional fatigue response

of this c lass of alloys when su bject ed 

 

 

 

 

 

 

 

 to cyc lic lo adin g. In parti cula r,

the notion of pl asti c ow li mitin g functiona lity is explored furth erfl

with cyclic tes ts showing dramati c reduct ion of super elas tic strains

upon accumulation of irrecoverable plastic 

 

 

 

 

 

 

 

 strains.

The results presented in 

 

 

 

 

 

 

 

 this work t the pattern of Fe-based SMAsfi

being limit ed by plasti c ow. Previou sly there were two probl emsfl

with 

 

 

 

 

 

 

 

 iron-based SMAs. The rst has been the very large stress hysteresisfi

(FeNiC oTi and FeMnSi ) whi ch precludes the occur renc e of

superelasticity. The second is the role of 

 

 

 

 

 

 

 

 plastic deformation curtailing

the shape memory effect. With the introduction of Al as an alloying el-

a challenge for FeNiCoAlTi SMAs. Under cyclic loading conditions, signif-

icant degradation in 

 

 

 

 

 

 

 

 SE strains took place, particularly beyond the 10th

loading cycle as shown in . The low levels of irrecoverable strains atFig. 8

the c ommen cemen t of loa din g ( , cycles 1 10) underesti mate thei . e . –

local accumula tion of 

 

 

 

 

 

 

 

 res idual strains. The resul ts pre sented 

 

 

 

 

 

 

 

 in Fig. 5

clearly highlight SE behavior with insigni cant residual strains basedfi

on typical global measurements. However, the full- field and local strain

measurements point to a nite accumulation of 

 

 

 

 

 

 

 

 irrecoverable strains,fi lo -

c a l l y . T he gradual bui ldup of these loca l strai ns even tuall y 

 

 

 

 

 

 

 

 re sult s in

measurable accumulation, globally, and loss of functionality with con-

tinued loading. Plastic ow certainly plays a signifl ficant role in this pro-

cess due to the large transformation shear (mis t strains) that occur atfi

interf aces a n d the acc umula tion of di sloca tions wh ich act to pin th e

martensite 

 

 

 

 

 

 

 

 phase boundary and prevent reverse transformation, thus

resulting 

 

 

 

 

 

 

 

 in 

 

 

 

 

 

 

 

 the gradual buildup of residual martensite (see SEM micro-

graph in a). In addition, the activation 

 

 

 

 

 

 

 

 of multiple martensite vari-Fig. 9

ants, and the ir inte racti on, als o a ffec ts the local pl astic s train

accumulation resulting in further degradation 

 

 

 

 

 

 

 

 of SE properties.

The rate of irrecoverable plastic strain accumulation varies, as ex-

pected, with the magnitude of imposed cyclic strain. The aging treat-

ment and the resulting prec ipita tion conte nt is als o a cont ribut ing

factor 

 

 

 

 

 

 

 

 affecting the functional fatigue response as shown in Figs. 8 and

10. Th e forma tion of resi du al ma rtensi te in th e vicin ity of nano-

precip itate s has been repo rted to degr ade the cycl ic 

 

 

 

 

 

 

 

 stab ilit y of

FeNiC oAlTa SMA [ ]. A si milar impac t 

 

 

 

 

 

 

 

 f or the precip itate s is ex-16 γ′

pected in the case of 

 

 

 

 

 

 

 

 FeNiCoAlTi SMA considered in this work. However,

despite having an impact on the to tal 

 

 

 

 

 

 

 

 SE str ain de gradati on, the rstfi

order ef fects is still exp ecte d to b e relate d to 

 

 

 

 

 

 

 

 plast icity a t the

martensite-austenite interface and due to the 

 

 

 

 

 

 

 

 formation of intersecting

multiple variants of martensite. The fact that plastic strain accumulation

rates under different loading conditions and different aging treatments,

and thus precipitation, were similar in the rst few cycles ( b) sup-fi Fig. 11

ports this conclusion.

5. Conclusions

The work supports the following conclusions:

1- FeNiCoAlTi single crystalline samples loaded along the 001 direc-〈 〉
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the shape memory effect. With the introduction of Al as an alloying el-
ement and the process of precipitation, the current alloy has overcome
the supere lasticit y li mitat ion of ea rlier allo ys. It has been well docu-

mented that the 

 

 

 

 

 

 

 

 presence of these non -tra nsform ing n ano-

precipitates promotes reversible 

 

 

 

 

 

 

 

 martensitic transformation by 

 

 

 

 

 

 

 

 increas-

ing the critical stress for slip [ , , , ]. However, as reported and19 27 31 39

discussed in the current work, the forward martensite transformation

stress is also altered and increased but at a different rate compared to

slip 

 

 

 

 

 

 

