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Superelasticity and its cyclic stability in [001]-oriented single
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Superelasticity and stability of superelasticity in isothermal loading/unloading cycles under compression up to 3.5-4% at
room temperature were studied in [001]-oriented Fe,, Mn, Al Ni__ (at.%) single crystals and Fe , Mn_ Al Ni Ti (at.%)
oligocrystals (polycrystals with a large grain size of ~1000 pm) at the o-y’-martensitic transformation. Using dynamic
mechanical analysis and in situ cooling/heating in a microscope column, it was found that after quenching from 1473 K
with water and ageing at T=473 K for 3 hours, cooling-induced martensite in these crystals was not observed. Stress-
induced martensite developed during deformation under a compressive load, wherein the critical stresses necessary for the
stress-induced a-y’-martensitic transformation changed only slightly when the test temperature increased. The a values
characterizing this growth were 0.56 and 0.33 MPa/K for the [001]-oriented single crystal and oligocrystal, respectively.
Superelasticity in these crystals was observed in a wide temperature range from 203 to 473 K. The maximum superelasticity
achieved at room temperature was 6.2% and 5% in single- and oligocrystals, respectively. Single crystals exhibited good
stability in loading/unloading cycles, in contrast to oligocrystals. Almost complete degradation of the superelasticity loop
was observed after 40 and 20 cycles in single and oligocrystals, respectively. Degradation of the functional properties under
cyclic influences was associated with the appearance of residual martensite. In single crystals, large martensite lamellae were
optically observed predominantly in one system. In oligocrystals, several martensite systems interact, which leads to greater
energy dissipation and a faster degradation of functional properties compared to single crystals.
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YIK: 539.371, 548.55

CBepx3MacTUIHOCTD U ee IMUKINYecKasi CTaOMIbHOCTD
B [001]-MoHOKpUCTa/IIAaX M ONMUTOKpUCcTaIax civrasa FeMnAINi
npu gedpopmManuu c;kaTmeMm
[Toxnonos B.B.", Kykcraysen V. B., Yymnaxos 10. V1., Kykcraysesn [I. A., Kupunnos B. A.

Cubupckuit GpUsuKo-TeXHUIeCKIil MHCTUTYT HalloHa/IbHOTO MCCIefoBaTeIbcKoro ToMCKOro rocyapCTBEHHOTO
yHUBepcuTeTa, . HoBocobopHas, 1, Tomck, 634050, Poccus

