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Abstract
The present study investigates the high-temperature shape memory effect (SME) in heterophase
Ni50.3Ti32.2Hf17.5 polycrystals with nanosized H-phase particles after stress-induced martensite
(SIM) aging in tension and compression. SIM aging created the conditions for fully reversible
two-way SME with a strain of up to 50% of the one-way shape memory strain. SIM aging
altered the viscoelastic properties of material, in particular, the elastic moduli of austenite and
martensite increased, as did internal friction. Increased interface mobility is suggested as the
reason for internal friction growth.

Keywords: shape memory alloy, martensitic transformation, stress-induced martensite aging,
two-way shape memory effect

(Some figures may appear in colour only in the online journal)

1. Introduction

NiTiHf alloys with shape memory effect (SME) have been
already known as a reliable, high-temperature (T > 373 K)
materials. This makes them applicable to various applications
such as actuators, sensors, detectors, complex operating mech-
anisms, and dampers [1, 2].

However, functional properties and alloy strength must
be improved for its application at high-stress and high-
temperature conditions. It can be achieved by the reduction
of grain size due to an extrusion of polycrystals and the pre-
cipitation of H-phase and H′-phase particles in NiTiHf poly-
and single-crystals. Particle precipitation allows for the control
of functional properties for enhanced stability during thermal-
induced B2–B19′ martensitic transformations (MTs). Addi-
tional mechanical training, up to 1600 thermal cycles under

stress, can induce a two-way SME (TWSME) [2]. To-date,
extruded polycrystals with small grain size have received
extensive research attention [1, 3] while relatively little is
known of random-orientation polycrystals with larger grain
size d > 10 µm. To attend to this gap, the present research
investigates non-extruded polycrystals.

Stress-induced martensite aging (SIM-aging) is another
method for controlling functional properties. Evidence
demonstrates that it can increase strength [4], induce rubber-
like behavior and a TWSME [5, 6]. This occurs through a
redistribution of point defects and various types of atoms, in
accordance with the symmetry of martensite [5] resulting in
martensite stabilization. These processes are more effective
in material in which Ms/Tm > 0.2 (Ms—MT start temperat-
ure, Tm—melting temperature) [5]. Thus, high-temperature
NiTiHf alloys with Ms/Tm > 0.2, which are expected to
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demonstrate strong martensite stabilization, are a priority in
SIM-aging research. The potential effectiveness of SIM-aging
has been demonstrated in CoNiAl, NiFeGa, and CoNiGa
single crystals [5, 7, 8], however a thorough investigation into
the effect of SIM-aging on the properties of NiTiHf alloys has
yet to be conducted.

The current study investigates the effect of SIM-aging
in tension and compression, on stress-induced MT in
Ni50.3Ti32.2Hf17.5 (at.%) polycrystals with dispersed particles.

In the present study, tension and compression were selec-
ted as the two stress states based on a well-known feature of
TiNi shape memory alloys. TiNi shape memory alloys demon-
strate strong asymmetry of functional properties according to
stress state: a reversible strain, critical stresses of martensite
formation, stress and thermal hysteresis, and a yield stress
level of B2-phase [9–11]. However to-date, the asymmetry
of functional properties has received little research attention
in NiTiHf polycrystals [12, 13] and the effect of SIM-aging
on this asymmetry has not been studied yet. Attending to
this gap, the present study sought to contribute to the body
of knowledge on thermoelastic MTs in heterophase NiTiHf
alloys.

2. Material and methods

Initially, Ni50.3Ti32.2Hf17.5 (at.%) polycrystals were electric-
arc melted from components with high purity (99.99%).
Samples with sizes of 20 × 1.5 × 2.5 mm3 with dog-bone
shape for tension and sizes of 3 × 3 × 6 mm3 with paral-
lelepiped shape for compression were cut. Before conducting
experiments, samples were mechanically and electrically pol-
ished to remove the hardened surface layer. Average grain size
was 36 µm; this was not affected by austenite or martensite
aging.

Chemical composition was controlled by a wavelength dis-
persive x-ray fluorescence spectrometer XRF-1800. Compos-
ition corresponded to the nominal Ni50.3Ti32.2Hf17.5 (at.%),
with a margin of error of 5% of the measured value. This com-
position was selected according to previous findings [14], that
the addition of 10 at.% of Hf did not influence MT temper-
atures, while 20–25 at.% induced plasticity reduction and the
appearance of areas with undissolved Hf. Therefore, the com-
position of Ni50.3Ti32.2Hf17.5 (at.%) was used to obtain suitable
plasticity and high MT temperatures above 373 K.

