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Recently it has been found that some NiTi-based alloys may undergo the forward martensite transition on isothermal holding.
Moreover, such isothermal transformation under stress is accompanied by variation in reversible strain. At the same time,
theoretical models do not allow describing the recoverable strain variation during holding. The aim of the present study was
to adjust the microstructural model earlier developed by V. Likhachev and A. Volkov for describing strain variation due to
the formation of the martensite phase on holding of NiTi-based alloys under a constant stress at temperatures within the
temperature range of the forward martensite transformation. To take into account the possibility for isothermal martensite
formation, a new suggestion was made, according to which the isothermal kinetics might be controlled by some relaxation
process, which could change the local density of point defects and led to the fulfillment of thermodynamics condition for
transformation. To include this assumption into the model some modifications have been added to constitutive equations.
The modified microstructural model was used to simulate the strain variation, caused by isothermal martensite formation
under various stresses. The influence of holding parameters (temperature and stress) on the maximum isothermal strain was
found, and a good agreement between the simulated and experimental results was obtained. It was shown that the modified
microstructural model allowed predicting the holding temperature and the stress at which the maximum isothermal strain
can be found.
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MopennpoBaHue M30TepMIIECKON 0OpaTuMoit qedopmanum

B conase Ti Hf Ni , Cu, ¢ moMo1p10 MIKpOCTPYKTYPHOI MOIEM

Hemupona E. C.', benses ®.C., bense C.I1., Pechuna H. H., Bonkos A.E.

Cankr-Iletepbyprckuit rocygapcTBeHHbI yHIBepcnuTeT, CankT-Iletep6ypr, 199034, Poccus

K HacTosmemy BpeMeHM 0OHapy»XXeHO, YTO B psAfe CIUIaBOB Ha ocHOBe TiNi mpsAMoe MapTeHCUTHOe IpeBpalljeHue MOXeT
MIPOMCXOJUTD B YCTIOBMAX M30TEPMUIECKOI BBIIEP>KKM. boree Toro, oy Harpyskoi Takoe npeBpalieHye COIpOBOXK/aeTCsA
usMeHeHyeM obparumoii fedopmannnu. OfHaKo, M3MeHeHNe fepOopMalyy IIPK N30TePMIYECKOI BBIIEPIKKe ITOJ Harpy3Koi
He MOXXeT OBbITb OIIVICAHO C IIOMOIIBIO CYILIeCTBYIONINX TeOPETUYSCKUX MOJiesIell. B cBA3M ¢ 9TUM Ile/IbI0 HAacTOALIel paboThI
ABWIOCH MOAMYKALMA MUKPOCTPYKTYPHOIL MOZiey, paspaboTaHHolt paHee B. JIuxayeBpIM 1 A. BOIKOBBIM, [y OIMCaHUA
u3MeHeHNs obparumoii gedopMarnuy, 06yCIOBIeHHOrO GOpMUpPOBAHMEM MapTEHCUTA P BBIIEp>KKe CIUIABOB Ha OCHOBE
TiNi mop mOCTOAHHON HArpy3KOHM IpM TeMIIepaTypax BHYTPU TEeMIIEPaTYPHOTO MHTEpPBaja IPSAMOTO MapTeHCUTHOTO
nepexona. [1A TOro 4ToObI y4ecTb BO3MOXKHOCTb M30TEPMUYECKOTO 00pa3oBaHUA MapTEHCUTA, ObUIO IPeHIIOIOKeHO,
YTO MU30TepMUYecKas KMHETMKA IPEBPAIIeHMA MOXXET KOHTPOIMPOBATbCA HEKOTOPBIM PEeNTaKCalMOHHBIM IIPOIIECCOM,
KOTOPBIII IPUBOANT K JIOKa/IbHOMY VI3MEHEHUIO IUIOTHOCTY HedeKTOB, YTO IIPUBOINUT K BBIIIOJTHEHNIO YCTIOBUS MPAMOIO
npeBpamieHya. YToObl y4ecTh CHelaHHOe IIPedIIoNIoKeHMe, OblIM BHECEHDbl M3MEHEHNUA B ONpefie/IAIole COOTHOIICHNUA
Mopem. Vcnonb3ysa MopuuumupoBaHHYI0 MOJie/b, ObIIO IPOBEICHO MOJeNINpOBaHMe 3MeHeH N fiepopMaIii B IIpolecce
M30TEePMIYECKNX BbIJIEPKEK ITPY PasHbIX TEMIIEPATyPaxX IO, PasINYHbIMI Harpyskamu. OnpezeneHo BIMAHNE TapaMeTPOB
BBIJIEPXKKY (TeMIIepaTypbl M HAIIPsXKEHNA) HAa MAKCHMAaJIbHYIO BeTMYMHY M30TepMMUYecKoil medopManyy U IOKa3aHo,
YTO pacyeTHble JJaHHbIE XOPOILIO COITIACYIOTCA € 9KCIepuMeHTalIbHbIMU. [TokasaHO, 4TO MoAMGUUMPOBaHHASA MOJENDb
[I03BOJIACT IPefCKa3aTh TeMIIePaTypy BBIAEPXKKU VM BeIMYMHY IPUIOKEHHOTO HANIPsDKeHMA, IIPU KOTOPBIX HaOMofgaeTcs
MaKCUMaJIbHas U30TepMudecKas fedopMars.