Ha [001]-opuentuposannbix MoHokpucramtax Fe , Mn Al Ni . (ar.%) u onurokpucraniax (HOMMKPUCTANIIBI C KPYTTHBIM
pasmepom sepHa 6omee 1000 mxm) crinasa Fe , Mn, Al Ni_ Ti (a1.%) npu pasButun a-y’-MapTeHCUTHOTO TIPEBPAITEHN
MICCTIEIOBAaHA CBEPXIIACTUYHOCTD M CTAOMIPHOCTb CBEPX3/IaCTMYHOCTU B M30TEPMMUYECKOM IIMKJIe HarpysKa/pasrpyska
npu fedopManyy cxaTveM 1o 3.5 -4% Ipu KOMHATHOJ TeMIlepaType. MeTozaMy JHAMIYeCKOT0 MEXaHIYeCKOro aHa/In3a
U in-situ OXTXIEHN/HarpeBa B KOJIOHHE MUKPOCKOIIA YCTAHOBJIEHO, YTO TOC/e 3aKankyu oT 1473 K B Bofgy M cTapeHns
npu T=473 K, 3 4aca B ucclefyeMbIX KpMUCTa/UIaXx He HaOmofaeTca MapTeHcuTa oxnaxpaeHus. Ilpu pedopmanuu
I0J], CKMMAIOIIell Harpy3Koil pa3BMBaeTCsA MapTeHCUT HAIPSKEHNA, IPY 9TOM KpUTHYECKVe HallpsDKeHMA, HeoOXOIMble
WIS pa3BUTUA O-Y'-MapTEeHCUTHOTO IIpeBpalle s IOJ] HarPy3Koii, C1ab0 M3MEHAIOTCSA C POCTOM TeMIIePATypPhl MCIIBITAaHM.
BemmuyHa o, xapakTepusyiomas 9ToT pocT, paBHa 0.56 u 0.33 MIla/K mna [001]-MOHOKpuCTa/Ia M OMUTOKPUCTAILIA,
COOTBeTCTBEHHO. [ToKa3aHo, YTO CBEPXTACTUYHOCTD B VICCTIENYeMBIX KPUCTA/IIaX HAOII0ae TCA B ITMPOKOM TeMIIePaTyPHOM
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uHTepBane ot 203 o 473 K. MakcuManbHble 3Ha4eHUA CBEPX3NACTUYHOCTH, JOCTUTHYThbIe IPM KOMHATHOI TeMIepaType,
paBHBI 6.2% U 5% B MOHO- U OJIMTOKPYCTAJIIaX, COOTBETCTBEHHO. MOHOKPICTAI/IBI TIPOSBIIAIOT XOPOIIYI0 CTaOMIbHOCTD
B I[MK/IAaX Harpyska/pasrpyska B OTAMYME OT OMUTOKpUCTanoB. IlouTy nomHas merpagauus METIN CBEPX3MACTUYHOCTY
HabmofaeTcss mocme 40 u 20 LUK/IOB B MOHO- M ONMTOKPUCTAJ/IIAX, COOTBETCTBEHHO. [lerpajjanmsa (QyHKIMOHATbHbIX
CBOJICTB NPy NMKINYIECKUX BO3/IENICTBUAX CBA3aHA C IIOSABIEHMEM OCTaTOYHOIO MAPTEHCUTA. B MOHOKpMCTa/IIaX ONTHIECKN
HaO/MIOIAI0TCA KPYIHBIE JlaMeny MapTeHCHUTa HpPeMMYIIeCTBEHHO B OJHON CHCTeMe. B onmmrokpucrammax MMeeT MecTo
HECKOJIbKO CHICTeM MapTeHCHUTA, KOTOPbIe B3aVIMOJIENICTBYIOT IPYT C APYTOM, YTO IPUBOANT K 60NIBIIIEMY PACCesHIIO SHEPTUM
1 OBICTPOI ieTpaflaliuy CBOVICTB IO CPAaBHEHUIO C MOHOKPVCTA/IITAMIL.

KroueBbie cmoBa: MOHOKPMCTAJI, OIUTOKPUCTAIUI, MapTEHCUTHOE IIPEBPAIEHNE, CBEPXITACTUIHOCTD.

1. Introduction

For the practical use of functional alloys with the shape
memory effect and superelasticity (SE) as dampers,
actuators or sensors, it 1is necessary to create an
inexpensive high-strength material, one of the important
technological characteristics of which is high resistance to
thermomechanical fatigue.

The FeMnAINi alloy, developed in 2011, is a good
candidate for successful practical application due to a number
of advantages. Firstly, in this alloy, an unusual mechanism
of thermoelastic martensitic transformation (MT) from the
high-temperature a (body-centered cubic lattice (bcc)) of
austenite to y’ (face-centered cubic lattice (fcc)) martensite is
observed [1,2]. Secondly, the stresses o_, which are necessary
for the onset of stress-induced MT, change little when the
test temperature increases. This contributes to the SE in a
wide temperature range from 77 to 513 K [4-6]. The wide
SE window, along with the low costs for constituent elements
make FeMnNiAl alloys especially attractive.

However, there is a significant problem in the study and
further practical application of FeMnNiAl alloys, which
relates to the rapid diffusion over short distances of Mn and Al,
which stabilize the y-phase during quenching of these alloys.
The y-phase particles lead to partial or complete suppression
of SE in both single crystals and polycrystals [3,7-10].
The y-phase has a greater negative effect on polycrystals,
since it is mainly released at the grain boundary, which leads
not only to the suppression of SE, but also to embrittlement
of the material. M. Vollmer et al. [10] showed that adding
of 1.5% Ti in polycrystals suppresses the release of y-phase
particles; therefore, rapid quenching of polycrystals is not
required. The SE value in polycrystals aged at T=473 K for
3 hours with 1.5% Ti was ~2.5%.

