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The functional properties of shape memory alloys depend on the strain rate. However, there is no systematic investigation of
the basic functional properties after high strain rate deformation; most of the published articles, including modern studies,
focus on the mechanical properties and structure. This paper presents a study of the influence of strain rate on the one-way
and two-way shape memory effects. The specimens were compressed at strain rates of 500, 1200, 1600 s in the martensitic,
austenitic, and mixed-phase state, using the Kolsky method for the split Hopkinson pressure bar. The one-way and two-way
shape memory effects were measured after dynamic compression and compared with ones after quasi-static compression up
to the same residual strains. The work shows that the strain rate has significant influence on the basic functional properties of
the NiTi alloy. In some cases, the strain-temperature curves after the quasi-static and dynamic compression were completely
different. The one-way shape memory effect after high-strain rate compression was less than after quasi-static compression,
irreversible strain increased. After high-strain rate compression in the martensitic state, the martensitic two-way shape
memory effect slightly grows, but in general, there is no significant improvement. The austenitic two-way shape memory
effect after high strain rate compression occurred at lower test temperatures, and its value was higher than after quasi-static
compression. Thus, in some cases, the functional properties of the NiTi alloy can be improved by an increase in the strain
rate. The material behavior indirectly demonstrates that the reorientation of martensite and the formation of stress-induced
martensite are sensitive to the strain rate.

Keywords: shape memory alloy, high strain rate, one-way shape memory effect, two-way shape memory effect, split Hopkinson-Kolsky bar.
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BrnusiHue cKkopocTy CKaTusA Npu pa3INyHbIX TeMIlepaTypax
Ha QyHKIMOHAbHBIE CBOIICTBA cI/IaBa ¢ NaMATbI0 popmbl NiTi
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DyHKIMOHAIbHBIE CBOJICTBA CIUIABOB € IAMATBIO GOPMBI 3aBUCAT OT CKOPOCTH AepOpMUPOBAHIIA, OfHAKO CHCTEMAaTHYeCKIX
MICCTIEIOBAHNIT IPAKTUYECKM HeT. BOIBIIMHCTBO paboT MOCBAIIEHDI UCCIETOBAHNIO MEXaHIYECKIX CBOVICTB U CTPYKTYPBL
ITa paboTa NOKa3bIBaeT BIUAHNE CKOPOCTH IPeBapUTEeIbHOrO feopMupoBanys Ha 3¢ deKThl OFHOKPATHOI ¥ 00paTUMOit
namAty popmel B crrtaBe NiTi. O6pasusl repopMupoBam B pexyMe CKaTis MeTogoM KombcKoro it pa3pe3Horo CTep>KH:A
TonkmHcoHa co ckopocTaMu 500, 1200, 1600 ¢! B MapTeHCHTHOM, ayCTEHMTHOM, IIPeIMapTeHCUTHOM M CMEIIaHHOM
¢dasoBbIx cocrosHuAX. Ilocne mepopmmpoBanysa usMepsmt 9¢(eKTbl OFHOKPATHOM 1M 0OpaTMMOil maMATH (HOpMbI
U cpaBHUBaIN C 3¢ deKTaMu I0CIe KBa3UCTATUIECKOr0 CXKAaTUA 10 COOTBETCTBYIOMIMX OCTaTOYHBIX fiepopManmit. Pabora
IIOKa3bIBaeT, YTO CKOPOCTH AeOpMMPOBAHM OKa3bIBaeT CYLIeCTBEHHOE BIMAHME Ha (PYHKIMOHA/IbHbIE CBOJICTBA CIUIaBa
NiTi. B ormenpHBIX Cay4Yasx KpuBble ()OPMOBOCCTAHOBJECHNSA IIPU TepMOLMKIMPOBAHMM IIOC/Ie KBA3UCTATUYECKOTO
Y BBICOKOCKOPOCTHOTO CXKaTys MOMTHOCTBIO pa3m4Hbl. OXHOKPATHBI 9 deKT maMATH IOCIe BBICOKOCKOPOCTHOIO CXKaTys
IposBIIAeTCA crabee, 4eM IIOC/Ie KBa3UCTAaTUIeCKOro CKaTus, HeobpartuMas gedopMalus yBeInduBaeTcsa. OTO IPUBOSUT
K TOMY, YTO II0CJIe BBICOKOCKOPOCTHOTO CXKAaTVs NPV KOMHATHOI TeMIlepaType obparumas IaMATb GOpMbI MapTEHCUTHOTO
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THUIIa CI€TKa pacTEeT, HO B IIE€JIOM CYIIECTBEHHOI'O yIy4IIEeHNA HE Ha67’II'0,E[a€TCFI. O6paTI/IMaH IIaMATDb (1)0pr1 AyCTEHNUTHOI'O
THUIIA IIOC/I€ BBICOKOCKOPOCTHOI'O CKATHA ITOABJIACTCA IIPN 607ee HUSKMX TeMIIEpaTypax IIpeaBapuUTEIbHOIO ne(bopMMpOBa—
HIUA Y IPOABIAETCA CUJIbHEE, YE€M ITOC/I€ KBa3MCTATUYIECKOTO CXKATUA. To €CTb, B OTHAE/IbHBIX CIy4Yasax (byHKI_II/IOHaTIbeIe
CBOJICTBA CIl/IaBa MOXXHO YAyqdIINTb 3a CYET YBEIMIEHNA CKOPOCTU ,[[e(l)OpMI/IpOBaHI/IH. HOBG,[[eHI/Ie MaTepuajia KOCBEHHO
AEMOHCTPHUPYET, YTO IPOLECChI IEPEOPMEHTANNN I HABEACHNA MapTEHCUTA I10J Harpysxoﬁ YYBCTBUTENIbHBI K CKOPOCTHI