KnroueBblie cmoBa: criaBbl Ha ocHoBe TiNi, MapTEeHCUTHbBIE ITpEBpallleHNsd, N30TEPMMIECKasl BbIIEP>KKa, MUKPOCTPYKTYPHas MOJEb.
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1. Introduction

Recently, it has been shown that some NiTi-based
shape memory alloys undergo the forward martensitic
transformation during holding at a constant temperature
close to M_ (start temperature of the forward martensitic
transition) [1-7]. The kinetics of this process is well studied
experimentally, and it is established that the martensite
volume fraction increases with time up to a saturation
value, which depends on the holding temperature in a non-
monotonic way [5-7]. In [8-10], it was first shown that the
realization of theisothermal martensite transformation under
a constant stress is accompanied by the strain accumulation
and that all this strain is returned on subsequent heating
during the reverse transformation.

To simulate the isothermal formation of martensite in
NiTi-based alloys in the stress-free state, several theoretical
models have been suggested [1-3,10], but all of them
are not focused on the calculation of the strain variation
during the isothermal transformation. The strain variation
during isothermal holding of the NiTi alloy under stress
was simulated in [11]. However, holding of the sample was
carried out at temperatures at which the alloy was in the fully
martensite state. In this case, the strain variation could not be
realized by the isothermal transformation; hence, the model
described in [11] cannot be used for the description of the
strain during the isothermal transformation.

The microstructural model developed in [12-16] was
modified in [17] to describe the influence of long-term
holding of the NiTi sample at room temperature on the
two-way shape memory effect. This model includes the
relationship between the martensitic transformation and the
deformation defects (description of this type of defects is
given in [17]), on one hand, and the relationship describing
the evolution of these defects with time, on the other. This
allowed an increase in the value of the two-way shape
memory effect after long-time storage to be simulated. One
may expect that this model can describe the strain variation
during the isothermal martensitic transformation under
stress. Against this background, the aim of the present work
is to adjust the model developed in [12-17] to calculate the
strain-time dependence obtained on holding of the NiTi-
based alloy under different stresses at various temperatures
near the M temperature.

2. Theory

According to the microstructural model given in [12-17],
the representative volume of the alloy is considered as a
number of grains, which may consist of the austenite phase
and different martensite variants. The macroscopic small
strain tensor is calculated as an average strain of all grains,
and the strain of each grain is obtained as a sum:

e = gF 1 gl ygf 4 g 4 gP) (1)

where €® is the elastic strain, €' is the thermal strain, &
is the phase strain, ™" is the microplastic strain, and €” is
the plastic strain. The elastic strain €* and thermal strain
¢" are calculated according to standard Hookes law and
the equation of thermal expansion, respectively. To find

the phase eph and microplastic e™? strains, the following
expressions are used:
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where N is the number of martensite variants, ® and D"
are the volume fraction and the Bain’s deformation of the
n™ martensite variant, k is a material constant, and e is the
measure of the microplastic strain originated by the growth
of the n'™ variant. The plastic strain is not considered in the
present study, so the €” value is equal to 0. The conditions for
the martensite transformations are given as:

