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Abstract

The dress recovenand cyclicdeformationbehaviourof Fe& 17Mni 5Sii 10Ci 4Nii 1(V,C)
shape memory alloy (FBMA) strips which are often used for petressed strengthening of
structuralmemberswere studied The evolution of recovery stress under different constraint
conditions was studied. The results showed that the itoggnof 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 theFdA (e.g., caused bgeadload othermal expansion of
parent structureluring heatingphasg, the lowerthe final recovery stresgzurthermorethis
study investigatethe cyclic behaviour of the priressed alloy followed by a second thermal
activation Although the magnitude dhe recovery stress decreased durihg cyclic load-

ing, the second thermal activation couktrieve a significant part of the relaxed recovery
stress This observatiorsuggests that the rela¥an of recovery stresis due to areversible
phase transformatiemduced deformation (i.e.,, forward austeniteto-martensite transfe
mation rather tharanirreversibledislocationinduced plasticity.Retrievalof the relaxede-
covery stress byhe reactivationprocesshas importantpractical implications as the pre
stressing loss in prstressed civil struarescan besimply recovered by reheatingf the Fe-

SMA elements.
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1. Introduction

Shape memory alloys (SMAs) asenart metalghat canretrievetheir shape aftebeing de-
formed throughan activation process which includégatingand cooling Ni-Ti SMAs,
which are the most commonly used SMAs, have diffeagmiications such as medicahd
aerospace devices-eMn-Si based SMAs have gained muattention because of their ael
tively low production cosandgood mechanical properti¢$]. Because of thesavourable
characteristicsFeMn-Si SMAs are considerdd mechanica[2] and civil engineeringappl-
cations[3]. The shape memory effect (SME)Re-Mn-Si alloys is a result of stressinduced
forward phase transformation froausteniteo-martensite alow temperature and its reverse
upon heating at higir temperature[4]. An SMA elementcan be used as a ps&essing ke
ement in civi/mechanical engineering applicationtsewit is constrainediuring the actia-
tion process There have been many studies on utilization of SMAs foisppessed confie-
ment of concrete girdefs], concrete columnig] and steel tensile membdig.

A novel Fel7Mn-5S+10Cr4Ni-1(V,C) SMA, which will be hereafter referred to as-Fe
SMA, has beerrecentlydeveloped at Empi@-11]. Previousworkson thecorrosion[12], re-
covery stres$9], creeprelaxation[13] and phase transformati¢8] of the alloy showed its
suitability for civil and mechanical engineering applicatiori¥e-stressecelementsmade of
fibre-reinforced polymer (FRPhave beeralreadyproven to be very effective in increasing
the performance of concreftg4, 15 and metallid16-19] structures However theeasy pre
stressing methodf the FeSMA elementsoffers clear advantagesver the complex pre
stressing techniques required for FRP compo§i@s21]. Figure 1schematicallypresents
the general concept of petressed strengthening of a structural member (which is also called
Apar ent st r ukeSNA stigs) Theudfferent gteps df prstraining (Figure 1.a),
anchoring (Figure 1.b) and thermal activation (Figure 1.c) are illustréimally, Figure 1.d
shows the expected stress state in the form of compresdio@parent structure angnsion

in the FESMA strip afterthe activation. It has been shown in previous studies that agplic
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tion of a compressiostressto structural members (using psresseclemens) can enhance
the flexural capacity2?], buckling strengtti16] and fatigue behavioj@3, 24] of civil struc-
tures.

While there arestudieson thephase transformation and thecovery stress of FBMA (e.g.,
[25-27]), the mechanicabehaviour of activateéfeeSMA subjected to cyclic loading has not
yetbeen studied This is while itis importantfor design assessmerttsacknowledgehe ne-
chanical response of tikeeSMA after activation

The present studfjrst reports observatia@from conducted experiments for characterisation
of the asreceivedFe SMA stripsin terms of tensilestrengths thermal expansiobehaviour
andstress recovergesponse Later it examines the behaviour tbk activatedFe-SMA strips
under cyclic loading.Moreover, thisvork studies the effect of a second activation on the b
haviour of the F&SMA strips The test results presented in this work are expectbd tep-

ful for design of prestressed retrofit systems for mechanical and civil engineering applic

tions.

