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Influence of preliminary straining on the recovery stress in TiNi
shape memory alloy working element
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The influence of the preliminary deformation (in the austenite state) of TiNi working elements on the peculiarities of the
strain recovery and stress generation during thermal cycling was investigated. Experiments were carried out under the torsion
mode with different values of the stiffness of the working element — counter body system. It is shown that, at low stiffness
values (<8 GPa), an increase in the dislocation slip stress by preliminary plastic deformation in austenite does not lead to an
increase in the recovery stress. Preliminary deformation leads to an increase in the recovery stress only at a stiffness, at which
the recovery stress was close to the value of the yield stress in non-deformed samples. It was found that plastic deformation
in austenite led to a decrease in the values of the recovery strain due to the suppression of the reversible strain by the plastic
strain. It was shown that there are no qualitative differences in the dependences of the recovery stress and recovery strain
values on stiffness obtained for samples where the shape memory effect was initiated by different ways (cooling under the
constant load, deformation in martensite state or cooling in the regime of the stress relaxation).
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BmusiHue npeagBapuTenbHOro feopMupoBaHsA Ha TeHePALNI0
PeaKTUBHBIX HANIPSHKEHUI pabodiM 371eMeHTOM
u3 crnasa TiNi ¢ mamaTeio popmbl
Cubupes A.B.", bensie C.I1., Pecanna H. H.

Cankr-Iletepbyprckuit rocygapcTBeHHbl yHUBepcnteT, C.-Iletep6ypr, 199034, Poccus

B pabote mccnenoBaHo BAVAHME NPeABapUTENILHOTO fAedopMUpOBaHMA (B ayCTEHUTOM COCTOSHUM) pabodlX 3/IeMEHTOB
u3 cwasa TiNi ¢ addexToM mamAT GopMbl Ha 0COOEHHOCTV BOCCTAHOBJIEHNUA HedOpMalyiM Y TeHepaliy peaKTUBHBIX
HaIpsDKEHMII NP TePMOLMKIMPOBaHMM. OKCIIePYIMEHTBI ObUIM BBIIOJHEHBI IIPY Pas/IMYHBIX 3HAYCHMAX >KECTKOCTHU
CHCTeMBI, cocTosueil u3 pabodero Tema u3 CII® m ynpyroro koHTp-Tena. IlokasaHo, 4TO IpyM HUSKUX 3HAYEHUAX
xecTkocTy (<8 I'Tla) yBemmdeHye HaNpsDKEHVS OMCIOKAIMOHHOTO CKOJIBKEHMA IYTEM IIpeBapUTEIbHOIO IIIaCTIYeC-
Koro pnedopMMpOBaHNS B ayCTEHUTe He INPMBOAUT K YBEMYEHNIO pPEaKTMBHOTO HampsDkeHys. IlpemBapurenbHoe
IedopMupOBaHye IPUBOIANT K YBEINYCHUIO PeaKTVBHBIX HaIIPsDKEHUI TONBKO B TOM CIIy4ae, eC/Ii BeIM4MHa PeaKTVBHBIX
HaIpsDKEHMII JOCTHUIAIa 3HAYeHWIT OMM3KUX K HAIPsXKEHUIO AMCIOKALMOHHOTO TeYeHNSA IpU TEePMOLVIKINPOBAHUU
HeflepopMUpOBaHHOr0 00paslja. YCTaHOB/ICHO, YTO Ae(OpMUpPOBaHME B ayCTEHUTE NMPUBOAUT K CHVDKEHVIO BEINYVHBI
a¢p¢pexTa mamATH HOPMBI BCIEACTBME TOrO, YTO IUIACTUYecKas fedopMamys IopasjsgeT obpaTuMoe (HOpMON3MEHEHNe.
[ToxasaHo, 4TO He HAOMIOHACTCA KaYeCTBEHHBIX Pa3/NuMil B 3aBYCHMOCTAX BeIMYUH PEaKTMBHOIO HampskeHn:a u addexra
maMATY (GOPMBL OT >KECTKOCTM, MOTYYEHHBIX IJI1 00pasloB, B KOTOPHIX 3¢ ¢eKT maMATy GpOopMbl ObUI MHMLIMUPOBAH
pasHbIMU criocobamy (OX/TaXK/ieHueM IOJ IIOCTOSHHON HAarpyskoii, feopMuUpOBaHMeM B MapTeHCUTe WIN OXIaXKAeHUEM
IO PeaKCUPYIOLVM HAIIPsKEHUEM).