Harpy>keHus.

KrroueBsie coBa: CIaBbl ¢ TaMsIThIo GOPMBL, BBICOKOCKOPOCTHOE fehopMupoBanue, 3¢ dext mamsaty GopMsl, 06patimast mamMstb GOpPMEL

METO[ Konbckoro.

1. Introduction

Shape memory alloys (SMA) have a number of unique
properties: high strength, corrosion resistance, biocompatibility
and damping ability. Moreover, they have functional capabilities
to recover from large deformations resulting from solid-to-
solid phase transformation: the one-way (SME) and two-way
(TWSM) shape memory effects. They are used in various areas:
medicine [1], aerospace technology [2], and engineering [3] as
stents, implants, sensors, actuators, and so on. One of the most
commonly used SMA is nickel titanium (NiTi).

The mechanical and functional properties of materials
depend on the deformation technique and the strain rate.
However, there are only a few published papers devoted
to the functional properties of SMA after high strain
rate deformation. For some reason, researchers focus on
studying the influence of the strain rate on the mechanical
properties and structure of martensite and austenite [4-6],
including recent investigations [7-10]. For example, in [9],
the authors showed the influence of preliminary annealing
on the mechanical behavior of the NiTi alloy under dynamic
compression. In [10] they tested specimens of the NiTi
alloy by high-strain rate compression at room temperature
and at 100°C and showed the influence of the strain rates
on the structure of the low-temperature (martensitic) and
high-temperature (austenitic) phases, but they did not study
the functional properties. In [11], the authors studied the
influence of the strain rate on the mechanical behavior of a
pseudoelastic NiTj alloy. The investigation of pseudoelasticity
may be considered as an investigation of functional properties
[11-13], since this effect is directly related to the forward and
reverse martensitic transformations.

Among the works devoted to the SME and TWSM, the
studies of Russian and Chinese researchers [14,15] should be
mentioned. However, they used the recovery coefficients —
the ratios of the SME and TWSM strains to the residual and
irreversible strain and made conclusions based on these ratios,
not on the values of the SME and TWSM effects themselves.

Based on the above, we can conclude that there are
almost no systematic investigations of SMA basic functional
properties after high strain rate deformation. Researchers
almost keep ignoring the functional properties of the NiTi
alloy, but investigate the mechanical properties, superelasticity,
characteristic temperatures of martensite transformations,
and the microstructure of martensite and austenite.

This work presents an investigation of the influence of
high strain rate compression at various temperatures on the
basic functional properties of the NiTi alloy: the one-way and
two-way shape memory effects.