The polycrystals were investigated after the following treat-
ments: (a) stress-free austenite aging at 773 K, 3 h with sub-
sequent cooling in air (initial crystals); (b) (a)+ SIM-aging at
428K for 12 h (SIM-aged crystals). Austenite aging was selec-
ted to induce precipitation of nanosizedH-phase particles [15].
Regarding SIM-aging, it was performed at T = 428 K under
a constant stress in the martensitic state. Initially, the sample
was heated up to T = 523 K in stress-free state and then a
stress σapp was applied. The stress level of −400 MPa was
applied to compressive samples and the stress level of 300MPa
was applied to tensile samples. These stresses were chosen to
achieve maximum reversible strain while avoiding destruction
of the tensile samples. Then the temperature was decreased to

T = 300 K < Mf while σapp was kept constant. Consequently,
the forward B2–B19′ MT was induced. In the next step, the
temperature was increased to T = 428 K to instigate the SIM-
aging process. It should be noted, that this temperature though
close but does not exceed As temperature, so the reverse MT
is absent. So, the chosen temperature is the maximum temper-
ature for thermodynamically stable SIM for both tension and
compression samples. After the holding at T = 428K, the tem-
perature was increased to T = 523 K and the reverse B19′–B2
MT was observed. After that the sample was unloaded. The
maximum time for aging in the martensitic state was selec-
ted according to whether, during the previous 3 h of aging, no
change in ε(T) curves of SME had been observed. Thereafter,
the material was considered to be stable and the TWSME and
SME were investigated. The investigations of SME were car-
ried out after SIM-aging: under tension for tensile samples and
under compression for compressive samples.

MT temperatures were obtained using a differential scan-
ning calorimeter DSC 404 F1 in stress-free state. Mechan-
ical tests and SIM-aging were carried out on dilatometer
with obtaining the ε(T) curves upon cooling/heating cycles in
stress-free state (TWSME) and under applied constant stress
(SME). The rate of cooling/heating in all experiments was
10 K min−1. During analysis of experimental data, the meas-
urement errors of strain ± 0.3%, temperature ±2 K, and
stress ±2 MPa were taken into account. Transmission elec-
tron microscopy (TEM) studies were carried out on a CM-12
operated at an accelerating voltage of 120 kV.

The viscoelastic properties of material were analyzed using
a testing machine for dynamic–mechanical analysis, DMA/S-
DTA 861e, under tension with a maximum strain of 10 µm
(working length of 10 mm), and at frequencies of 0.1, 0.4, 1,
5, 10 Hz.

3. Results and discussion

3.1. Microstructure and thermally-induced MT

Figure 1 shows the results of TEM investigations of aged
at 773 K, 3 h Ni50.3Ti32.2Hf17.5 (at.%) polycrystals in initial
state (figures 1(a) and (b)), and after SIM-aging in compres-
sion (figure 1(c)). Aging at 773 K, 3 h resulted in precip-
itation of dispersed H-phase particles. Figure 1(a) demon-
strates reflexes from the B2-matrix and reflexes 1/2 < 111 > B2
from the particles, typical for H-phase [16, 17]. Additional
reflexes, ¼ < 111 > B2, typical for H′-phase, are not observed
in the selected area electron diffraction pattern (SAEDP). H-
phase has a face-centered orthorhombic lattice with paramet-
ers a = 4a0, b = 2√2a0, and c = 6√2a0 [16, 17]. Average pre-
cipitate size was 10–15 nm.

Figure 1(b) presents the thermally-inducedB19′-martensite
which containing a high density of compound twins (001)B19′ ,
which reflexes are observed on SAEDP in initial polycrys-
tals. The small precipitates are completely embedded in the
martensite variants, which is in agreement with previous
work [18] in which compound twins were contained by
B19′-martensite, twinned by (011) type I.
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Figure 1. TEM images for Ni50.3Ti32.2Hf17.5 polycrystals: SAEDP, zone axis [1̄10]B2 || [001]H || [110]B19′ (a) and a corresponding
bright-field image (b) of initial polycrystals; bright field image of SIM-aged in compression polycrystals (c).

