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The realization of forward martensitic transformation under isothermal conditions in NiTi-based alloys has been well studied
experimentally, along with the kinetics of this process. However, existing models do not allow the isothermal martensite
volume fraction @, to be estimated, hence the influence of holding temperature or time on the @, value could not be
calculated. The Johnson-Mehl-Avrami-Kolmogorov (JMAK) theory is normally used to describe isothermal kinetics, but
it has not been applied for martensite transformation, which occurs in shape-memory alloys during holding at a constant
temperature. Thus, the aim of the present study is to adapt the JMAK theory and use to estimate @, variation with time
during holding of Ti, _Hf, Ni,, Cu, alloy at different temperatures. The JMAK equation allows the variation of the isothermal
martensite volume fraction with time during holding at constant temperatures to be approximated. It was applied to estimate
experimental @, (f) curves in Ti Hf Ni, Cu, alloy and a good approximation was established. The dependencies of
JMAK-like equation parameters on the holding temperature were also found and approximated. Thus, the expression for the
dependence of the isothermal martensite volume fraction on holding temperature and time was found and calculation of the
®, () curves was carried out. The simulated and experimental data for the Ti, Hf, Ni , Cu, shape memory alloy were shown
to be in good agreement.
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PacyeTt M30TepMIYeCKOI KMHETUKN MapPTEHCUTHOIO IIepexoaa
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Canxr-ITerepOyprckuii [ocynapcTBeHHBII YHUBEpCUTET, YHUBepcuUTeTCKas Hab., 7/9, C.-Iletepbypr, 199034, Poccus

Peanmnsanysa mpsMoro MapTeHCMTHOTO IIPeBpAIIEHNA B M30TEPMUYECKNX YCIOBMAX B cIymaBax Ha ocHoe NiTi xopormo
M3y4eHa S5KCIEPUMMEHTATbHO BMeCTe C KMHETHKON 3Toro mponecca. OflHaKO CyleCTBYIOIIME TeOPEeTUYeCKNe MOJENN
He TI03BOJIAIOT OIEHUTh OOBEMHYIO JIOMI0 M30TEPMUYECKM OOpasoBaHHON MapTeHcuTHON (aspl @, crienoBaTenbHO,
BIIMAHME TEMIIEPATYPBI WM TTNTENbHOCTY BbIIEPXKKM Ha Bemmunny @, He MoxkeT ObITh paccumrtano. Teopuio [oHCcoHa-
Mena-ABpamu-Konmoroposa (JMAK Teopuio) 0OBIYHO MCHOMB3YIOT JyIA ONVICAHMA M30TePMUYECKON KMHETUKMU, OFHAKO
OHa He ObUTa IIPYMEHEHA Il MOJeNMMPOBaHMsI 00pa30BaHMsI MAPTEHCUTHOI (a3l BO BpeMsl BBIIEPXKKM IIPY TTIOCTOSTHHOM
TeMIlepaType B CIUIaBaX ¢ HNaMATbI0 (GOpMBL. B CBA3K ¢ 3TUM, LieIbI0 HACTOSAIETO MCCIENOBAHVSA ABIATCA afalTalusd
JMAK Teopun u ee mpumeHenmue i pacyera usmenenus O, Bo BpemMeHn B TedeHue Bbiziepkku crmasa Ti,  Hf, Ni,, Cu,
IpYM pasIMYHBIX TemmneparypaxX. Ilokasano, 4To ypaBHeHMe, Tuna JMAK, mosBonder anmpoKCMMMPOBaTb M3MEHEHUE
00BEMHOJT [OMM M30TepMUYECKY OOpa3sOBAaHHOIO MapTEHCHUTA CO BPeMEHEM B YC/IOBUAX BBIIEP>KKM IIPU IIOCTOAHHON
TeMIlepaType. 9To ypaBHeHMe ObI/0 MCIOMb30BAHO I AIITPOKCUMAIINY SKCIIEPUMEHTANbHBIX TaHHbIX O, (f), TOTy4eHHbIX
pns cmmasa Ti,  Hf Ni,, Cu,, n ycTanosneno xopouree npu6mmkenne. HatifeHbl n anmpoKCMMUPOBAHBI 3aBUCHMOCTH
napaMeTpoB ypaBHeHysa tuna JMAK oT TemnepaTypbl Bbiiep>Kku. TakyuM oOpa3oM, HOTy4eHa 3aBUCKMOCTb OOBbEeMHOI
TOMM M30TepMUYeCKY OOpa30BaHHOIO MAapTEHCUTa OT TeMIIePaTypbl UM IMTENbHOCTM BBIIEP)KKM, M IPOBEfleH pacyer
kpuBbix @, (t). IToxkasaHo, 4TO paccYMTaHHbIE U IKCIIEPUMEHTA/TIbHbIE 3aBUCUMOCTH, OTy4eHHbIe IS CII/IaBa C TIAMATHIO
dbopmmr Ti,  Hf, Ni,, .Cu,, Xopo1o cornacyorcs pyr ¢ PYrOM.