At present, the maximum value of SE in the FeMnNiAl
alloy, equal to 7.2%, has been obtained for [001]-oriented
single crystals with -phase particles 6-10 nm in size [5].
Nanosized p-phase particles contribute to the hardening of
the high-temperature phase and the suppression of plastic
flow, leading to the observation of a larger value of SE ¢, than
in free-particle crystals (e, =3.6%) [5]. The maximum value
of reversible strain of ~5% in polycrystals was achieved for
crystals with a large grain size exceeding the cross section of
the sample, the so-called oligocrystals [7]. Here, the creation
of polycrystals with a large grain size plays a key role in
obtaining large reversible strains. Large-sized grains were
achieved by the authors of [7] using complex cyclic heat
treatment. It should be noted that, in relation to the single
crystals and polycrystals of the FeMnNiAl alloy, there are
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no data on the study of reversible strains during cyclic tests,
which is an important characteristic in the practical use of
these materials.

In connection with the foregoing, in this work, the SE and
its cyclic stability in [001]-oriented Fe,, _Mn, Al Ni_, (at.%)
single crystals and Fe,, Mn, Al Ni Ti (at.%) oligocrystals
with a large grain size were studied in compression.

2. Materials and methods

Single crystals with a nominal composition of
Fe,, . Mn, Al Ni__ (at.%) were grown using the Bridgman
method in a helium atmosphere. In contrast to the previous
study [10], Fe, Mn, Al Ni Ti (at.%) oligocrystals were
doped with a smaller amount of titanium (1% Ti) to suppress
the release of the y-phase along grain boundaries. A new
approach was used to obtain oligocrystals (polycrystals with
a large grain size of ~1000 um). After melting, there was an
additional passage of the crystals through a temperature
gradient. In these oligocrystals, with the addition of 1% Ti,
the grains were elongated along the compression direction
with an average grain size of 1500-2000 pm. From Fig. 1,
it can be seen that the grain boundaries were very thin and
there were no characteristic teeth (Fig. 1a), which occur
along the grain boundaries in Ti-free crystals with y-phase
particles (Fig. 1b [3]).

Samples for compression with gauge dimensions of
4x4x8 mm were cut using an electro-spark discharge
machine. For investigation, [001]-oriented single crystals
were chosen, in which, firstly, the theoretical lattice strain
g, for a-y’-MT under compression has a maximum value
(e,=10.5%) [2]. Secondly, in [001]-oriented crystals,
according to the geometric loading conditions, twinning of
y'-martensite does not occur under loading, and the lattice
strain at a-y’-MT corresponds to the transformation strain
during the formation of the correspondent variant pair
(CVP) of y'-martensite ¢, (g,=€_,,). Such a CVP-structure
of martensite ensures the invariance and high mobility of
the habit plane during MT. Before testing, the samples were
quenched at 1473 K in water and then held at T=473 K
for 3 hours. After ageing at T=473 K for 3 hours, ordered
coherent particles of the B2-phase (NiAl) 6-10 nm in
size and a volume fraction of 34.3% were precipitated
in the bece-matrix [5].

Mechanical tests were conducted on an Instron 5969
universal testing machine at a strain rate of 4-10™* s™! in the
temperature range from 203 to 473 K. The cyclic stability of
SE was investigated during isothermal loading/unloading

cycles in compression up to sapphed=3.5—4% at room
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a

Fig. 1. (Color online) Optical image of the studied Fe,,,
without Ti-alloying after quenching from 1498 K [3] (b).

temperature (T=298 K). Dynamic mechanical analysis
(DMA) DMA/SDTA861 (Mettler Toledo) and an in situ
cooling/heating attachment (Linkam) were used to study
a-y'-MT during cooling/heating in the temperature range
from 143 to 373 K. Metallographic investigations of the surface
of the samples before and after the tests were performed using
a Keyence VHX-2000 optical microscope and a TescanVega 3
scanning microscope. The in situ XRD were measured using
a Dron-3 X-ray diffractometer.