2. Material

The investigatetre-SMA in this study wareceivedn the form of 1.5mm thickheetswvith a
width of 100mm The production procedsr the sheetscluded inductionmelting and céas
ing of large ingots under atmospheric conditionstepwise hot pressing @ thickness of
15mm, hot rolling toathickness of 3mmsolution treatmentggeing,and finally cold rolling
process More details about the manufacturing process can be foJad]in

The nominalchemical composition of the allag Fei 17Mni 5Sii 10Cit 4Nii 1(V,C) (mass%)
[28]. Figure 2 shows the microstructurd the asreceivedFe-SMA etched witha solution of
C,HsOH (96%)/HNQ(65%)/HCI (32%) with the ratiofal7/2/1 The alloy has a polycrydta

line microstructurewith an average grain size of approximatelyuhl Some of the grains



contain large bands, which are twins, while many grains contain very fine bands, which are
presumablymartensite

Note that the changes in the microstructure of the alloy due to mechanical and thermal loading
have been already studiadingscanning electron microscopy (SEM)ectron backscattering

diffraction (EBSD)and Xray diffraction (XRD) techniquef®-11, 13, 27, 2§].

3. Experimental details

A set of dogbone shaped tensile specimens with a gauge length of 25mm andexties of
10x1.5mn¥ was manufactured The dogbone specimens were extraciedgitudinal to the
rolling directionof the FeSMA strips,using electro dischargeachining A servahydraulic
uniaxial testing machine equipp&dth an induction heatg system was employed foon-
ductingof the exyeriments geeFigure3). A springloadedsideentry extensometer withda-
tum leg spacing of 15mmwas attached to the centizdrt of thespecimen gauge lengtbr
strain measurementForcewas monitored by the builb load cell of the testing machine.
Feedback from aype-K thermocouplgspotweldedto thecentreof specimen gauge length
wasused forcontrol ofthe induction heating andnaair cooling systenfor careful control of
the specimen temperaturéA summary of the conducted experiments is given in Table 1 and

further described in the followiisg

3.1 Materialcharacterisation
Tensilebehaviour Theroom temperaturéensileproperties of the aeceivedFe-SMA were
measuredht a strain rate 00.15%8". For strairs smaller than 10%thetest was controlled
based ordirectfeedback from the sidentry extensometerFor larger strainshecause of the
measurement limitation of the extensometke test continued undermachine crosshead
displacementrate of 0.075mnis which is approximatelyequivalent to thestrain rateof

0.15%3" in the gauge length



Thermal expansiobehaviour The thermal expansion behaviour of #eereceivedFe-SMA
wasinvestigated for the temperature range ofil88°C. The evaluationincludedmonitoring
the thermal strain development in the specimen uadmrostressloading condition while
heating up from room temperature 160°C and then cooling down to room temperature
again. In order to remove the possible strain contribution from shape recovery of thefSMA a
ter cold rolling, he specimen was heated udl#&¥C prior tothethermal strain measurement
Stress recovery behaviouThe FeeSMA specimensverefirst loaded t02% tensile stain at
room temperatureSubsequent unloading of tspecimensndicatedaccumulatiorof D1.3%
tensilepre-strainin the Fe SMA. For thermal activationthe specimes were keptinder &
therconstantotal strainor constant mechanical strdiiechanicaF - total- - therma) dUring heating
and cooling processegth a constant temperature transient t2°C/minor 30°C/min For
the mechanical straicontrolled activation, a tensile strain equivalentgahermal expansion
was applied to the SMA during the heating, wiiile equivalent compressive strain was-i
posed to the SMA during the cooling proce3$e mechanical strain includes all the strain
componerg (e.g. due t&ME, creep and elastloading) except the thermal strain contuib
tion. In order to prevenibuckling ofthe specimensduringthe early part of heating atensile
stress of 50MPa was applied to the specimeforethe start ofthe activation proceg$].
The activation process (i.e., heating and cooling processggveda portion of the pre

accumulatedtrainandrecovered significanttensilestress in thepecimens

3.2 Cyclic deformation responss the FeSMA after activation
Fe-SMA reinforcedcivil engineeringstructuresaretypically subjeced toexternal cyclidoad-
ing, andtherefore cyclic stresssareexpected tauperimposento the recovered stress in the
Fe-SMA duringtheservicelife of suchstructures. As thethin Fe SMA strip has insignificant
effect on the global stiffness adfarge civil structure, the imposed cyclic loading on thiee-