SIM-aging did not affect the grain size of polycrystals or
type of twinning, H-phase particles and a high density of
compound (001)B19′ twins were observed. However, it should
be noted that the oriented martensite bands in sizes of up
to 500 nm are observed after SIM-aging in comparison with
non-oriented small bands in initial polycrystals (figures 1(b)
and (c)).

Figures 2 and 3 show the dependence on temperature
of both elastic modulus and internal friction in compar-
ison with DSC curves in initial and SIM-aged in tension
polycrystals.

TheMT temperatures (Ms,Mf, As, and Af) were determined
by the tangent to the calorimetric curves; thermal hysteresis
was determined as the difference between Ms+Mf

2 and As+Af
2

temperatures (table 1). It was experimentally shown, that DSC
data obtained for SIM-aged in tension and in compression
samples is close to each other and does not exceed the meas-
urement error of ±2 K. The experimental values of MT tem-
peratures approximate those obtained from Ni50.3Ti29.7Hf20.0
(at.%) polycrystals extruded at 1173 K and aged at 773 K,
3 h [1].

The DMA results strongly correlate with DSC results
on studies of B2–B19′ MTs at cooling/heating: the close

peak temperatures of forward and reverse MT are observed.
First, figures 2 and 3 demonstrate the asymmetry of peak
temperatures on DMA and DSC curves in both initial and
SIM-aged polycrystals; it appears as widening of MT inter-
vals near the Mf and As temperatures. That is why the max-
imum peak temperatures (Mp and Ap) upon cooling and heat-
ing do not correspond to the average temperature of forward
and reverse MT: Mp ̸= 1/2(Ms + Mf) and Ap ̸= 1/2(As + Af).
This is explained by the presence of both nanotwinned B19′-
martensite and nanosized particles (figure 1), which promotes
significant increase in elastic energy during forward MT,
which consequently results inMT asymmetry. The same beha-
vior has previously been observed in as-cast NiTiHf alloys
[19], supports the reasoning that such asymmetry is associated
with the same material’s microstructure: twinned martensite
with nanosized dispersed particles.

Second, from figures 2 and 3 it is evident that SIM-aging
leads to increased elastic moduli in martensite and austen-
ite. However, martensite elastic modulus increases more (34%
from the initial value) than does the austenite one (15% from
the initial value).

Third, following SIM-aging, elastic modulus softening at
MT becomes more than three times stronger (from ∼5 GPa

3
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Figure 2. The dependence of elastic modulus and internal friction on temperature in tensile sample in comparison with DSC curves at
cooling/heating for initial Ni50.3Ti32.2Hf17.5 polycrystals.

Table 1. Characteristic properties obtained using DSC-curves in initial and SIM-aged in tension Ni50.3Ti32.2Hf17.5 polycrystals.

Ms, (±2)K Mf, (±2)K As, (±2)K Af, (±2)K ∆1, (±2)K ∆2, (±2)K ∆T, (±2)K
∆Scooling,

J (kg × K)−1
∆Sheating,

J (kg × K)−1

Initial state 421 409 439 452 12 13 29 −49,5 50.0
SIM-aged state
in tension

421 401 436 452 20 16 34 −45,3 40,7

in initial state to ∼16.5 GPa after SIM-aging during forward
MT) at a frequency of 0.1 Hz. Modulus softening is usual
for shape memory alloys and is a feature of a pre-martensitic
state [20]. Softening is characterized by a deviation from lin-
ear temperature dependence of elastic modulus and describes
the rebuilding of crystal lattice: it becomes soft, amenable and
easy to deform in order to create another phase. Softening
in the present study is defined as the difference between the
minimum value of elastic modulus during forward MT (atMp

peak temperature) and the maximum value of elastic modulus
before non-linear behavior is observed. It also should be noted,

that according to [21] such behavior of curves (figures 2 and 3)
when the peak temperature does not depend on frequency is
the evidence of MT.

Fourth, SIM-aging provides the growth of internal fric-
tion. Previous findings indicate that the maximum peaks
of internal friction Q−1 are 0.023 and 0.015 for homo-
genized and subsequently quenched NiTiHf polycrys-
tals at cooling and heating, respectively [22]. Such a
low peak (in comparison with NiTi alloy) is associated
with the low mobility of twinning/interphase boundaries
in martensite.