KnroueBblie C10OBa: CIIZIaBbI C TAMATHIO (bOprI, MapTEHCUTHDIE IIPEBPALIEHNA, U30TEPMUIECKAA KMHETNKA, TEOPUA ABpaMI/I.
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In recent years, it has been found that in some NiTi-based
alloys, the thermoelastic martensitic transformation
can occur during holding at a constant temperature that
is higher than the starting temperature of the forward
transition M_ [1-7] or within the temperature range of the
forward transformation [1,5-10]. This phenomenon has
been well studied experimentally and the kinetics of this
process is described in [4-6]. It has been shown that the
volume fraction of isothermally transformed martensite
phase increases with time up to saturation, the value of
which depends on the holding temperature T* and the alloy
composition.

Existing models describing the isothermal kinetics of the
thermoelastic martensitic transformation in NiTi-based alloys
are based on different explanations of this phenomenon.
In [8-11], the isothermal martensite transformation is
considered to be a thermoactivated process that may occur
during holding at temperatures within the temperature
range of the forward transition. This model allows the
isothermal martensite transformation rate to be estimated
using the logarithmic dependence of resistance on time.
In [3,12] it is assumed that the isothermal transformation
from the austenite to the martensite state may take place
only when a certain critical energy is acquired due to
some thermoactivated process. This model estimates the
probability of the isothermal martensite transformation and
calculates the incubation time needed for this phenomenon.
It is worth noting that the existing models do not allow the
isothermal martensite volume fraction @, to be estimated,
hence the influence of holding temperature or time on the @,
value could not be simulated.

The kinetics of new phase formation during isothermal
transformations that take place in metals and alloys could
be described by the Johnson-Mehl-Avrami-Kolmogorov
(JMAK) theory [13,14]. According to this theory, the
variation of the volume fraction of the new phase ® with time
is estimated as:

O=1-¢", (1)

where k is a temperature-dependent parameter, t is the
holding duration, and # is a constant in the range 0.5-4
that depends on the geometry of the grains of the new
phase. However, no attempts at simulation of @, (t) curves
according to the JMAK model have been made for NiTi-
based alloys. Thus, the aim of the present study is to adapt
and use the JMAK theory for estimation of @, variation
with time during holding of Ti, Hf Ni, Cu, alloy at
different temperatures. Ti, Hf Ni,, Cu, alloy was chosen
due to it underwent the martensitic transformation during
isothermal holding and a large amount of experimental data
was available on the isothermal kinetics of thermoelastic
martensitic transformations for this alloy [4,5]. In [4] it
is shown that the fully crystalline Ti, Hf, Ni, Cu, alloy
with the grain size of 700 nm (details of crystallization
are described in [4]) undergoes B2<—>B19’ martensitic
transformations at temperatures: M =266 K, Mf= 260 K,
A =302 Kand Af= 325K [4].

According to the data obtained in [4 - 6] during isothermal
holding, non-complete transformation to the martensite
phase occurs. Therefore, to simulate the isothermal kinetics

of the thermoelastic martensitic transition in NiTi-based
alloys, the JMAK equation is transformed to

@M:f@_awy 2)
where the f is temperature dependent value which is equal to
100% if the complete isothermal transformation takes place,
otherwise this value is less than 100%.

To simulate the isothermal kinetics of the martensitic
transformation via the JMAK-equation, the experimental
®, () curves obtained during holding at different
temperatures were approximated by Eq. (2) using OriginPro
software (Fig.1). One may note, that the approximated
curves are in good agreement with experimental data
however, it should be mentioned that for curves obtained at
different holding temperatures different parameters of the
JMAK-equation (k, 1, f) were used. Fig. 2 shows the variation
of k and f parameters with AT value (difference between the
holding temperature T* and M) and it is seen, that these
dependencies are non-monotonic. At AT<0 an increase in
holding temperature leads to an increase in k value otherwise
k decreases when AT>0 (Fig.2a). The f value increases
from 20 to 80% with an increase in AT from —4 to 0 K, it
remains constant when AT is in the range from 0 to 2 K, and
f value decreases when AT>2 K (Fig. 2b). The parameter n
is found to be 0.5 at AT <0, otherwise the n value is equal
to 0.9. Such dependencies of k, n, f parameters on AT is in
a good agreement to [6,7] where it is shown that kinetics
of the isothermal martensite transformation in NiTi-based
alloys is different at AT <0 (T*<M) or AT>0 (T*>M). Thus,
in the present work, the dependencies of k, n, f parameters
on AT were approximated separately for the cases of AT>0
and AT <O0.