SMA is assumed to haweestraincontrol characteristic Laboratory simulation of such armo
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dition has beemealised in a set of tests in this studw. these tests, after the activatioropr
cess, atraincontrolcyclic loadingwasappliedto theFe-SMA to evaluatehe mechanicale-
sponse otheactivated FESMA subjected tayclic loading

The test campaignfocused on two strain ranges of 0.035% and 0.0¥i&b frequency of
10Hzfor two million cycles The strain ranges @.035% and 0.07P® areaimed to represent
the common (service) strain ranges that are subjectadgiressingelementsn steel[7, 29
and concret¢9] structures, respectivelyThe testing matrix wakirther complemented with
two additionaltests onewith a strain range of 0.105%nd frequency o10Hz andthe other
with strain range of 0.@P6 and frequency of 2riiz (2x10°Hz). Theobservationdrom the
cyclic loadingwere exploitedto understandhe mechanical response of the adgdaFe

SMA.

3.3Second activation and subsequent cylolading
Two of thecyclic testsdescribed in Section 3\@erechosen to béollowed by a second tie
mal activation. At the end of cyclic loadingthe specimens werkept undera constantotal
strain condition whilevere heated up to 160°C and subsequently cadded to room ten-
perature The tests werethen continued bwdditionalstraincontrolled cyclic loading tevd-

uatethe cyclicresponse of thEe-SMA after the second activation

3.4Final tensile testing
Finally andafterthe end of cyclic loadingthe specimens/ere loadedip to failureto dete-
mine the effecof the activation process and cyclic deformation on tensile stresugthelm-
gation of theFeeSMA. The tensile loading was conducted under a constant strain rate of
0.15%s" for strains smaller than 10%nd continued up to failurender machine crosshead

displacement rate of 0.075mm - =0.15%s").



4. Results and discussion
4.1Tensile testing

Figure 4 presents the observations from uniaxial tensile testing of tmecas/edFe-SMA
strips The determined values efl ast i ¢ modul us, lod1),n0i2% proof
st r &3, nsiedstrength and elongatiare indicated in the figureThe earlyinelasticre-
sponse, which can be observed in Figurns dssumed to be due theausteniteto-martensite
phasetransformationrather than dislocatiomnduced plastiaty [10]. The ultimate tensile
strengthand elastianodulusof 1015MPa and 173GR#etermined in this studgrelarger and

smallerthanthe993MPa and 200GRabservedn [10], respectively.

4.2 Thermal expansion behaviour
The thermal expansidmehaviourof the Fee SMA materialin anaustenitic statbas leen illus-

trated in Figure &and can bgivenby:

whered is the temperature in degree Celsiuss expected, théhermal expansioof the as

received FESMA with anaustenite structurg0] is similar to that of othesusteniticsteels

4.3 Stress recovery behaviour
The FeSMA recovered stress aftehe thermal activationprocessdepends on there
strainingandthermal activation conditia Lee et al[28] haveinvestigated thénfluence of
different elastic restraints on the formation of the recovery smdssSMAs. Theirobsena-
tions have showthat the recovery stress is maximwhen the FE&SMA elements fully con-
strainedby aparent structuravith infinite stiffness(i.e., rigid restraintduring the activation
process The recovery stress, howeveeducesf the parent structure hasfiite stiffness

(i.e., elastic restraint)

prop



By assumingthat a FESMA pre-stressing elemerns$ anchoredo a very stiffparent structure
(e.g., see thetructural membeshown in Figure 1)the activation process is underigid re-
straintcondition (.e. total straincontrol) provided thatle temperature dhe parent structure
does notthangeduring theactivationprocess However,for the heating conditionn which
the temperature dfoththe FeSMA elementand theparent structursimultaneouslchanges
during the temperature transientthe activation is not any more undeconstantotal strain
conditionandis affectedby thethermal expansion behaviour of tharent structure There-
fore, for the casewhere both the FeSMA elementand the parent structurexperiencean
identical heating and coolindnistory (e.g. homogeneous temperatudéstribution), the Fe-
SMA undergoes #otal tensile and compressive strain during heating and copliogesses
respectively( ept= -@darenstucture). Provided thaboththe FeSMA elementand theparent
structurehave an identicalthermal expansiomroefficient the activationtakes place under
constant mechanicatrain(q@ mech= -@ P1=0 Pwoi= -@.