4
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Figure 3. The dependence of elastic modulus and internal friction on temperature in tensile sample in comparison with DSC curves at
cooling/heating for SIM-aged in tension Ni50.3Ti32.2Hf17.5 polycrystals.
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Figure 4. ε(T) curves for initial and SIM-aged Ni50.3Ti32.2Hf17.5 polycrystals in tension and compression.

In the present work, the initial polycrystals possessed
almost the same values of internal friction (0.018 and 0.014)
at a similar regime (frequency of 1 Hz). However, SIM-aging
resulted in significant increase of internal friction, around
double (up to 0.04 and 0.03), from the initial state. Accord-
ing to [22], internal friction growth is evidence of increased
mobility of twinning/interphase boundaries. It is assumed,
that such an effect is associated with increased compatibil-
ity between nanosized H-phase particles and twinned в19′-
martensite during SIM-aging.

The H-phase particles are precipitated in austenite phase
during aging at 773 K for 3 h and are inherited by martensite
at MT. The high temperature of SIM-aging would provide the
conditions for diffuse processes on the particle-matrix bound-
ary. These conditions are not necessary for additional precip-
itation of H-phase, and SIM-aging effects only on the shape
of H-phase particles. The fact that particles can change their
shape under load at high temperature was confirmed by work
[23]. So the subsequent stress-induced MT after SIM-aging
occurs more easily, because the compatibility between nanos-
ized particles and twinned SIM has increased. However, it is
necessary to conduct additional TEM studies to explore its
influence in NiTiHf polycrystals.

3.2. One-way and TWSME

In the present study, the self-accommodation structure was
observed during B2–B19′ MT in the initial Ni50.3Ti32.2Hf17.5
(at.%) polycrystals and the samples did not change their
shape. On the contrary, in SIM-aged polycrystals TWSME
was obtained with a reversible compressive strain of −0.6%
(for compressive samples) and a reversible tensile strain of
+2.3% (for tensile samples) (figure 4). Such asymmetry is
associated with the asymmetry of lattice deformation at B2-
B19′ MT (+16.8% in tension and−8.5% in compression) [9].

The TWSME tensile strain of +2.3% exceeds the known
values of TWSME tensile strain obtained by mechanical
trainings in NiTiHf alloys [24]. The maximum TWSME
tensile strain was +1.5% in Ni50.3Ti29.7Hf20 polycrystals after

extrusion and training (100 thermal cycles under stress of
150 MPa). Aging at 823 K, 3 h, and training during 200
thermal cycles under a stress of 200 MPa, induced tensile
TWSME with a strain of +1.3%. Only high-cycling training
(600 and 1600 cycles under stress of 145 MPa) was successful
to receive large TWSME strain of up to 3%, and only under
torsion [2].

It should be noted that TWSME usually appears in shape
memory alloys due to the internal stress caused by irreversible
strain over enduring trainings. However in the present study,
the irreversibility after SIM-aging is low and so the induc-
tion of TWSME is assumed to be associated with the appear-
ance of internal stress caused by two factors, the first being by
rearrangement of point defects in structure and martensite sta-
bilization. As it follows from [25], martensite stabilization is
divided into chemical and mechanical, and correspondingly,
the shift of TTs or the broadening of the reverse MT range
is observed. The chemical stabilization of martensite consists
of change in the short-range order of point defects and atoms
in accordance with martensite symmetry, while mechanical
stabilization in turn is caused by the pinning of interphase
and/or twinning boundaries by dislocations and point defects.
The second reason for TWSME induction can be associated
with the change of compatibility: it increases between oriented
martensite and nanosized H-phase particles during SIM-aging
which in turn increases the mismatch between austenite and
H-phase particles. It results in priority growth of oriented
martensite upon cooling/heating cycles in stress-free state.

Thus, SIM-aging in tension and in compression, is an
effective method for inducing TWSME in NiTiHf alloys.

When external stress was applied, SMEwas observed upon
cooling/heating. TWSME in SIM-aged polycrystals promoted
increased SME strain at low stress, in comparison with the ini-
tial aged polycrystals: from +2.7% to +3.7% at 100 MPa in
tension, and from−0.2% to−0.75% at−50 MPa in compres-
sion (figure 4).