Krmouespie cnoBa: crmas TiNi, crtaBsl ¢ a¢ddextom mamaTi GOpMBbI, peaKTHBHbIE HAIIPSDKEHISI, MAPTeHCUTHDIE IPeBPaIlleHNs,
TEPMOIMK/IMPOBAaHNE.
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1. Introduction

Shape memory alloy (SMA) actuators exhibit advantageous
qualities over traditional actuators, such as low weight and
volume, simple design, smooth and reliable actuation [1-7].
SMAs undergo the martensitic transformations on cooling
and heating. If the transformation occurs under an external
load, then SMA accumulates strain on cooling and recovers
it on heating. Thus, SMAs directly transform heat into
mechanical motion with a high work density (more than
10 J/cm?) [1].

Usually, SMA actuators consist of two major parts:
the SMA working body and the elastic counter-body (e.g.
coil spring), which is needed to provide reverse actuation.
Preliminarily deformed SMA working body on heating
recovers its initial shape and simultaneously deforms the
counter-body. Then on cooling the elastic counter-body in
turn deforms the SMA working body again, after that the cycle
repeats. Thus, actuator performance is influenced by both the
working body and counter-body properties. In our previous
work [8], the impact of counter-body stiffness on the recovery
strain, recovery stress and work output values was studied in
detail for TiNi samples preliminarily deformed in martensite
or by cooling under constant stress. It was shown that the
maximum recovery stress was limited by the dislocation slip
stress of austenite phase. It can be assumed that to increase
the recovery stress it is necessary to increase the austenite
yield stress. There are different ways to increase the strength
of alloys such as cold rolling, severe plastic deformation or
prestraining and all of them have been successfully used
to increase the recovery stress of SMAs [9-11]. However,
recovery stress was generated under conditions of fully
constrained strain, at the same time, the effect of the plastic
hardening of the alloy on the recovery stress may depend on
the stiffness of working element, counter-body system, which
was never studied before. Thus, the aim of the present work
was to investigate the influence of the preliminary plastic
deformation on the recovery stress, recovery strain and work
output values during thermal cycling of the SMA working
body with different stiffness values.

2. Materials and methods

Cylindrical samples of Ni, Ti, alloy, with a diameter of
4 mm and a length of 30 mm, were water-quenched from
1173 K for 15 min and annealed at 773 K for 2 h. After heat
treatment, the alloy underwent the B2<«—>B19' martensitic
transformations at temperatures of M =332 K, M, (=310 K,
A =340 K and A =363 K. All experiments were performed
using the testing machine designed to carry out mechanical
tests in torsion mode. It consists of a pendulum dynamometer,
shaft with grips for mounting sample and an electrical motor
(see details in [8]). The stress value is measured by elevation
angle of the pendulum lever and estimated in the outer fiber
under ideal plasticity approximation as:
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where ris the sample radius, ¢ is a rise angle of dynamometer
lever and M =m-g-h, where m is mass, attached to the

dynamometer lever, ¢ — gravitational acceleration and h is

levers length. The shear strain is calculated in the outer fibre as:
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where [ is the length of the sample.

The counter-body — SMA system stiffness was estimated as:

K:LS.Z{VIO, (3)
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K was varied by changing the weight attached to the

dynamometer lever as torsional moment (M) depends on

its mass (m).