Figures 6.a and 6.bpresent the observed stress recovery behaviotineopre-strained Fe
SMA during activatiorundertotal and mechanical stragontrol for two differentemperature
transientrates. For thetess with mechanicaktraincontrolled activation, the total stradtur-
ing thethermal transientariesbased on the relationship given bguation 1

The presented results in Fig@eshow that both temgrature transient rates resimtapprox-
mately identical final recovery stresalues Furthermorea comparisorbetweenthe receo-
ely stresses achievday different activatiorstrategiesndicates thatthe final recovery stress is
higherwhenthe activationis undertotal straincontrol For mechanicaktraincontrolledaci-
vation,alarger recovengtresss formed duringthe heating process compared to that for total
straincontrolled activation. During the cooling process substantial stress recoveisy
achievedfor activationundertotal straincontrol while no further stressncrease wa®b-
servedfor mechanicaktraincontrolled activion. It is thereforeinteresting to see that thie f

naly recoveedstress under totatrain-control isalmosttwice thatdevelopeduinder mechar
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ical straincontrol This observationmplies that activation of the FEBMA elementwhile it is
subjected to somextent oftensile stress (e.gdue tothermal expansion of the parent stru
ture or deadload9 will result in a decreaséinal recovey stress.In the following, moe ce-
tails about activation under total angechanical strakcontrolledconditions are given.

For totalstraincontroled activation, the stress variation during the thermal transientes a r
sult of two simultaneous phenomena of phase transformation theanal expa-
sion/contraction.At the beginning of heating and below 35°C, the dominance of thexnal e
pansion over the phase transformation effect resltive stress in the FBMA. During
further heating, the phase transformation is more dominant ahdrtsgessearedeveloped
More significant stress developmeasibbserved during the cooling phase where thermal co
traction also helps to increase the stréBlse decreasing slemf stress increase during doo
ing at lower temperatures in Figure ésbmost likelydue totime-dependentelaxation ando
some extendf austeniteo-martensitgohaseransformation

Regarding theactivationunder mechanicadtraincontrd, based or{28], the main factor e
termining the final recovery stressthe amountof martensitehattransforns back to auste

ite during the heating processidthe induced strain The appliedstrain duringthe heating
processof the activatiorwas fully compensated during the cooling phépas= -&) and
thereforedoes nodirectly influence the final recovery stredsee et al[10] have proposed a
stresstemperature phase diagragiving estimationsfor the austenite staraustenite finish
and martensite statemperature (As, A; andM;s lines respectively) A schenatic of such a
stresstemperature phase diagrampiesentedn Figure 7which shows thathe As tempea-
ture increases with increaséthe stress levelFrom Figure 6.ba stresdevel of approximag-

ly 50MPaand 100/Pa wererespectivelygeneratedinder total andmechanical straircontrol
during the heating process @t60°C (with 2°C/min). Points A and B in Figure 7 represent
these two strestemperature coordinatest can be seen that while the reverse transformation

Is expected tchave already startedinder total straincontrol (point A), no martensite¢o-
9



austenite phase transformatisrexpected to occudor the specimen undenechanical strain
controlat 60°C(point B).

During heatingand br temperatures higher than 60°C, some extent of reverse phase tran
formation (martensiteto-austeniteakes place for thepecimenactivatedundermechanical
straincontrol It can be shown thdor all temperaturedpotal straincontrol results in lower
stress levelsvhich arecloser to the Aline. The latter thereads toa largerextentof marten-
siteto-austenitephase transformatiomhich consequently gives highfinal recovey stresgs
after cooling Note that the aim of presenting Figure 7 is onlgualitativelyshow the effect
of stress levetluring the activatiorprocesson the magnitude of the reverse phase transfo
mation and nore details regarding the methodoldgy determination othe A;, A; and M
linesare givenn [10].

