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Summary. The phase transformation temperatures of pseudoelastic NiTi alloy were defined by
differential scanning calorimetry. The effect of the stress range on the functional properties of the NiTi alloy under
uniaxial tension in ice water at a temperature of 0°C was studied. The cylindrical specimens with 4 mm in diameter
and a gage length of 12.5 mm were tested under static and cyclic loading with frequency of 0.5 Hz. All cyclic tests
were performed under the crosshead displacement controlled condition on the STM100 machine. At the
temperature above At the effect of the cyclic loading on the maximum stress in general could be characterized by
several stages: strengthening, softening, stabilization and rapid decrease of the maximum stress, which is caused
by the initiation and macrocrack growth. With the increase of the maximal stress in the first cycle from 509 MPa
to 605 MPa, the strain range also increases.
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Statement of the problem. Shape memory alloys (SMA) belong to functional materials
characterized by the shape memory effect and pseudoelasticity. Their application depends on
the temperature of phase transformations, mechanical and functional properties, the type of load
(static, cyclic and thermomechanical).

Due to the high ability to dissipation energy the SMA with the effect of pseudoelasticity
are increasingly used in parts of machines, implants [1], damping
devices [2 — 4] or other structuralelements [5]. Since they are subjected to intense cyclic
loadings during operation, it is important to ensure their reliability and durability for low-cycle
fatigue.

Therefore, in order to construct the structural elements and devices made of SMA it is
necessary to study the regularities of changing stress and strain based parameters, which
characterize functional properties..

Analysis of available investigation results. It is known that with the increase of load
cycles number, the SMA functional properties (hyperelasticity effect) which can be
characterized by the strain range, residual strain [6] get worse. The effect of maximum stress,
mean stress and stress amplitude on SMA cyclic behavior is investigated. It is determined that
the maximum strain depends in general on the stress level and load type.

Particularly, residual and transformation hardening increase with the growth of loading
cycles number and strain rates from 3,3 10 5210 3,3 102 st in super-elastic NiTi SMA micro-
tube (50.32% Ni) specimens in 2.5 mm in diameter during strain-controlled testing [7].
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The residual strain growth was also observed for low-cycle fatigue of the wire made of
NiTi alloy under uniaxial tension [8].

The residual deformation is usually considered to be related with some oriented
martensite, which is not transformed back into austenite during the reverse phase [9]. Repeated
changes in the direct and reciprocal phases create some defects in the material [10] resulting in
localized internal stresses [11] allowing SMA to detect double-sided memory effect.

The objective of the paper. The influence of the stress range on functional properties
of NissgTiss2 alloy at temperature higher than the temperature of austenitic transformation
completion is investigated experimentaly.

Research techniques. The effect of cyclic loading on NissgTiss2 alloy functional
properties in the form of 8 mm diameter rod supplied by Wuxi Xin Xin glai Steel Trade Co.,
LTD (China) was investigated. The chemical composition of the alloy, stated in the certificate:
55,78% Ni; 0,005% Co; 0,005% Cu; 0,005% Cr; 0,012% Fe; 0,005% Nb;
0,032% C; 0,001% H; 0,04% O; 0,001% N; 44,12% Ti.

Characteristics of thermal transitions during SMA phase transformations were
investigated using Differential Scanning Calorimetry (DSC) [12] by means of DSC Q1000.
The cylindrical specimen 1 mm in diameter with one flat side and 17,2 mg weight cut from
& 8 mm rod were placed on a crucible plate made of Al,O3. Gas flow velocity was 30 ml/min.
The specimen was heated and cooled from -150 to +120°C in nitrogen atmosphere N2 and
helium He> at 10°C/min rate. To increase the reliability of the obtained results, each of the
heating and cooling cycles was repeated three times.