3. Results and discussion

Investigations of the temperature dependence of the elastic
modulus E by the DMA method showed that the modulus
decreased almost linearly with increasing temperature and
there was no pronounced softening of the elastic modulus,
which would indicate a phase transformation in the
measured temperature range. In addition, cooling-induced
martensite was not detected during in situ cooling/heating
in a microscope column. Only stress-induced martensite
was observed in these alloys. Fig. 2 shows the critical
stresses 0 necessary for the stress-induced a-y’-MT in the
temperature range from 203 to 523 K for [001]-oriented
Fe,, Mn, Al Ni__ (at.%) single crystals (curve 1) and
Fe,, Mn, Al Ni Ti (at.%) oligocrystals (curve 2).
The stresses o_ slightly increased when the test temperature
increased. The a values characterizing this growth were
0.56 and 0.33 MPa/K for the [001]-oriented single crystal
and oligocrystal, respectively. These values are close to the
a values obtained in previous studies [4 - 7].

o., MPa
Ll W
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500}
1
400
300}
200 300 400 500 T,K

Fig. 2. Temperature dependence of critical stresses o, necessary for
the stress-induced a-y’-MT for [001]-oriented Fe, Mn, Al Ni_ .
(at.%) single crystals (curve 1) and Fe, Mn, Al Ni Ti (at.%)
oligocrystals (curve 2).
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Mn, Al Ni, Ti (at.%) oligocrystal (a) and Fe, ,Mn, Al Ni  (at.%) polycrystal

Superelasticity was observed in the entire studied
temperature range both in single crystals and oligocrystals.
Fig. 3 shows the stress-strain curves at T=298 K for
[001]-oriented single crystals (Fig.3a) and oligocrystals
(Fig. 3b) in compression. It was established that the form of
the o(e) curve and the maximum value of SE in the single
crystals and oligocrystals differed. In single crystals at 3%
applied strain at T=298 K, the stress o_ for the onset of the
stress-induced MT was 450 MPa, and a perfect SE loop with
a stress hysteresis Ao of 150 MPa, characterizing energy
dissipation, was observed. The stress-induced transformation
proceeded with a strain hardening coefficient 6 = do/de close
to zero. When the applied strain increased from 3% to 8.5%, a
decreasein stress 6, on 50 MPa, an increase in stress hysteresis
up to 400 MPa and an accumulation of the irreversible
strain up to 0.5% were observed. At a total applied strain
of e . ,=7.5%, the SE reached a maximum value of 6.2%.
With an increaseine_ ., the SE value decreased and the value
of irreversible strain increased. The SE value did not reach the
theoretical resource for crystals of a given orientation, equal
to 10.5%.

In oligocrystals with a total applied strain of 3.2%, the
stress 0 was 640 MPa, the transformation proceeded with
the coefficient 6 other than zero, the wide stress hysteresis Ao
was 50 MPa, and an irreversible strain of 0.5% were observed.
An increase in the applied strain to 5.7% led to a decrease
in stress o to 500 MPa, an increase in stress hysteresis to
450 MPa and the accumulation of irreversible strain to
1.2%. In oligocrystals, the maximum value of SE at room
temperature was 5%. This value is two times greater than the
value obtained by the authors of [10] in polycrystals that were
alloyed with 1.5% Ti.

It should be noted that a large stress hysteresis at a-y’-MT
and a large value of reversible strain at room temperature in
single crystals (Ac=400 MPa, e, =6.2%) and oligocrystals
(Ao=450 MPa, e, =5%) are important aspects in the design
of industrial products, namely dampers.

Isothermal loading/unloading cycles under compression
toe . ,=3.5-4% at room temperature (T=298 K) were
performed in order to study the cyclic stability of SE in
single crystals and oligocrystals. Fig. 4 shows the curves
obtained in this experiment and metallographic studies
of residual martensite after 40 and 20 loading/unloading
cycles for single crystals and oligocrystals, respectively. Fig. 4
shows that in the first loading/unloading cycle at T=298 K,
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Fig. 3. Stress-strain curves at T=298 K for [001]-oriented Fe,, Mn, Al Ni_, (at.%) single crystals (a) and Fe, Mn, Al Ni Ti (at.%)
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Fig. 4. (Color online) The curves obtained in the loading/unloading cycle at T=298 K and a metallographic image of the residual martensite
on deformed samples in [001]-oriented Fe , . Mn, Al Ni_, (at.%) single crystals (a) and Fe,, Mn, Al Ni ,Ti, (at.%) oligocrystals (b).