This observation has important practical implicatiotiscan be concluded that for fSMA
pre-stressing elemestwhich are anchoredo structural membsr employment ofa heating
methodologythat only increaseshe temperature dhe Fe-SMA elementand not theparent
structureenhanceshefinal obtained recovery stres®assing high electrical current through
the FeeSMA elementcan therefore beonsideredis aneffectivemethodology for thermalca
tivation ofthe FeSMA. Rapidheatingtechniques such as electricasistance heating (ERH)
preventany significant heat transféo theparent structureminimisethermal strairdevelg-
ment andthereforeleadto a higher recover stressn the FeSMA element Furthermoreijt
can be concluded thattivation of the R&MA elemens under high stress levels.{, due to
deal-load)will result in a reducedinal recovery stress.

The values of the recovery stress in the present study are beds@dPa and370MPa.
Thesevalues areonsistent with the results of previous studies (99210, 28]) on activation
of the FeSMA that havealsoemployed a fully constrained thermal activation condition (i.e.

total straincontrolled) with a heating rate of 2°C/mi.otal straincontrolledthermal activa-
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tion hasbeenconsideredn the followingfor evaluation of the effect of cyclioadingon the

mechanical response of the-EBA.

4.4 Cyclic responsef the FeSMA stripsafter activation
A set of 2% prestrainedFeSMA specimensvere activatedin total straincontrol (with a
temperature transient rate of 2A@h) and were then subjected to cyclic loadingFigure 8
presents the observéitial stressstrain response of the activated$A for different ao-
plied strairs and strain ratesThe early elastic deformation respomganonstratea modulus
of 173GPa which isdenticalto that of the aseceivedmaterial The start ofnonlinear ke-
haviouris dependat on the strain rate aratlvancesvith decreasing strain ratémportantly,
as shown in Figur®, such noHdinear deformationbehaviouris responsible for decreasen
the subsequentecovery stres§.e. after unloadingsees; in Figure9). The amount ofe-
covery strestossincreasesvith increasingoading strain andecreasingtrain ratgi.e. lower
frequenciek
Repeatingoading and unloadingcyclesfurther decreasethe residualrecovery stresg the
FeSMA. Figurel0 presents the evolution @he observedmaximum stressand recovery
stress(i.e. minimum stressfor the first 10 cycles of deformationnvolving different strain
ranges and frequencieg&igure 1lillustrates evolution ofheresidualrecovery stress for the
Fe-SMA for the different examined cyclic loading conditioms to two million loading ¢-
cles It is observed thabf therecovery streseeduced with cycle number adecreasing rate
andthe reductions more significant for cyclic loading conditions witrger strainranges.
Nevertheless,dr the two straimanges of 0.03% and 0.0780, which are relevant for service
loading conditions[7, 9, 29|, the recovery stress after two million cyclesmaine above
285VIPa
The observed loss of the recovery stress is attributed to -daflicmatiorenhanced stress

relaxation due to tim&lependent inelastic deformatioAs discussed in the next section, this
11



inelastic deformation is mostly due dasteniteto-martensitgohase transformation rather than
dislocationinduced plasticity.Such a decrease the recovery stress is important and should

be taken in to account in design assessments of ffdAtressed straores.

4.5 Second activation and subsequertlicyloading
Relaxation of recovery stress during cyclic loadiag been discussed in the previous section
The following examines employment of a secortiermal activation process foetrieving at
least a part of the relaxedcoverystress For thetests withcyclic strainrangesof 0.070%
and 0.105%which showed considerab&mouns of relaxationafter twomillion cycles the
specimes were held under constant totatrain after the last cycle (at strain level of
D1.3%). Similar to the firstthermal activation process, tlspecimes werethen heated to
160°C and cooled down to rootemperaturéat a rate o2°C/min).
Figure R illustrates evolution ofthe stress in the FEMA as a function of temperatudering
the second activatioprocess. As can be seemuringthe early stage of reheatimgdup to
70°C, the stressdecreasesubstantially due to thermal expansiowith increasing temper
ture, the streseemperature curve bemes less steep which is assumed toabeesult ofthe
shape memy effect and martensiim-austenite transformationDuring the coolingphase,
the stresincreagsmainly due to thermal contraction. Figurzdemonstratethat the second
activation could effectively enhance the recovery stress in tHeM#e after cyclic defa-
mation A comparison of the obtainedcovery stregsafterthefirst and second activations
indicates that the second activaticetrieves a considerable portion of thecoverystress
which had beemelaxeddue tocyclic loading This phenomenon is more pronouncega-
ticular for the specimen loadéaor the strain range of 0.@P6 wherethe recovery stress at the
end ofthe second activation is very close to thattlod first activation This indicatesan al-
most full retrieval of the relaxed recovery streasdimpliesthat thestress relaxation areit-