F'=+F", 4)

where F! is the generalized thermodynamic force causing the
origination and growth of the n* martensite variant, F" is a
thermodynamic force resisting the transformation, sign “+”
is for the direct transformation, and “~” is for the reverse
transformation. These forces are calculated by the following

equations:
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where g, is the transformation enthalpy, T, is the temperature
of the thermodynamic equilibrium, o is the stress, A is
the matrix of different martensite variants interaction, b_
is the density of oriented defects associated with the m™
martensite variant (defects with oriented long-range stress
field, produced by growth of m™ martensite variant), A, is
the finish temperature of the reverse transformation, and M
and M, are the start and finish temperatures of the forward
transformation. A more detailed description of this model
can be found in [17].

To take into account the possibility of isothermal
transformation and related strain variation, the following
explanation was used: during isothermal holding of the sample
under a constant stress, the concentration of oriented defects
can vary due to some relaxation process. The condition for the
forward martensitic transformation (4) includes the force F!,
which depends on the density of the oriented defects b . Thus,
the variation in bn value can lead to the fulfillment of the
transformation condition (4) causing the martensite phase to
grow at isothermal holding. The martensite transformation,
in turn, can lead to a strain variation. To take this mechanism
into account, a new equation was included in the model to
describe the rate of microplastic strain measures £™:

~Mp

Er-E
er=r.(T) T s1gn(FnP>H(‘FnP‘—Fny), (7)
where the dot indicates the time derivative of the
corresponding variable, F? and F) are the generalized
thermodynamic forces, the first of which causes the
microplastic flow and the second describes the resistance
associated with the non-oriented defects (scattered defects,
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which do not create oriented long-term stress field), and H
is the Heaviside’s function. The term rmP(T) corresponds to
a relaxation process that controls the isothermal kinetics of
the martensite transformation, and it is calculated according

to formula:
U,

mp

r (T):r e T

mp mp0 4

(8)

where r_ is a model constant, k is the Boltzmann constant,
U__ is the activation energy, and M _and M, are the start
and finish temperatures of the forward transformation. The
equations for the defects concentration evolution have also
been modified:

bn
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p

where b, is the concentration of oriented defects, and k, and
B* are model constants. According to these modifications,
the system of Egs. (4) - (9) allows the increments of £™ and
® , which are used to calculate the phase and microplastic
strains (detail description and formulas are given in [17]),
to be determined. After that, the strain of representative
volume can be found using formula (1).

3. Results and Discussion

The modified microstructural model was used to simulate
the variation in the reversible strain of the Ti, _Hf, Ni,, .Cu,
alloy during isothermal holding under a stress of 235 MPa,
which was previously experimentally studied in [8].
Transformation enthalpy and characteristic temperatures
of the Ti, _Hf, Ni,, Cu, alloy in the stress-free state were
previously measured by differential scanning calorimetry
and published in [5- 6], elasticity modules were determined
duringstudy of mechanical propertiesofthe Ti, Hf, Ni , Cu,
alloy. According to the Clausius-Clapeyron relation, the
stress of 235 MPa increases the transformation temperatures
to M7=325 K, M?=298 K, A°=337 K, and A?=367 K (these
temperatures were measured using the &(T) curve obtained
on cooling and heating under this stress). It is necessary to
pay attention to the fact that the temperature range of the
forward transformation under a stress was equal to 30 K,
which was six times larger than without stress.

To determine the new parameters used in the modified

model, such as oo Ump, k,, and B*, the simulation of &(T)
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=
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curves obtained on cooling and heating of the sample under
a stress of 235 MPa was carried out and compared to the
experimental curve. First of all, the parameters of the model
were varied to make the experimental and simulated &(7)
curves closer to each other (Fig. 1a). After that, the L Ump,
k,, and $* parameters were varied to get the best correlation
between the simulated and experimental e (f) curves
obtained for holding temperature equal to M?~6 K (Fig. 1b).
The best combination of 7, . U _, k,, and * parameters are
given in Table 1 as well as other material constants.