Mechanical properties and cyclic loading influence on the functional properties of NiTi
alloy were investigated at 0°C temperature under the uniaxial tension of cylindrical specimens
4 mm diameter and 12.5 mm operating area length cut from & 8 mm rod (Fig.1a). The
specimens were tested on the servohydraulic machine STM-100 [13] with automated control
and data acquisition system under maximum uniform stem shifting with 0.5 Hz load frequency

and sinusoidal cycle shape. Asymmetry coefficient of the load cycle ' =S, / Sax = 0 (here
Sy S, 1S the least and the largest value of the stem shifting). During the tests for the first and

min ? ¥ max
the following load cycles at S, = 0, the strains in the specimens were not observed.

During the test, the current values of force, stem shifting and the longitudinal
deformation of the specimen operating area with 12 mm measuring base were recorded.
Longitudinal deformation was measured by Bi-06-308 extensometer produced by BISS,
maximum error did not exceede 0.1%. The stem shifting was determined by inductive Bi-02-
313 sensor with an error not more than 0.1%. The tests were carried out in the chamber filled
with ice and ice water (Fig.1b). This provided the steady temperature of 0°C measured by
chromel-alumel thermocouple mounted on the specimen with an error not more than 0,5°C.
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Figure 1. Specimen for fatigue tests — a; chamber with ice water for cooling the specimen installed
with extensometer on the STM-100 machine — b
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Results and their discussion. DSC analysis in coordinates heat-temperature (F-T): the
curves demonstrate the martensitic-austenitic (Fig. 2a) and austenitic-martensitic (Fig. 2b)
phase transformations occurring in SMA during the heating and cooling cycles relatively.
Comparison of the phase transition temperatures confirms the reversible nature of the change
in the crystallographic structure of the investigated material. While heating the specimen, the
phase transition takes place in temperature range between -60,5°C and -38,7°C (extrapolation
of the average value), and transition temperature is -45,7°C. The reverse phase transition during
cooling is between -95,9°C and -69,4°C and the heat flow reaches its maximum
at -81,4°C.
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Figure 2. DSC analysis during first (1), second (2) and third (3) heating (a) and cooling (b) mode

The enthalpy change caused by phase transitions was 12,43 J/g during heating and
11,07 J/g for cooling (Fig. 3).
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Figure 3. Enthalpy change during phase transformation of SMA in heating (1) and cooling (2) mode

Summarized results of the phase transformation temperatures of the investigated SMA
are given in Table 1. Here Ms, M, As, As are the start and end temperatures of the martensitic
and austenitic phase, respectively. It should be noted that the temperature of the phase
transformations in the wire material has a slight dispersion between separate heating (cooling)
cycles. Thus, the maximum deviation from the average temperature value of Ar austenitic
transformation completion is 0,3°C and for Ms is 0,7°C.
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Table 1

Temperature of phase transformations in NiTi alloy

: . Ms Mg As As
Heating / cooling
°C
1-e -68,7 -955 | -60,3 | -38,5
2-¢ -69,6 -95,9 | -60,5 | -38,5
3-¢ -70,0 -96,2 | -60,6 | -39,0
Averaged value | -69,4 -95,9 | -60,5 | -38,7

Characteristics of the mechanical properties of the alloy were determined according to
standard [14] at 0°C temperature which was higher than the temperature of the martensitic-

austenitic transformation completion As=-38,7°C (Table 1).

The stretch diagram (Fig. 4) consists of three sections: I — elastic behaviour (austenitic
phase); I — pseudoelastic (austenitic-martensitic phase), where the properties of hyperelasticity
are observed; III — elasto-plastic deformation (martensitic phase), which results the specimen

fracture.
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Figure 4. Stress-strain diagrams of SMA at 0 °C: | — austenitic phase; 11 — austenite-martensitic;
111 — martensitic