 

 resistance. A proper optimization and control of the precipitation

process, through aging treatments, is crucial to introduce sufficient in-

creas e in sli p re sistan ce with accep tabl e le vels of tr ansf ormat ion

stresse s. I ntroduc ing th is gap between these two st ress levels (wi th

the transformation 

 

 

 

 

 

 

 

 stress being 

 

 

 

 

 

 

 

 lower than the critical slip stress) is con-

ducive to martensitic transformation and superelasticity. Recent studies

have focused on assessment of slip resistance in shape memory alloys

[13]. It w as d em on stra ted th at s lip res is tanc e i s s tres s- st ate a nd cry sta l

orientation dependent and need to significantly exceed the transforma-

tion stress levels for full superelasticity and shape memory to be real-

ized. In the case of FeNiCoAlTi alloy investigated in this work, despite

being able to achieve transformation stresses that are lower than slip

levels, achieving a signi cant 

 

 

 

 

 

 

 

 gap between the two stresses was chal-fi

lengi ng th rough pr ecipit ation ( , re quires lo nger agin g ti mes toi.e.

widen the gap between slip and transformation stresses) 

 

 

 

 

 

 

 

 and was even-

tually limited by brittle behavior at longer aging times or higher aging

temperatures.

Despite exhibiting the desirable room temperature superelasticity

with recoverable strains 

 

 

 

 

 

 

 

 of up to ~8%, the functional behavior remains

tion exhib it su perela stic respon se a t RT follow ing preci pitati on
heat treatment. In the absence of such heat treatment, 

 

 

 

 

 

 

 

 slip mediated
plasticity commences at relatively low stress levels that are less than

the critical martensitic transformation stress.

2- A prope r optimi zati on and con trol of the preci pitati on pr ocess ,

through aging treatments, is crucial to introduce suf cient increasefi

in 

 

 

 

 

 

 

 

 slip resistance with acceptable levels of transformation stresses.

Introducing this gap between these two stress levels is conducive

to martensitic transformation and superelasticity.

3- Samples optimized for RT superelasticity exhibited similar deforma-

tion response at lower temperatures, down to ~ 100 °C, at which

incomplete recove ry wa s obse rved. The M s was de termined to be

around 10 0 °C fo r t his allo y, given the sele cted hea t tr eatme nt,

which would explain the degradation in SE properties once defor-

mation was conducted at this temperature.

4- Good superelastic properties with large recoverable strains (~7% re-

coverable strains) and high recovery levels ( 95% recovery) wereN

obtained from global 

 

 

 

 

 

 

 

 measurements of deformation. Local measures,

however, pointed to nite accumulatio n of residual strains whichfi

were not detectable (initially) using global 

 

 

 

 

 

 

 

 and averaged measures

of strain.

5- Under cyclic loading conditions, limited 

 

 

 

 

 

 

 

 degradation of SE properties

took place i n the first 10 cycles of loading. However, significant deg-

radation took place with continued loading. The loss of functionality

was attributed to the gradual buildup of local irrecoverable strains. A

proces s that has been induc ed by plast icit y 

 

 

 

 

 

 

 

 at th e mar tens it e-

austenite boundary which acts to pin the interface and prevent re-

verse transformation.

Data availability

The data discussed in this study will be made 

 

 

 

 

 

 

 

 available upon request.

Author contributions section

Both authors contributed to the preparation of the 

 

 

 

 

 

 

 

 manuscript.

Acknowledgements

The work is supported by a National Science Foundation grant NSF

DMR 1709515 and partially by NSF CMMI - 1333884 which is gratefully

acknowledged. The authors acknowledge the assistance of Prof. Yury

Chumlyakov (Tomsk State University) with preparation of single crys-

tals. The corresponding author would like to acknowledge the partial -fi

nancial support from the Materials Science and Engineering Research

Institute at the American University of Sharjah.

References

[1] J. Mohd Jani, M. Leary, A. Subic, M.A. Gibson, A review of shape 

 

 

 

 

 

 

 

 memory alloy re-
searc h, appl icati ons and op portu niti es, Mate r. Des . (1 980 2015 ) 5 6 ( 2014 )–

1078–1113.
[2] W. Huang, On the selection of shape memory 

 

 

 

 

 

 

 

 alloys for actuators, Mater. Des. 23 (1)
(2002) 11 19.–

[ 3 ] D. C. Lago udas, Sh ape Memo ry All oy s: Mod eling a nd E ngin eeri n g A pplic atio ns,
Springer, New York, 2008.

[4] C. Lexcellent, Shape-memory Alloys Handbook (ISTE; ISTE.), Wiley, Hoboken, 2013.
[5] C. Naresh, P.S.C. Bose, C.S.P. Rao, Shape memory alloys: a state of art review, IOP

Conf. Ser. Mater. Sci. Eng. 149 (1) (2016) 012054.