Recovery stress and recoverable strain variation on
heating and cooling was initiated via cooling in the regime of
the stress relaxation. The samples were preliminarily loaded
at the temperature of 450 K (austenite state) up to 250 MPa,
at this stage the system stiffness was the same and equal to
8 GPa, then the samples were cooled down without fixing
the stress level. On cooling through the temperature range of
forward martensitic transformation, the sample accumulated
the strain that led to a decrease in the angle of dynamometer
lever and relaxation of the stress. After cooling down to the
room temperature (at which the NiTi sample was in the
martensite state), another weight was attached to lever to
provide different stiffness K (Table 1). Then the sample was
subjected to ten thermal cycles in the temperature range of
453 +300 K. To study the influence of plastic deformation on
the recovery stress, the samples were preliminarily deformed
up to 10% or 20% at a temperature of 483 K (in the austenite
state), unloaded, and all the above procedure was repeated.

Table 1. M and counter-body stiffness calculated for all samples.

Sample Ne 1 2 3 4 5 6 7
M,, N-m 36 | 6.7 | 122 | 232 | 342 | 50.7 | 61.7
K, GPa 4.6 8 17.6 | 27.5 | 49.2 | 60.1 | 88.7
3. Results

Fig. 1 shows the variation in stress on the first cooling (a)
and on subsequent thermal cycling (b) of the sample that
was not subjected to preliminary plastic deformation. It is
seen that after loading, strain accumulates on the first
cooling in the temperature range of the forward martensitic
transformation. When strain accumulates, the stress
relaxation occurs. During subsequent thermal cycling, strain
recovers on heating that leads to the generation of recovery
stress, and on cooling the strain accumulates which is
accompanied by a stress relaxation. Recovery stress (1) was
determined as a maximum stress generated in each cycle and
recovery strain value (y*™) was calculated as difference in
strain values at highest and lowest temperatures in the cycle.
A decrease in the recovery stress was observed in all samples
during thermal cycling, for example, the dependence of
recovery stress on the thermal cycle number is shown for
the sample thermal cycled with stiffness of 8 GPa in Fig. lc.
This phenomenon is due to an accumulation of irreversible
strain (y, ) that decreases the recovery strain value, which is
in good agreement with [8,12].
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Fig. 2 shows the dependencies of the recovery strain and
recovery stress values on the stiffness. It is seen that on an
increase in stiffness the recovery strain value non-linearly
decreases but recovery stress increases till K<25 GPa
and remains almost constant at K>25 GPa. The similar
observations were made in [8], where it was observed that
the recovery stress was constant on an increase in the stiffness
higher than 34 GPa.

The influence of the prestraining on the recovery stress
and recovery strain was studied for four different stiffness
values: 4.6, 8, 49.2 and 88.7 GPa. Table 2 shows recovery
stress values obtained in the first thermal cycle in samples
without prestraining and in samples subjected to preliminary
deformation up to 10% or 20%. It is seen that prestraining up
to 10% or 20% does not influence the recovery stress if the
stiffness is 4.6 GPa, and at 8 GPa it had a limited impact. At
the same time, prestraining significantly increased recovery
stress values, if the stiffness values were 49.2 and 88.7 GPa.
For instance, prestraining up to 20% increased the recovery
stress from 245 up to 271 MPa if the stiffness was 49.2 GPa.
Thus, it may be concluded that an increase in the dislocation
slip yield stress of the austenite phase allows increasing the
recovery stress in the thermal cycles at high stiffness. The
higher value of preliminary deformation the larger is the
increase in recovery stress.

Recovery strain values obtained in the first cycle are
shown in Table 3. It was observed that prestraining decreased
the recovery strain values and the less stiffness the larger is
the reduction in recovery strain values. A decrease in the
recovery strain values may be attributed to the negative two-
way shape memory effect that was induced by the oriented

internal stresses formed during the preliminary deformation.
In [13] it was shown that plastic strain in the austenite state
decreased the recovery strain values in TiNi samples due
to the formation of the two-way shape memory effect. To
investigate this assumption, one sample was deformed in a
clockwise direction up to 10% at 483 K and unloaded, then
loaded again up to 250 MPa in the same direction. The second
sample was deformed up to 10% in the counter-clockwise
direction then unloaded and loaded up to 250 MPa in the
clockwise direction. Then both samples were cooled down
and subjected to two thermal cycles in the temperature range
of 453 +300 K with the same stiffness of 8 GPa. This leads
to the two-way shape memory effect and the shape memory

Table 2. Maximum recovery stress obtained for the samples
prestrained in austenite state up to 0%, 10% and 20% in the first
thermal cycle with various stiffness.