Characteristics of the alloy mechanical properties are given in Table. 2

Table 2

Mechanical properties of NiTi alloy at 0°C

Yield Strength, Ultimate Tensile Young’s Modulus, GPa
00,2 Strength, cuts
MPa | section IT section
447 869 25,3 16,9
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Dependences of the maximum stress omax and strain range of SMA on the number of
load cycles for different starting values omax = o1 are shown in Fig. 5 a,b. For all values of the
initial maximum stress, during the first load cycles, the growth of in omax value (material
strengthening) is observed, then the weakening and stabilization, followed by the decrease
section in the maximum stress caused by the macrocrack initiation and its growth. An exception
is only the specimen with the initial maximum stress o1 = 748 MPa, which continuously
decreased during operation time.
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Figure 5. Dependencies of the maximum stress — a and strain range — b on the number of loading cycles of
SMA for 61 = 509 MPa (16) MPa, 530 MPa (13), 605 MPa (10), 748 MPa (12). Number of specimen are
indicated in brackets

Functional properties of the shape memory alloy (hyperelasticity) can be characterized
particularly by the magnitude of strain range per cycle.

For all values of the initial maximum stress, during the first ten load cycles there is a
rapid decrease in the strain range followed by the stabilization area of the strain range or its less
intensive decrease followed by a recession area resulting in the specimen fracture (Fig. 5b).
With the increase of the maximum stress in the first load cycle from 509 MPa
to 605 MPa, the strain range value increases (Fig. 5b).

In general, the strain range depends on the initial maximum stress, with the increase of
which the strain range increases.

Coclusions.

1. The temperature of forward and reverse phase transitions of pseudoelastic NiTi alloy is
determined by differential scanning calorimetry technique.

2. The influence of stress range on the strain regularities and functional properties of
pseudoelastic NiTi alloy in ice water at 0°C is studied and appropriate methodology is
developed.

3. At the temperature higher than the temperature of martensitic-austenitic transformation
finish under controlled crosshead displacement, the influence of the cyclic loading on the
maximum stress can be characterized in general by areas of strengthening, weakening,
stabilization and rapid decrease of the maximum stress caused by fatigue macrocrack initiation
and extension.

4. The rapid decrease of the strain range observed during first ten loading cycles, without
regard to the initial value of the maximum stress, followed by the stabilization area, which
changes into the area of continuous strain range reducing, ending with fracture of specimen.
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VJIK 539.3

JOCJIIKEHHS HAANPYKHOI MOBEJAIHKHU NITI CILTABY 3A
HUKJITYHOI'O HABAHTAKEHHSA

Bosogumup Scniiil; Merpo SAcniiil; FOpii Jlanycra?; Tersina Ilninap?

Y Teprnoninvcokuii nayionanvruii mexuiunuii ynisepcumem imeni lsana Ilynios,
Tepnonins, Ykpaina
2[ucmumym cyyacnoi mexanixu, Kiepmon-Peppan, Ppanyis

Peztome. Memooom oughepenyianvroi ckany8arbHoi Karopumempii 00CioHceHo memnepamypy npAMuX i 360pOMHUX
pazosux nepexodie nikenomumanogozo cniasy NissgTiasz. 3icmasnenns memnepamyp gazosux nepexodie niomeepoiicye
360pOMHULL Xapakmep 3MiHU Kpucmanozpagiunoi cmpykmypu oocniodxcysanozo mamepiany. 11i0 uwac naepieanns 3paska
azosuil nepexio siobysacmucs 6 dianazoni memnepamyp mixc -60,5 °C ma -38,7 °C, a memnepamypa nepexody cmanogums -
45,7 °C. Taxum uunom, memnepamypu no4amxy i 3aeepuienis aycmenimuoi ¢pasu cxraoanu ionogiono As = -60,5°C i Ar = -
38,7 C. Po3pobaeno memoouxy ti O0CIIOHCEHO GNIUE POIMAXY HANPYICEHHS HA 3AKOHOMIDHOCI 0epOPMYBAHHIA 0OHOBICHUM
PO3MAOM | YYHKYIOHANbHI 61ACMUBOCMI HiKeTbMUmManoeo2o cnaasy sa memnepamypu 0 °C 6 cepedosuiyi manozo abooy.
Xapaxmepucmuku MexXaniyHux 61acmueocmell i 6NaU6 YUKNIYHO20 HABAHMANCEHHS HA QYHKYIOHATbHI 6IACMUBOCMI CNIABY
00CNi0AHCY8ANU 30 OOHOBICHO20 PO3MAZY YUNTHOPUUHUX 3pA3Ki6 Olamempom 4 mm i 008acuno0 pobouoi dinanku 12,5 mm, axi
6yau eupizani 3 npymra &8 mm. Yacmoma nasanmasicents 3a cunycoioansnoi gpopmu yukny cxaaoana 0,5 Hz. Koegiyicnm