In the JMAK theory, k is a ‘frequency’ factor that
characterizes the rate of the new phase formation. In [15] it is
shown that this rate is influenced by two factors: the driving
force of the phase transformation AG and atom mobility v.
It is obvious that the rate of formation of the new phase
should also depend on the volume fraction of the austenite

phase ®/. Therefore, k(T) may be given as:
k~AG-v-®@F, (3)

where AG corresponds to the driving force of the forward
martensitic transformation, v reflects atom mobility and
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Fig. 1. Dependencies of isothermal martensite volume fraction @,
on holding duration: experimental data (points) and approximated
curves (lines).
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Fig. 2. Dependencies of JMAK-like equation parameters k (a) and f (b) on AT (difference between holding temperature T* and M).

@/ is the volume fraction of the austenite phase in the alloy
before holding that may transform to the martensite state.
It can be supposed that driving force increases exponentially
with a decrease in temperature:

AG 5 e,[}.(T’iTO)’ (4)
whereb  is a constant, T, is the temperature of the
thermodynamic equilibrium and 7T* is the holding
temperature. The value of T, equal to (MS+Af)/ 2=316 K,
was found by analysing the martensitic transformation

temperatures that were measured in annealed
Ti,, Hf, Ni,, .Cu, alloy [16]. Atom mobility v is proportional
to the Boltzmann factor:
— U’
v~e BT, (5)

where U* is the activation energy of vacancy migration,
which is equal to 0.7 eV for the NiTi-based alloys [17], and
k, is the Boltzmann constant.

The dependence of ®/(T) was estimated as the difference
1-®, where ® is the volume fraction of the martensite
phase in the alloy before holding. To determine the ® value,
integration of the calorimetric curve obtained on cooling of
the studied sample was carried out (Fig. 3). The ®(T) curve is
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Fig. 3. (Color online) Dependence of the martensite volume fraction
on temperature (black line) and the calorimetric curve (blue line)
obtained during cooling of the Ti, Hf Ni, Cu, alloy in the
temperature range of the forward transformation.

approximated by a sigmoidal function using OriginPro and

is found to be:
1
= T -2675 (©)
1+e 00

Attemperatures higher than M_the alloy is in the austenite
state, hence the ® value is zero.

Taking into account the equations described above, the
parameter k is expressed as

o
k=a-®*.¢ b -e_B'(T‘_T”)
0 b
M .

d; =1, T > M,

1 . 7)
o) =1- ——, T <M

T -267.5

1+e 0°

where a and {3 are constants. Eq. (7) was used to approximate
the k(AT) curve given in Fig. 2 a. It was found that p=1.5 and
that a=3.17x10""s™" for T* > M _or 4.3x107"s™' for T* <M.

Parameter f in the JMAK-like equation (Eq.(2)) is
associated with the maximum volume fraction of the
martensite phase, which may appear during isothermal
holding. The f(AT) dependence was described using
sigmoidal function

B
T ATsC
l+e P
where AT is the difference between M_ and holding
temperature T* and A, B, Cand D are parameters determined
using an approximation of the f(AT) curve presented in
Fig. 2b. These parameters are: A=0, B=81, C=-3.16,
D=0.33 when the holding temperature is less than M
(AT>0); and A=83, B=—-65.5, C=-1.5, D=0.43 when the
holding temperature is larger than M_(AT<0).

Using Egs. (2), (7) and (8), the dependencies of the
isothermal martensite volume fraction on the holding time
at different temperatures T* are calculated and shown in
Fig. 4, together with the experimental data found for M +1 K
and M -3 K. It is seen, that a good agreement between the
calculated curves and experimental data is observed.

f=A+ 8)
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Fig. 4. Experimental (points) and simulated (lines) dependencies

of isothermal martensite volume fraction @, on holding duration
found for the Ti, _Hf, Ni,, Cu, alloy.