The reversible SME strain εrev reached maximum values
with increased applied stress; SIM-aging did not affect the
strain. Strong tension/compression asymmetry of maximum
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Figure 5. The (σ−T) dependence for initial and SIM-aged Ni50.3Ti32.2Hf17.5 polycrystals for tensile samples.

reversible strain during SME is observed before and after
SIM-aging. The maximum compressive reversible strain of
−1.3% during stress-assisted cooling/heating was obtained at
−400 MPa, while the maximum tensile reversible strain was
+5.0% at 300 MPa. Further applied stress led to decreased
reversible strain, the appearance of irreversible strain, and
destruction of tensile samples.

It should be noted, that the full resource of the lattice strain
(+16.8% in tension and −8.5% in compression) has never
been observed experimentally in NiTiHf alloy and only local
areas are known, in which the experimental reversible strain
achieves theoretical values in both polycrystals and single
crystals [9]. The maximum reversible strain obtained strongly
depends on microstructure of polycrystals [10, 26–28]: the
grain size, the presence of texture after extrusion, the size and
volume fraction of H-phase particles that do not undergo MTs
and the chemical composition. In present work the experi-
mentally obtained reversible strain in random-oriented poly-
crystals with large grain size (36µm) can be comparedwith the
strain in extruded and subsequently aged polycrystals. Accord-
ing to previous works [13] the experimental reversible strain in
extruded Ni50.3Ti29.7Hf20 polycrystals achieves+(3.9÷ 4.8)%
in tension and −(2.1 ÷ 3.5)% in compression. These res-
ults are in accordance with the reversible strain obtained in
tension (+5.0%) in present work. However, the reversible
strain of−1.3% in compression was substantially smaller than
the experimental data of −3.5% in [13]. Such behavior can
be explained by several factors. First, the polycrystals with
large grain size possess lower strength properties compared
with the extruded nanocrystalline polycrystals. Second, it was
shown [10] that the critical stress level of oriented martens-
ite formation strongly depends on deformation way in TiNi-
based polycrystals: the higher stress level is required to form
martensite in compression. Hence, during MT in compression
the stress level achieves materials strength properties resulting

in observation of plastic deformation and low reversible strain.
On the other hand, the low stress level in tension does not
reach strength properties during MT. This is the reason why
in such polycrystals the MT at cooling/heating in compres-
sion is accompanied by irreversible strain before reaching the
maximum strain. However, in tension it is possible to obtain
the maximum reversible strain at 300 MPa as well as in other
works [13].

It also should be noted that so small reversible strain
obtained in present work in compression is corresponded to
obtained strain in non-extruded aged Ni-rich Ni51.2Ti28.8Hf20
(at.%) polycrystals [29]: the reversible strain of −1.2% is
obtained in compression under stress level of −500 MPa, and
the maximum strain of −1.8% can be achieved under com-
pressive stress of−900 MPa, because the increased content of
Ni results in the rise of materials strength properties.

3.3. SIM-aging effects on the properties changes

The dependence of transformation temperature on applied
stress level in accordance with ε(T) curves, are presented
in figures 5 and 6 for initial and SIM-aged NiTiHf poly-
crystals in tension and compression. It is evident that for-
ward and reversed MT temperature increases with greater
applied stress. This is caused by increased chemical equilib-
rium T0 temperature in accordance with Clapeyron–Clausius
equation [30]:

T0 (σ) = T0 (0)+σVεtr −∆s, (1)

where ∆s is an entropy change, V is a molar volume, T and
σ are temperature and stress level, and εtr is a transforma-
tion strain. The coefficient α = dσ dT−1 describes increased
stress with increased temperature, and is inversely propor-
tional to transformation strain εtr. This depicts the dependence

7
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Figure 6. The (σ−T) dependence for initial and SIM-aged Ni50.3Ti32.2Hf17.5 polycrystals for compressive samples.

of α= dσ dT−1 on the stress state: as the εtr value in tension is
much higher than in compression (figure 4), the α = dσ dT−1

is lower in tension compared to compression. Such behavior
is common for shape memory alloys and is observed in both
initial and SIM-aged polycrystals [12, 13].