cumulation of the inelastic strain during the cyclic loadangmainly due tothe austeniteto-
12



martensitgforward transformationandthereforerecoverable Figure 13 shows the complete
stress and temperature histories for specimen #8, includirgtrpiging, first activation, first
cyclic loading, second activation, second cyclic loading and the final tévesileng

The retrievalof relaxed recovery stresy a seond activatiorhas important implicatiagifor
practicalemployment of the FEMA as prestressing elements in civil engineering apglic
tions. Suchreactivation, for exampleanretrieve the prestressingforce in a strengthened
structure when theSMA elementhas lost some of its pigressing force dut cyclic load-
ing, relaxation o accidentabverloading.

Figure ¥ compares the behaviour tife FeSMA stripssubjected tayclic loading after the
first andthesecondhermalactivations The observations indicatdmostidenticalpatterrsin

thestress relaxatiohehaviour of th&e-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
tensileload to the specimensp to the failure. Figure 5 showsthe tensile behaviour of the
asreceivedspecimen and those which were activated and subjectsalto loading There-
sultsindicate thaneitherthermalactivationnor cyclic loading(up to 2.2 million cycleshave

induced any damage the Fe-SMA to deterioratehetensileresponse

5. Concluding remark
This study examinecheé mechanical behaviowf a novel FeeSMA underdifferent loading
conditions. Thefollowing concludingremarksmay helpto betterassessheintegrity of struc-
turesemploying this material in particularthosesubjected tayclic loading conditioa
1 TheasreceivedFe SMA stripsshowed outstandingensile strength and elongation of
>16 0 0RaMnd >55%respectively These valuewere not affectetdy activationand

subsequent cyclic loading.g.up t02.2x10° cycles forgp =0.105%).

13



1 After 2% prestraining heating to 160°@nd coaihg to room temperature undetal
straincontrol, the alloy recovers stress 0860-370MPa The finally recovered stress
for activation under mechanical straiontrol where strains representative of the
thermal expansion and contraction of greentstructure during heating and cooling
areapplied to the F&MA during the activation process nearly half of that achieved
undertotal straincontrol It can thenbe concluded that the tensile stress level on the
Fe-SMA elementduring the activation proces@thermal expansion of parent structure
or due to deadbadg should be minimized in order tbtainhigherrecovery strees
Furthermore,his observation implieemployment of fast heating methods such as the
ERH technique for the thermal activation of-&BIA elements minimise the amount
of heat transfer to parent structures and result in highestpgesing forces.

1 The recovey stresartally relaxeswhen the activateBe-SMA is subjected tayclic
loading conditiors. The relaxation's more pronouncedor larger strainrange and
lower strain ratesFor thecyclic strain ranges relevafdr practical applications of the
Fe SMA, the recovered stressmainsabove 280MPa after<d(° cycles(e.qg.for p =
0.07% withfrequency of 10Hz).

1 A significant part of thdoss in therecoverystress which occursduring cyclic load-
ing, is retrieved when theFeSMA is reheated td60°C and cooledo room tempes-
ture (i.e., reactivation) Such observations indicatéhat relaxationof the recovery
stressduring cyclic deformations mainly due toa forwardphasetransformatiorand
Is recoverable This finding has importanpracticalimplications and provides poss$
ble solutionfor restoing the prestressingorce of structures, whiclhavelost a sb-
stantial portion of their prstressing forcelue to relaxation, cyclic loading or ave

loading simply by reheating the FéMA elementgo the activation temperature

14
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