acumempii Yukay HagawmasiceHHs | = Smin / Smax =0 (mym Smin ,Smax — HaumeHwie | HaUOLbULe 3HAYEHHs nepeMilyeHHs

wmoxky). [Ipu memnepamypi euwje memnepamypu 3aKiHueH s MAPMEHCUMHO — aycmeHimnozo nepemeopents CIID, 6 ymosax
KOHMPONbOBAHO20 NepeMilyenHs 3aMUCKAYi8, NIUE YUKIIYHO20 HABAHMANCEHHA HA MAKCUMANbHE HANPYICEHHA 3A2anoM
MOJICHA 0XAPAKMepu3y8amu OLIAHKAMU 3MIYHEHHS, 3HeMiyHenHs, cmabinizayii | cmpimMKo2o NAOIHHS MAKCUMALbHOZO
Hanpysjcents, AKe CHpuduHene NosA60I0 ma NOWUPEHHAM Makpompiwunu. [ia ycix 3HaueHb nouamrKo8o20 MAKCUMATLHO0
HANPYIICEHHS], YAPOOOBIHC NEPUIUX OeCIIMU YUKTIIE HABAHMAICEHHS], CNOCMEPI2AEMbCsl CIMPIMKe 3MEHUIEHHSL pO3MAaxy Oedopmayi,
nomim — OinsHKka cmabinizayii poamaxy oegopmayii abo MeHw IHMeHCUBHO20 T 3MeHWeNH s, nicis sIKOT ide OLSIHKA cnaody, wo
3a6EPULYEMbCSL PYUHYBAHHAM 3pA3KA. 3i 30IIbULEHHAM MAKCUMAILHO20 HANPYICEHHS Y NePULOMY YUK Hasanmadicenhs io 509
MPa 0o 605 MPa 36inbuyemucs 3navenns posmaxy degpopmayii.

Knwouosi cnosa: NiTi cnnas, ncesdonpysicnicms, oughepenyianbha ckanyeaibha KaiopumMempis, (QyHKYiOHAIbHI
671ACMUBOCTI, MAKCUMATIbHI HANPYICEHHS, POZMAX Oepopmayii.

https://doi.org/10.33108/visnyk_tntu2018.04.007 Ompumaro 09.01.2019

12 ... ISSN 2522-4433. Scientific Journal of the TNTU, No 4 (92), 2018 https://doi.org/10.33108/visnyk_tntu2018.04


https://doi.org/10.33108/visnyk_tntu2018.04
https://doi.org/10.2320/matertrans.47.682
https://doi.org/10.1016/B978-0-08-099920-3.00013-9
https://doi.org/10.1016/j.msea.2011.12.071
https://doi.org/10.1016/S0045-7949(03)00319-5
https://doi.org/10.1016/S0020-7683(96)00213-2
https://doi.org/10.1016/S0020-7683(96)00213-2
https://doi.org/10.1016/0167-6636(94)00038-I
https://doi.org/10.1007/s11003-018-0199-7
https://doi.org/10.1111/j.1460-2695.2005.00870.x
https://doi.org/10.33108/visnyk_tntu2018.04.007