2. Methods

The objects of the study were cylindrical specimens of an
equiatomic NiTi alloy with a diameter and height of about
8 mm, made on a CNC Lathe from hot-rolled NiTi bars,
annealed at 500°C for 1 hour to remove residual stresses, and
furnace cooled. Characteristic temperatures were determined
on a Mettler Toledo 822e differential scanning calorimeter:
M, =78°C, M,=55°C, A =89°C, A =110°C (Fig. 1).
Deformation was carried out at various temperatures:
20, 103, 130, 87, 63°C (Fig. 1). Test temperatures of 20, 103,
130°C were reached by heating and 87, 63°C were reached
by cooling after preliminary heating to 140°C. Further we
denote these temperatures as 140 —87°C and 140— 63°C.
We chose the test temperatures so that the material was in
different phase states: in the martensitic state at 20°C, in the
austenitic state at 130°C, in the austenitic but “premartensitic”
state at 140 87°C and in the mixed-phase state at 103 and
140 63°C (peak temperatures of the calorimetry curve).
High strain rate tests were performed using the Kolsky
method for the split Hopkinson pressure bar [16]. This
method is well studied, theoretically justified, and has been
well known since the 1950s. The setup consists of a gas gun
with a control system, measuring bars, a striker and a set
of measuring equipment [17]. The measuring bars with a
diameter of 20 mm were made of high-strength maraging
steel. The strain was measured using low-base foil strain gauges
glued on the side surface of the measuring bars. Strain pulses
were used to find the forces acting on the specimen and the
history of the displacements of the specimen surface, using
formulas proposed by Kolsky. More details about the Kolsky
method and its modifications can be found in [17]. The setup
was equipped with a thermocouple and a tubular removable
furnace, which allowed testing at elevated temperatures. The
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Fig. 1. (Color online) Calorimetric curves of the NiTi alloy:  — test
temperatures that were reached by heating, ¢ — test temperatures
that were reached by cooling from 140°C.
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strain rate varied by changing the gas gun pressure: a change
in pressure led to a change in the striker velocity. The residual
strains (e, ) varied depending on the strain rates. They were
=5, 10, and 17% after compression at strain rates of 500, 1200,
and 1600 s™', respectively. Quasi-static compression at a strain
rate of 0.001s™" of similar specimens to the same ¢__(to one
decimal place) was performed at the same test temperatures
using an INSTRON universal testing machine, equipped with
a thermal chamber. After deformation, all specimens were
cooled to room temperature. After tests, we thermocycled
the specimens through the temperature ranges of forward
and reverse martensite transformations on a Netzsch TMA
402 F1 Hyperion thermomechanical analyzer. We measured
the strains caused by the SME on the first heating and by the
TWSM on the second heating from the changes in the height
of the specimens.

The shapes of the strain-temperature curves ¢(T) during
thermocycling depend on the preliminary deformation
temperature. Two types of the TWSM are possible: martensitic
and austenitic [18]. The TWSM arises after incompatible
irreversible strain, which generates internal stresses. These
stresses cause the formation of oriented martensite upon
cooling. Thus, on the subsequent thermal cycling, a martensitic
or austenitic TWSM is observed. The first one appears after
preliminary deformation in the martensitic state (Fig. 2a).
The first heating leads to the one-way shape memory effect,
and the subsequent thermocycling leads to the martensitic
TWSM, in which the strain changes upon cooling in the same
direction as under pre-straining. The austenitic TWSM is
observed after preliminary deformation in the austenitic state
(Fig. 2b). During cooling, the strain changes in the direction
opposite to the pre-strain. The implementation of these two
types of TWSM in the same temperature range results in the
formation of a non-monotonic reversing TWSM [19].
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Fig. 2. Schematic of &(T) curves. P shows the direction of the
preliminary deformation: SME and martensitic TWSM after
compression in the martensitic state (a), austenitic TWSM after
compression in the austenitic state (b).