a perfect SE loop in single crystals and oligocrystals was
observed. After 10 loading/unloading cycles in single crystals
and oligocrystals, degradation of the SE was observed, which
comprised a 1.3 -1.5- fold increase in Ao, reducing o_ stresses
and changing the shape of the o(e) curves. In oligocrystals, a
residual strain of ~0.3% in the 10" loading/unloading cycle
was observed. When the number of cycles equaled 20, the
effect of degradation increased. After 40 and 20 isothermal
cycles in single crystals and oligocrystals, respectively, a
complete change in the o(¢) curve was observed.

The degradation of functional properties during the
loading/unloading cycle was associated with the appearance
of residual martensite, which was detected optically on the
surface of deformed samples (Fig. 4, insets). Results of in situ
XRD patterns also show the stress-induced y’-martensite on
deformed samples. The sharp (220) peak from the initial
bee-structure and the (222) , peak from martensite with fec
structure are observed in the phase diagram (Fig. 5).

A greater accumulation of irreversible strain and a
large fraction of residual martensite were observed in
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Fig. 5. In situ XRD patterns of [001]-oriented Fe, Mn, Al Ni_ .
(at.%) single crystals after 40 isothermal cycle.

oligocrystals. In single crystals, large martensite lamellas
were optically observed mainly in one system (Fig. 4a, inset).
In oligocrystals, when stress-induced MT developed, several
martensite variants nucleated in the field of one grain (Fig. 4b,
inset). Martensite variants interacted with each other.
As a result, a multivariant martensitic structure was formed,
leading to greater energy dissipation and a faster degradation
of functional properties compared to the single crystals.

The accumulation of residual martensite led to a high level
of dissipated energy AG, during the transformation, which
was characterized by the value of the stress hysteresis Ac and
grew as the number of loading/unloading cycles increased.
In [11], a criterion was proposed for predicting cyclic stability
during the development of SE by analyzing the SE loop
obtained in the first loading/unloading cycle. This criterion is
as follows: it is necessary to achieve a state with a small value
of energy dissipation AG , in comparison with the reversible
energy stored during the stress-induced MT AG_, in order
for the AG_/AG, ratio to be greater than unity. The value
of AG_, can be estimated as the area under the unloading
curve and AG, is the area inside the loading/unloading
hysteresis loop. The estimated values of dissipation and
irreversible energies in single crystals are 15.38 M]J/m’
and 5.84 MJ/m’ respectively, so that AG_/AG, =2.63.
In oligocrystals AG_=18.73 MJ/m’ AG, =9.58 MJ/m’
and AG_/AG, =1.96. Therefore, in the first loop of the
SE, it could be assumed that single crystals will exhibit
greater cyclic stability, since the AG,_/AG, ratio in single
crystals is 1.3-fold greater than in oligocrystals, which was
experimentally found in this study.

4. Conclusions

1.On [001]-oriented Fe, Mn, Al Ni , (at.%) single
crystals and Fe, .Mn, Al Ni Ti (at.%) oligocrystals after
quenching at 1473 K in water and ageing at T=473 K
for 3 hours, dynamic mechanical analysis and in situ
cooling/heating in a microscope column showed that the
a-y’-martensitic transformation was not observed.
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2.The studied crystals had a weak temperature
dependence of the critical stresses necessary for the stress-
induced a-y’-martensitic transformation, with the o values
were 0.56 and 0.33 MPa/K for the [001]-oriented single
crystal and oligocrystal, respectively.

3. Single crystals and oligocrystals exhibited SE in a wide
temperature range from 203 to 473 K. The maximum SE
values achieved at room temperature were 6.2% and 5% in
single crystals and oligocrystals, respectively.

4.Single crystals were characterized by lower energy
dissipation and a larger AG_/AG, ratio, which determines
better resistance to cyclic loads at room temperature,
compared with oligocrystals.
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