However, the values of α = dσ dT−1 for Mf and As trans-
formation temperatures are higher than forMs and Af temper-
atures that have non-linear temperature dependence on applied
stress (figures 5 and 6). Therefore, the underlying mechan-
ism dictating transformation temperatures is complex and it is
necessary to take into account the effect of oriented martensite
volume fraction ξ on both the transformation strain εtr and on
the nonchemical contribution of energy of stress-induced MT.

Descriptions of transformation temperature changes as
externally applied stress in accordance with local equilib-
rium formalism are taken into account [25, 31], are written
as follows:

Ms (σ) = T0 (σ)−

(
dA→M
ξ=0 + e A→M

ξ=0

)
−∆s

, (2)

Mf (σ) = T0 (σ)−

(
dA→M
ξ=1 (ξ)+ e A→M

ξ=1 (ξ)
)

−∆s
, (3)

Af (σ) = T(σ)+

(
dM→A
ξ=o − eM→A

ξ=o

)
−∆s

, (4)

As (σ) = T0 (σ)+

(
dM→A
ξ=1 (ξ)− eM→A

ξ=1 (ξ)
)

−∆s
, (5)

where ξ is the volume fraction of oriented martensite, M and
A indexes are the designations of martensite and austenite

phases, and e and d are the derivatives of the elastic and dis-
sipative energies towards the volume fraction of transformed
martensite.

At low applied stress levels, σ < 300 MPa, the trans-
formation strain is lower than the theoretical strain εtr < εtr

0

and depends on the applied stress εtr = εtr(σ). Therefore,
the coefficient α = dσ dT−1 will reduce with increased
stress, as the transformation strain εtr(σ) will increase. For
this reason, high values of α = dσ dT−1 > 15 MPa K−1

are obtained at low applied stress when the transformation
strain is small. Increased applied stress promotes change of
α= dσ/dT until the stress, at which both the volume fraction of
martensite and the transformation strain are at maximum, was
achieved. Similar behavior was observed in Ni50.3Ti37.2Hf12.5
polycrystals [32] in which transformation strain change sig-
nificantly affected the coefficient α = dσ dT−1 of Ms

temperature.
The second reason for the non-linear behavior of transform-

ation temperatures is the dependence of elastic e and d dis-
sipative energy on the volume fraction of oriented martensite
ξ. It should be noted that the elastic energy value at the end
of MT (when ξ→1) is much higher than at the start of MT
(when ξ→0): eA→M

ξ=1 ≫ eA→M
ξ=0 . A significant increase of elastic

energy at ξ→1 is common for high-strength alloys containing
dispersed particles. Such increase of elastic energy results in
additional decrease of Mf and As temperatures, in comparison
withMs and Af temperatures in which the eA→M

ξ=0 is low, as fol-
lows from (2)–(5).

Different coefficients α= dσ dT−1 for transformation tem-
peratures (α(Ms) = 7 MPa K−1 and α(Mf) = 15 MPa K−1

for initial polycrystals in tension; α(Ms) = −12 MPa K−1

and α(Mf) = −60 MPa K−1 for initial polycrystals in
compression) result in MT temperature intervals increase
with the growth of applied stress. The behavior of tem-
perature intervals at forward ∆1 =Ms −Mf and reverse

8
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∆2 = Af −As MT can be described according to (2)–(5)
as well as the thermal hysteresis, defined as the differ-
ence between temperatures Ms+Mf

2 and As+Af
2 . The elastic

and dissipative energies at forward and reverse MT are
assumed to be the same at similar volume fraction of oriented
martensite ξ: eA→M

ξ=0 = eM→A
ξ=0 = eξ=0; eA→M

ξ=1 (ξ) = eM→A
ξ=1 (ξ) =

eξ=1(ξ); dA→M
ξ=0 = dM→A

ξ=0 = dξ=0; dA→M
ξ=1 (ξ) = dM→A

ξ=1 (ξ) =
dξ=1 (ξ) , therefore temperature intervals would be written as
follows:

∆1 (Ms −Mf) =
eξ=1 (ξ)+ dξ=1(ξ)− eξ=0 − dξ=0

−∆s
, (6)

∆2 (Af −As) =
eξ=1 (ξ)− dξ=1 (ξ)− eξ=0 + dξ=0

−∆s
, (7)

∆T=
dξ=0 + dξ=1(ξ)

−∆s
. (8)

Figures 5 and 6 illustrate that thermal hysteresis∆T, which
is determined by dissipative energy during MT (8) and does
not change significantly with applied stress growth; increased
∆T is observed only when irreversibility is taking place in
ε(T) curves at high applied stress. Appearance of irreversib-
ility is evidence of increased dissipative energy. So, the ten-
sion/compression asymmetry of thermal hysteresis after SIM-
aging is absent as well as in initial polycrystals.