K, GPa 46 | 8 | 492 | 887
Ypreliminary 70 Recovery stress, MPa

0 134 187 245 247

10 131 199 271 275

20 139 200 294 292

Table 3. Recovery strain value obtained in the first cycle for the

samples prestrained in austenite state up to 0%, 10% and 20%.
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Fig. 1. (Color online) Variation in stress (green line) and strain (red line) on first cooling (a) and during thermal cycling (b) with stiffness
of 8 GPa. Dependence of recovery stress on thermal cycle number (c) obtained in the sample subjected to thermal cycling with stiffness

of 8 GPa.
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Fig. 2. (Color online) Dependences of the recovery strain (a) and recovery stress (b) values on stiffness K obtained in first and tenth cycles.
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effect act in opposite directions in the first sample whereas,
in the second sample they both act in the same direction.
Therefore, in the second sample recoverable strain during
the first heating should be larger than in the first sample.
However, it was found that recovery strain values in both
samples were the same. Thus, the two-way shape memory
effect is not responsible for a decrease in the recoverable
strain in the samples subjected to plastic deformation.

4. Discussion

The influence of preliminary deformation in the austenite
state on the recoverable strain and recovery stress was
investigated in TiNi torsional working elements during
thermal cycling with a different stiffness. It was shown that
the preliminary deformation did not influence the recovery
stress if the sample was subjected to thermal cycling under a
low stiftness. However, it significantly affected the recovery
stress on thermal cycling under a high stiffness. This is due
to the fact that preliminary straining increases the yield
stress in austenite. As it was shown in [8], at low stiffness the
maximum recovery stress was less than the yield stress for
dislocationslip hence,itsincrease due to plastichardening had
no effect on the recovery stress. However, at high stiffnesses,
the maximum recovery stress was limited by the dislocation
slip stress [8]. So, it is obvious that an increase in the yield
limit by preliminary deformation increases the recovery
stress. Preliminary straining decreased the recovery strain
values and the higher the stiffness, the less was the decrease
in the value of recovery strain. It was shown that the two-
way shape memory effect was not responsible for a decrease
in the recovery strain values, thus, this may be attributed to
the plastic strain suppressed strain recovery that is in a good
agreement with [14]. It is also worth of noting, that in [8] the
influence of the stiffness on the recovery stress and recovery
strain values was studied after initiation of shape memory
effect by active deformation in martensite and cooling under
constant stress. In current study strain recovery was initiated
by cooling in the regime of the stress relaxation; however,
dependences of the recovery stress and recovery strain values
on the stiffness were similar to dependencies obtained in [8].
Thus, it is shown that the way of actuator initiation does not
qualitatively influence dependencies of the recovery stress
and recovery strain values on the stiffness.

5. Conclusions

1. Preliminary plastic deformation of the TiNi samples
in the austenite state increases the recovery stress during

thermal cycling at high stiffness (>8 GPa) and does not
influence the recovery stress values if K <8 GPa. This is due
to the fact that the recovery stress is limited by a dislocation
slip stress value in austenite state. Preliminary plastic
deformation increases the yield stress for dislocation slip
that allows increasing the recovery stress.

2. Preliminary plastic deformation of the TiNi samples
in the austenite state decreases the recoverable strain value
regardless of the stiffness value. This is due to the fact
that the plastic strain partially suppresses the martensitic
transformation that decreases the recoverable strain.

3. The way of the preliminary initiation of stress generation
does not influence the dependences of the recovery stress and
recovery strain values on stiffness or thermal cycle number.
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