[6] B. O'Brien, F.M. Weafer, M.S. 

 

 

 

 

 

 

 

 Bruzzi, 1.3 Shape memory alloys for use in medicine
A2 - 

 

 

 

 

 

 

 

 Du chey ne, P aul, C omp r ehen sive B iom ater i als I I, Els evie r, Oxf ord 2 017,
pp. 50 78.–

[7] H. Sehitoglu, L. Patriarca, Y. Wu, 

 

 

 

 

 

 

 

 Shape memory strains and temperatures in the ex-
treme, Curr. Opinion Solid State Mater. Sci. 21 (2016) 113–120.

[8] Shape Memory Materials (Shape Memory Materials). , Cambridge University Press,

1999 284.
[9] S. Takaoka, 6 - Overview of the development of shape memory and superelastic

[16] P. Krooß, et al., Cyclic degradation mechanisms in aged FeNiCoAlTa shape memory
single crystals, Acta Mater. 79 (2014) 126–137.

[17] T. Maruyama, H. Kubo, 12 - Ferrous (Fe-based) shape memory alloys (SMAs): prop-

ertie s, proc ess ing an d appl icati ons, Shap e Memor y and Su pere lasti c 

 

 

 

 

 

 

 

 Allo ys,
Woodhe ad Publ ishing 2 011, p p. 141–159.

[18] J. Ma, B. Kockar, A. Evirgen, I. Karaman, Z.P. Luo, Y.I. Chumlyakov, Shape 

 

 

 

 

 

 

 

 memory be-
havio r and tensi on co mpr essi on as ymmetr y of a FeNi CoAlT a sin gle- cryst alli ne– 

shape memory alloy, Acta Mater. 60 (5) (2012) 2186–2195.
[ 1 9 ] Y. Ta naka , R . Kainu ma, T. Omo ri, K . I s hida , A llo y d esig n fo r Fe-Ni -Co -Al-b ased

superelastic alloys, Mater. Today Proc. 2 (2015) S485 S492.–

[20] L.W. Tseng, J. Ma, S.J. Wang, I. Karaman, Y.I. Chumlyakov, Effects of crystallographic
orientation on the superelastic response of FeMnAlNi single crystals, Scr. Mater. 116

(201 6) 147–151.
[21] Y. Tanaka, Y. Himuro, R. 

 

 

 

 

 

 

 

 Kainuma, Y. Sutou, T. Omori, K. Ishida, Ferrous polycrystal-
line shape-memory alloy showing huge superelasticity, Science 327 (5972) (2010)

1488–1490.
[22] T. Omori, et al. , Su perela stic effec t in pol ycryst alline ferr ous alloys, Sci ence 333

(6038) (2011) 68.

[23] M. Vollmer, et al., Cyclic degradation in bamboo-like Fe Mn Al– – –Ni shape memory
alloys the role of grain orientation, Scr. Mater. 114 (2016) 156 160.— –

[24] J. Ma, B.C. Hornbuckle, I. Karaman, G.B. Thompson, 

 

 

 

 

 

 

 

 Z.P. Luo, Y.I. Chumlyakov, The 

 

 

 

 

 

 

 

 ef-

fect of nanoprecipitates on the superelastic properties of FeNiCoAlTa shape memory
alloy single crystals, Acta Mater. 61 (9) (2013) 3445–3455.

[25] L.W. Tseng, J. Ma, I. Karaman, S.J. Wang, Y.I. Chumlyakov, Superelastic response of

the FeNi CoAl Ti s ingle c rysta ls under te nsion an d c ompr es sion , Sc r. Mate r. 1 01
(2015) 1 4.–

[26] H. Sehitog lu, I. Karama n, X. Y. Zhang, Y. Chuml yakov, H.J . Mai er, Deforma tion of

FeNiCoTi shape memory single crystals, Scr. 

 

 

 

 

 

 

 

 Mater. 44 (5) (2001) 779 784.–

[27] P. La Roca, A. Baruj, C.E. Sobrero, J.A. Malarría, M. Sade, Nanoprecipitation effects on
phase stability of Fe-Mn-Al-Ni alloys, J. Alloys Compd. 708 (2017) 422 427.–

[ 2 8 ] H. O zcan, et al., Ef fect s o f c ycl ic heat tr eatme nt and a ging on super elast icit y in
oligocrys talline Fe-M n-Al-Ni shap e me mory alloy wires, Scr. Mate r. 13 4 (2 017)
66–70.

[29] Y.I. Ch umlya kov, I.V. Kir eeva, V.V . Po klonov, Z. V. 