In this study, we observed both TWSM effects. Fig. 3 shows
the strain-temperature curves after dynamic compression
at 20, 130, 103, and 140 87°C. Fig. 3a demonstrates the
SME during the first heating and the martensitic TWSM
during the second heating. The austenitic TWSM appears
after compression at 130°C (Fig. 3b). The values of SME and
TWSM of both types we measured as the distance between
the tangent lines, as shown in Fig. 3a,b.

Unusual strain-temperature dependences were observed
when the specimens were in the mixed or premartensitic
phase state during preliminary loading (Fig.3c,d). The
contribution of both phases to the strain recovery leads to
the appearance of a non-monotonic reversing shape memory
effect. The &(T) curves consist of two oppositely directed
sections during the first heating. Section I is associated with
the austenitic TWSM that arises due to the deformation of
the austenitic phase, and section II is associated with the SME
that occurs due to the deformation of the martensitic phase.
We considered the contribution of these sections in the total
strain recovery separately. The second heating leads to the
austenitic TWSM.

3. Results and discussion
3.1. One-way shape memory effect

Fig. 4 shows the values of the one-way shape memory effect
measured in the first thermocycle after compression with
various strain rates at different temperatures. The solid marks
represent the SME after dynamic compression and the hollow
marks represent the SME after quasi-static compression. The
blue marks indicate the test temperatures reached by cooling.

The diagrams show that the hollow marks are above the
solid marks: an increase in the strain rate does not lead to
an increase in the shape memory effect. The closest values
were obtained after deformation in the martensitic state at
20°C, but an increase in the strain rate up to 1600 s leads to
a decrease in the SME by 25% (Fig. 4¢).

Martensite transformation is thermoelastic: stress
can induce martensite. Loading in the mixed-phase, pre-
martensitic and austenitic states leads to the formation
of oriented stress-induced martensite, so subsequent
thermocycles cause the SME and the martensitic TWSM
(Fig. 5a,¢). Under loading in the austenitic state at 130°C, the
proportion of stress-induced martensite decreases, that leads
to small values of the SME (Fig. 4).

With an increase in the strain rate, the strain-temperature
curves become completely different (Fig. 5b,d). The SME
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Fig. 3. &(T) curves after dynamic compression at a strain rate of 1200 s™ up to 10% residual strain at 20°C (a), 130°C (b), 103°C (c),

140 - 87°C (d). (I — austenitic TWSM, II — SME).
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Fig. 4. Dependences of SME on test temperature. O, O — quasi-static compression ®, B — dynamic compression. 5% residual strain,
dynamic compression at a strain rate of 500 s™' (a); 10% residual strain, dynamic compression at a strain rate of 1200 s™* (b); 17% residual

strain, dynamic compression at a strain rate of 1600 s™* (c).
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Fig. 5. €(T) curves after compression at 140 - 87°C (a, b) and 103°C (c, d) up to 10% residual strain. Quasi-static (a, ¢) and dynamic (b, d)

compression. (I — austenitic TWSM, II — SME).

during the first heating decreases and the second heating
leads to the austenitic TWSM.

These differences in the SMA behavior during
thermocycling are related only to the strain rate, since all other
parameters (test temperature, residual strain, thermocycling
conditions) are the same. It is assumed that the reversible
strain due to the martensite reorientation and the formation
of the stress-induced martensite is sensitive to the strain
rate. Under the high strain rate compression more strain is
produced by irreversible straining mechanisms compared to
the quasi-static compression.

3.2. Two-way shape memory effect

Fig. 6 shows the TWSM values measured in the second
cycle of heating. The “positive” points on the diagrams
above the zero line correspond to the martensitic TWSM,
the “negative” points below the zero line correspond to the
austenitic TWSM. The blue color marks the temperatures
reached by cooling.

The martensitic TWSM behavior looks similar to the
SME behavior, except for the case of room temperature.
The TWSM arises from internal stresses that appear due to
the incompatibility of the irreversible strain. These internal
stresses lead to the transformation-induced plasticity during
direct martensitic transformation. Under loading in the
martensitic state (20°C), strain is conventionally divided
into two types: reversible strain associated with martensite
reorientation, and irreversible plastic strain. Under the
condition of equal preliminary residual strains, if the SME

decreases, then the irreversible strain increases. With an
increase in the strain rate, the SME decreases. Consequently,
with an increase in the irreversible strain, the martensitic
TWSM slightly increases (by about 10-12%).