Furthermore, MT ∆1 and ∆2 temperature intervals will
increase with martensite volume fraction.

Temperature intervals increase with applied stress is evid-
ence of increased elastic energy, which is caused by both a
high density of compound twins and detwinning processes.
It is known [18] that in NiTiHf systems the B19′-martensite
possess a high density of compound (001) twins, which are
not the solution of crystallographic theory of MT and appear
as geometrically necessary twins in regions with high elastic
stress and for compatibility between matrix deformation and
the elastic strain of nanosized particles in TiNi-based alloys
(figure 1). On the one hand, these twins appear according to
large size of Hf atoms, which strongly distort the crystal lattice
providing elastic stresses. On the other hand, nanosized dis-
persed H-phase particles are also the reason for twins appear-
ance [18]. Martensite crystal detwinning under stress results
in significantly increased elastic energy that impedes MT to
cause, reduces Mf and As transformation temperatures, and
ultimately widens temperature intervals.

At the same time, temperature intervals∆1 and∆2 demon-
strate greater increase following SIM-aging in comparison
with initial state. Such behavior is observed in compression
and in tension as well.

First, during the stress-induced formation of oriented
martensite in SIM-aged crystals the total stress level is higher
than in initial state, because internal stresses presented in SIM-
aged crystals act as an external one. So, the higher total stress
level in SIM-aged crystals effects stronger on the internal
twinning structure of martensite in comparison with initial
state. Therefore, SIM-aged crystals at high applied stress
σ ⩾ 300 MPa, demonstrated substantially wider temperature

intervals of forward and reverse MTs as well as the II type
of MT [33] with As < Ms in comparison with initial crystals,
where the I type of MT (As > Ms) was observed (figure 4).
Similar behavior and As < Ms are expected in initial state at
higher applied stress, as has been observed in Ni50.3Ti29.7Hf20
polycrystals [9].

Second, SIM-aging leads to viscoelastic property change.
Stress-free oriented martensite growth following SIM-aging
provides an increase of elastic modulus that is indirectly evid-
enced by increased strength properties, as it follows from [32].
Increased elastic modulus in turn results in significant growth
of elastic energy, which is defined by the difference of elastic
moduli between austenite and martensite [34].

Third, the change of transformation entropy obtained by
DSC curves (table 1) effects on temperature intervals. Previous
research demonstrated that SIM-aging in Heusler alloys res-
ults in decreased transformation entropy [30, 31] and accord-
ing to (2)–(8), such entropy reduction provides for increased
temperature intervals in SIM-aged crystals in comparison with
initial state.

4. Conclusions

In the present study, the effect of SIM-aging in tension and
compression on one-way and TWSME in NiTiHf polycrystals
containing nanosizedH-phase particles was investigated. SIM
aging was conducted at 428 K for 12 h under tensile and com-
pressive stresses of 300 MPa and −400 MPa, respectively.

Key experimental results and conclusions are summarized
as follows:

(a) SIM-aging is an effective way to induce the fully revers-
ible TWSME with strain up to 50% of one-way shape
memory strain in NiTiHf polycrystals. High-temperature
TWSME strain in tension reached 2.3% without any addi-
tional training.

(b) SIM-aging altered material viscoelastic properties: an
increase of elastic moduli of both phases as well as internal
friction was observed. It is assumed that increased compat-
ibility between H-phase particles and twinned martensite
structure during SIM-aging provides for interface mobility
increase, which promotes internal friction growth.

(c) ReducedMf and As transformation temperatures, and con-
sequently the increase of MT temperature intervals in
cooling/heating cycles at any applied stress level, were
observed due to increased elastic energy during MT fol-
lowing SIM-aging. Such an increase of elastic energy
is caused by several factors: increased elastic moduli,
increased compatibility between particles and martensite,
and the difficulty of martensite detwinning.
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