Thus, the following conclusions could be made:

1. The equation based on the JMAK theory allows the
variation of the isothermal martensite volume fraction
with time during holding at constant temperatures to be
approximated.

2. The dependencies of the JMAK-like equation parameters
f, kand n on the holding temperature T* are found.

3. Calculation of the @, (#) curves is carried out using
the modified JMAK equation and good agreement with
experimental data is found for the Ti, Hf, Ni,, ,Cu, shape
memory alloy.

Acknowledgements. The work was supported by
Russian Foundation for Basic Research (grant number
18-38-00362mol_a).

References

1. T.Fukuda,S. Yoshida, T. Kakeshita. Scripta Mater. 68, 984
(2013). Crossref

2. T. Fukuda, M. Todai, T. Kakeshita. Scripta Mater. 69, 239
(2013). Crossref

173

3. T. Fukuda, T. Kawamura, T. Kakeshita. ] Alloy Compd.
683, 481 (2016). Crossref

4. N. Resnina, S. Belyaev, A. Shelyakov. Scripta Mater. 112,
106 (2016). Crossref

5. E. Demidova, S. Belyaev, N. Resnina, A. Shelyakov.
] Therm Anal Calorim. 139, 2965 (2020). Crossref

6. N. Resnina, S. Belyaev, E. Demidova, A. Ivanov,
V. Andreev. Mater Lett. 228, 348 (2018). Crossref

7. Y. Ji, D. Wang, X. Ding, K. Otsuka, X. Ren. Phys Rev Lett.
114, 055701 (2015). Crossref

8. S. Kustov, D. Salas, E. Cesari, R. Santamarta,
J. Van Humbeeck. Acta Mater. 60, 2578 (2012).
Crossref

9. D. Salas, E. Cesari, J. VanHumbeeck, S. Kustov. Scripta
Mater. 74, 64 (2014). Crossref

10. S. Kustov, D. Salas, R. Santamarta, E. Cesari, J. Van
Humbeeck. Scripta Mater. 63, 1240 (2010). Crossref

11. S.D. Prokoshkin, I.Yu. Khmelevskaya, S.V. Dobatkin,
I.B. Trubitsyna, E.V. Tatyanin, V.V. Stolyarov,
E.A. Prokofiev. Acta Mater. 53, 2703 (2005).
Crossref

12. T. Kakeshita, T. Fukuda, T. Saburi. Scripta Mater. 34, 147
(1996). Crossref

13.J.W. Christian. The Theory of Transformations
in Metals and Alloys. Oxford, Pergamon Press
(1965) 1200 p.

14. M. Avrami. ] Chem Phys. 8, 212 (1940). Crossref

15. MSE 2090: Introduction to Materials Science Chapter
10, Phase Transformations. URL: http://people.virginia.
edu/~1z2n/mse209/Chapter10.pdf

16. S. Belyaev, N. Resnina, A. Shelyakov. Smart Mater Struct.
24, 045013 (2015). Crossref

17. A.1. Lotkov, A.A. Baturin. Pozitronnaya spectrosco-
piya  B2-soedineniy titana. Tomsk, Izdatelstvo
nauchno-technicheskoy literatury (2004) 231 p.
(in Russian) [A.J1. JlotkoB, A.A. barypusn. Ilosurpon-
Hasd cHeKTpockomys B2-coemmHenmit tmrtaHa. ToMck,
MSI[aTeTH)CTBO Hay‘{HO-TeXHI/I‘IeCKOI?[ nMTepaTypr
(2004) 231 c.]


https://doi.org/10.1016/j.scriptamat.2013.02.057
https://doi.org/10.1016/j.scriptamat.2013.04.005
https://doi.org/10.1016/j.jallcom.2016.05.120
https://doi.org/10.1016/j.scriptamat.2015.09.024
https://doi.org/10.1007/s10973-019-08717-4
https://doi.org/10.1016/j.matlet.2018.06.055
https://doi.org/10.1103/PhysRevLett.114.055701
https://doi.org/10.1016/j.actamat.2012.01.025
https://doi.org/10.1016/j.scriptamat.2013.10.022
https://doi.org/10.1016/j.scriptamat.2010.08.047
https://doi.org/10.1016/j.actamat.2005.02.032
https://doi.org/10.1016/1359-6462(95)00483-1
https://doi.org/10.1063/1.1750631
http://people.virginia.edu/~lz2n/mse209/Chapter10.pdf
http://people.virginia.edu/~lz2n/mse209/Chapter10.pdf
https://doi.org/10.1088/0964-1726/24/4/045013