 

 

 

 

 

 

 

 Pobe dennay a, I. Ka raman , The
shape -memo ry effect and su per elast icit y i n si ngle -cry st al ferroma gnet ic alloy
FeNiCoAlTi, Tech. Phys. Lett. 40 (9) (2014) 747–750.

[30] Z.V. Pobedennaya, K.A. Reunova, I.V. Kireeva, Y.I. Chumlyakov, Shape memory effect
and superelasticity in single crystals of iron-based alloys, IOP Conf. Ser. Mater. Sci.
En g. 9 3 ( 1) ( 20 15 ) 0 12 04 4.

[31] Y.I. Chumlyakov, et al., Thermoelastic martensitic transformations in single crystals
of FeNiCoAlX(B) alloys, Russ. Phys. J. 58 (11) (March 01 2016) 1549–1556.

[32] P. Chowdhury, H. Sehitoglu, Deformation physics of shape memory alloys – fu nda-

mentals at atomistic frontier, Prog. Mater. Sci. 88 (2017) 49–88.
[33] Y. Geng, et al., Coherency of ordered precipitates and thermoelastic martensitic′

transformation in FeNiCoAlTaB alloys, J. Alloys Compd. 628 (2015) 287–292.
[34] O.A. Kuts, M.Y. Panchenko, I.V. Kireeva, Y.I. Chumlyakov, Shape memory effect and

super elas tici ty i n [ 001] single cryst als 

 

 

 

 

 

 

 

 of FeN iCoA lNb(B ) al loy s, I OP C onf. Ser.
Mater. 

 

 

 

 

 

 

 

 Sci. Eng. 93 (1) (2015) 012034.

651W. Abuzaid, H. 

 

 

 

 

 

 

 

 Sehitoglu / Materials and Design 160 (2018) 642–651



alloy applications, Shape Memory and Superelastic Alloys, Woodhead Publishing
2011, pp. 77–84.

[10] S. Barbarino, E.I.S. Flores, R.M. Ajaj, I. Dayyani, M.I. Friswell, A review on shape mem-
ory alloys with applications to morphing aircraft, Smart Mater. Struct. 23 (6) (2014)

063001.
[11] M.H. Elahinia, M. Hashemi, M. Tabesh, S.B. Bhaduri, Manufacturing and processing of

NiTi implants: a review, Prog. Mater. Sci. 57 (5) (2012) 911 946.–

[12] G. Eggeler, E. Hornbogen, A. Yawny, A. 

 

 

 

 

 

 

 

 Heckmann, M. Wagner, Structural and func-
tional fatigue of NiTi shape memory alloys, Mater. Sci. 

 

 

 

 

 

 

 

 Eng. A 378 (1) (2004) 24 33.–

[13] H. Sehitoglu, S. Alkan, Recent progress on modeling slip deformation in shape mem-

ory alloys, Shape Mem. Superelasticity 4 (1) (March 01 2018) 11–25.
[14] S. Saadat, et al. , An overview of vibr ation and seismic applications of NiTi shape

memory alloy, Smart Mater. Struct. 11 (2) (2002) 218.

[15] A. Cladera, B. Weber, C. Leinenbach, C. Czaderski, M. Shahverdi, M. Motavalli, Iron-
based shape memory alloys for civil engineering structures: an overview, Constr.
Build. Mater. 63 (2014) 281–293.

[35] Z.V. Pobedennaya, K.A. Reunova, I.V. Kireeva, Y.I. Chumlyakov, Shape memory effect
and superelasticity in single crystals of iron-based alloys, IOP Conf. Ser. Mater. Sci.
En g. 9 3 ( 1) ( 20 15 ) 0 12 04 4.

[36] D. Roy, V. Buravalla, P.D. Mangalgiri, S. Allegavi, U. Ramamurty, Mechanical charac-
terization of NiTi SMA wires using a dynamic mechanical analyzer, Mater. Sci. Eng. A
494 (1) (2008) 429–435.

[37] Y. Liu, J. van Humbeeck, On the 

 

 

 

 

 

 

 

 damping behaviour of Niti shape memory alloy, J.
Phys. IV France 07 (1997) C5 (C5-519-C5-524).

[38] A. Fabregat-Sanjuan, F. Gispert-Guirado, 

 

 

 

 

 

 

 

 F. Ferrando, S. De la Flor, Identifying the ef-
fects of heat treatment temperatures on the Ti 50Ni 45Cu5 alloy using dynamic me-
chanical analysis combined with micros tructural analysis, Mater. Sci. Eng. A 712

(201 8) 281–291.
[39] C. Zhang, et al., Understanding phase stability of Al-Co-Cr-Fe-Ni high entropy alloys,

Mater. 

 

 

 

 

 

 

 

 Des. 109 (Supplement C) (2016) 425–433.