The austenitic TWSM after dynamic compression occurs
at lower temperatures. Moreover, the increase in the strain
rate has a positive effect on the values of the austenitic TWSM.
Diagrams show that an increase in the strain rate at 130°C
leads to an increase in the austenitic TWSM in comparison
with the quasi-static case. The austenitic TWSM increases
by 15-25% at small residual strains (Fig. 6a,b), and almost
three times at large residual strains (Fig. 6¢) after the high
strain rate compression.

As described above, the austenitic TWSM appears after
deformation of the austenite. Quasi-static compression at
elevated temperatures leads to the intensive formation of the
stress-induced martensite that gives origin to the SME section
during the first heating, for example see &(T) curve after
quasi-static compression at 130°C (Fig. 7). Both deformed
phases, martensite, and austenite, form internal stresses,
which counteract each other during cooling. Because of this,
the value of the strain induced during the direct martensitic
transformation, and consequently, the austenitic TWSM
is smaller than after dynamic compression. Such intensive
formation of stress-induced martensite does not occur in the
case of dynamic pre-straining. Moreover, in the quasi-static
case, the fraction of the stress-induced martensite increases
with an increase in the residual strain from 5 to 17%, so
the austenitic TWSM decreases almost twice from 0.55 to
0.28% (Fig. 6).
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Fig. 6. Dependences of TWSM on test temperature.O, 0 — quasi-static compression ®, B — dynamic compression. 5% residual strain,
dynamic compression at a strain rate of 500 s™' (a); 10% residual strain, dynamic compression at a strain rate of 1200 s™' (b); 17% residual

strain, dynamic compression at a strain rate of 1600 s™* (c).
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Fig. 7. e(T) curves after compression at 130°C up to 10% residual strain. Quasi-static (a) and dynamic (b) compression. (I — austenitic

TWSM, IT — SME).

As suggested above, the formation of the stress-induced
martensite is sensitive to the strain rate. The proportion of
the stress-induced martensite obtained in dynamic loading is
less than in the quasi-static loading. For instance, we observe
the pure austenitic TWSM after dynamic compression at
130°C (Fig. 7b). An increase in the residual strain from 5 to
17% leads to an increase in the austenitic TWSM from 0.6 to
0.9% (Fig. 6).

4., Conclusion

This study shows that the strain rate has a significant
influence on the functional properties of the NiTi alloy. In
some cases, the strain-temperature curves after quasi-static
and dynamic compression are completely different.

o The SME values after high strain rate compression
are less than after quasi-static compression. For instance,
the one-way shape memory effect after the high strain rate
compression at room temperature up to 17% residual strain
is 25% less.

o The martensitic TWSM behavior is similar to the SME
behavior, except for the case when pre-straining is performed
at room temperature. With an increase in the strain rate,
the SME decreases, and the irreversible strain increases.
Consequently, the martensitic TWSM after compression at
room temperature slightly increases (by about 10-12% in
our experiments).

o The austenitic TWSM after the high strain rate
compression occurs at lower test temperatures, and its value

is higher than after quasi-static compression. For instance,
the austenitic TWSM after the high strain rate compression at
130°C up to 17% residual strain is almost three times higher
than in the quasi-static case.

o An unusual reversing shape memory effect appears
after the high strain rate compression in the premartensitic,
and the mixed-phase state. The strain-temperature curves
consist of two sections directed oppositely. A similar behavior
is observed after quasi-static deformation, but only at high
pre-strain test temperatures (Fig. 7 a).

The results can be explained by the assumption that the
structure of the material is inert: the martensite reorientation
and the formation of stress-induced martensite, are not
fully implemented with an increase in the strain rate. The
proportion of the oriented martensite decreases with an
increase in the strain rate. Thus, the SME is less after the high
strain rate compression. For the same reason, the austenitic
TWSM after high strain rate compression appears at lower
test temperatures, and its value is higher than after quasi-
static compression. The combination of pre-deformed phases
causes the reversing shape memory effect upon heating.
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