Fig. 2 shows the experimental and simulated curves
obtained during cooling of the sample under a stress of
235 MPa to M?-6 K, holding and heating under the same
stress. On cooling, the strain increased due to the forward
martensitic transformation, then strain additionally rose
during isothermal holding under a stress. An increase in
strain on holding was not due to the creep because this strain
completely recovered on subsequent heating. It is seen that
the simulated curve was close to the experimental one and
allowed the strain variation on cooling, holding, and heating
under a stress to be described.

Fig. 3 presents the experimental and simulated strain
variation during isothermal holding of the alloy under 235 MPa
at different temperatures (black lines are experimental results
and red lines are simulated data). One may see that both
experimental and simulated isothermal strain rose with
time up to a saturation value depending on the position
of the holding temperature relative to the M? temperature.
A good agreement between the experimental and theoretical

Table 1. Material constants and modeling parameters used for
simulation of isothermal martensite transformation.

Transformation temperatures [5-6] M =284 K, M,=279K,
A,=302K, A,=307 K
Transformation enthalpy [5-6] qo=-150 MJ/m’?
Elastic modulus of the austenite (E,) E, =76 GPa
and martensite (E,;) phases E, =25 GPa
Poisson’s ratio for the austenite (v,) v, =033
and martensite (v,,) phase vy =0.45
Activation energy U, 42 kJ/mol
oop0 = 5000 s!
Model parameters 7, . k,, p* k,=70
B*=5.5

2.0+
1.5
x
$ 1.0
0.5
0.0 r r : .
0 15 30 45 60
¢, min
b

Fig. 1. (Color online) Experimental (black lines) and simulated (red lines) dependence of the strain on temperature obtained on cooling and

heating of the Ti,  Hf, Ni

40.7 44.8

Cu, alloy through the temperature range of the martensitic transformation under a stress of 235 MPa (a) and

isothermal strain variation on holding of the alloy at the temperature of M?—6 K under a stress of 235 MPa (b).
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data was observed for holding temperatures T*<M?
(Fig. 3b,c). At T*>M?, the simulated curve was higher than
the experimental curve, but the difference was not larger than
0.25% (Fig. 3a).

The strain, which appeared after 60 minutes of isothermal
holding, was called the maximum isothermal strain, and
Fig. 4a presents the simulated and experimental dependence
of ¢™* on AT (difference between the holding temperature T*
and M?). One can see that both curves are non-monotonic,
and the maximum value is observed at the same temperature

isothermal holding

360 390

T,K

0 .
300 330

a

equal to M?-6 K. Calculation of £ (AT) curves was carried
out for the other values of the applied stress, and the results
are presented in Fig. 4b. It was found that these dependences
were also non-monotonic, with the maximum at M?-6 K.
An increase in stress caused a decrease in the maximum
isothermal strain as it was found during the experimental
study. So, it could be concluded that the modified
microstructural model allows the holding temperature and
stress at which the maximum isothermal strain can be found
to be predicted.

5. isothermal holding

K

360
T.K
b

€, %
(98]

O T T
300 330 390

Fig. 2. (Color online) Variation in strain on cooling, isothermal holding at M~ 6 K.and heating of the Ti, . Hf, .Ni, , Cu, alloy: experimental (a)

and simulated data (b).
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Fig. 3. (Color online) Simulated (red lines) and experimental (black lines) dependence of strain variation during holding of the alloy under
a constant stress of 235 MPa at M?+2 K (a), M7~ 6 K (b) and M?-9 K (c).
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Fig. 4. (Color online) Simulated dependence of the maximum value of the isothermal strain on AT (AT=T* - M?, where T* is the holding
temperature): comparison with the experimental data obtained at 235 MPa (a) and with dependences calculated for different stress values (b).
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4. Conclusions

The results of the study can be summarized as follows:

1. A description of the isothermal martensitic
transformation on holding can be achieved by supplementing
the “Likhachev-Volkov” microstructural model with
equations accounting for a decrease in the concentration of
oriented deformation defects due to the relaxation process.

2. The modified model allows the simulation of:

- recoverable strain variation on holding of the NiTi-
based alloys under stress,

- non-monotonic dependence of the isothermal strain
on the holding temperature, the temperature corresponding
to the maximum isothermal recoverable strain being in
agreement with the experiment,

- dependence of the isothermal strain on the stress that
acted on holding.
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