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Summary. Shape memory alloys are functional materials characterized by the effect of shape memory
and superelasticity. Due to these properties, they are widely used, particularly, in bioengineering, aeronautics,
robotics and civil engineering. The temperatures of phase transformations and the influence of external
temperature and strain rate on the functional and mechanical characteristics of Niss.75Tis.15 Shape memory alloy
are investigated in this paper. The temperature of alloy phase transformations is obtained by differential scanning
calorimetry (DSC) in the temperature range from -70°C to 70°C. Diagrams of differential scanning calorimeters
at different heating and cooling rates of Niss75Tias.15 alloy is constructed and analyzed. Samples for mechanical
tests are made of round rod 8 mm in diameter. The samples working area is 12.5 mm in length and 4 mm in
diameter. Mechanical tests are carried out at temperatures close to the maximum value of the completion
temperature of martensitic-austenitic transformation As = 14.7°C. Diagrams of deformation under uniaxial tension
are constructed and stresses of phase transformations, Young's modulus and relative elongations of transformation
areas at different loading speeds and exterior temperatures are determined. Using Clausius-Clapeyron formula,
it is shown that with simultaneous changes in temperature and strain rate, the stresses of phase transformations
are largely due to changes in temperature rather than load rates. The coefficients of Clausius-Clapeyron equation
for superelastic Niss 75 Tias.15 alloy with shape memory, which are consistent with those known in the literature, are
determined.
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Statement of the problem. Shape memory alloys are functional materials
characterized by the effect of shape memory and superelasticity. Due to these properties, they
are widely used, particularly, in bioengineering [1, 2], aeronautics [3, 4], robotics [5] and civil
engineering [6]. To predict the functional and structural properties of shape memory alloys,
particularly when modeling their behavior, you should have its basic characteristics: the
temperature of forward and reverse phases transitions, as well as functional and mechanical
properties.

Analysis of known results. In civil engineering, SMA is considered as an alternative
reinforcement of structures or their individual elements, or reduction of dynamic loads on
structures and structures operating in seismic areas [7, 8]. It is known that functional and
mechanical properties of the shape memory alloy in superelasticity state depend on
temperature [9] and load speed. Even a small change in temperature can change such
functional properties of superelastic shape memory alloy as the stress of austenitic-martensitic
transformation, residual deformation, dissipation energy etc. On the other hand, increasing
the strain rate increases the stress of austenitic transformation beginning and the curve slope
in the area of austenitic-martensitic transformation [9, 10].

Objective of the paper is to determine the temperatures of phase transformations of
NiTi shape memory alloy and investigate the influence of temperature and loading rate on the
functional properties and mechanical properties characteristics.
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Statement of the task. In most cases, the effect of significant change in the strain rate
on NiTi alloys behavior, for example, from 3.3-10s™ up to 0.03s is investigated [9]. Higher
strain rates increased the critical stress for martensite transformation due to the increase in
sample temperature by latent conversion heat, which depends on the sample size and cannot be
completely dissipated in the case of high strain rates [11]. Therefore, it is necessary to study the
functional and mechanical behavior of shape memory alloys, taking into account the
dimensions of the samples cross section and the strain rate. The results of the investigation of
the temperature phase transformations and the influence of external temperature and strain rate
on the functional properties and mechanical properties characteristics for Niss 75 Tia4.15.

Material and investigation methods. NiTi alloy of Niss75Tiss.15 formula (nitinol) in
the form of the rod with 8 mm diameter, manufactured by Baoji Seabird Metal Material Co.,
LTD (China) is investigated. The alloy chemical composition stated in the certificate is as
follows: Ni 55,75%; Co 0,005%; Cu 0,005%; Cr 0,005%; Fe 0,012%; Nb 0,005%; C0,036%;
H <0,001%; O 0,031%; Ti 44,15%. The following mechanical characteristics are indicated in
the certificate: uniaxial tensile strength — 895 MPa, yield strength — 320 MPa, elongation 20%,
temperature of austenite transformation completion As = 15°C.

Phase transformations in SMA are investigated by differential scanning calorimetry
(DSC) on NETZSCH DSC 214 Polyma installation. Cylindrical samples weighing
approximately 85 mg and having 4 mm diameter, cut from rods with 8 mm diameter, are placed
on crucible plate of Al standard. The gas flow rate is 35 ml/min. The sample is heated and
cooled from -70 to 70°C in N2 (nitrogen) atmosphere at 10, 5, 2,5, 1,5°C/min rates. To increase
the results reliability, each cycle of heating and cooling is repeated four times.

The mechanical properties of SMA are determined in the air at temperatures 18.8°C and
22°C under uniaxial elongation of cylindrical samples with 4 mm working section diameter and
12.5 mm length of on STM-100 test machine by the method described in paper [12] according
to the requirements standard [13].

The results of investigation. DSC analysis is presented in heat-temperature
flow (F-T) coordinates: the curves show martensitic-austenitic (Fig. 1 a) and austenitic-
martensitic (Fig. 1 b) phase transformations that occur in SMA during heating and cooling
cycles, respectively. Comparison of phase transition temperatures confirms the inverse nature
of the change in crystallographic structure of the investigated material. During heating, the
phase transition occurs in the temperature range between -24°C ta 9.6°C (average
extrapolation), and the transition temperature is —2,7°C. DSC of Niss 75 Tias.15 nitinol for each
heating/cooling stage is shown in Figure 1.
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Figure 1. DSC analysis of shape memory alloy at rate of 10°C/min(1), 5°C/min (2),
2,5°C/min (3) 1,5°C/min (4) heating (a) and cooling (b) mode
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The largest enthalpy change caused by phase transitions in the rod is 19.53 j/g during
heating and 13.59 j/g during cooling (Fig. 2 a).

The generalized results of the temperatures of phase transformations of the investigated
SMA are presented in Table 1 (here Ms, My, As, At are the temperatures of the beginning and
end of martensitic and austenitic phases, respectively). It should be noted that the temperature
of phase transformations in the rod material differ between individual cycles of heating
(cooling). However, there are certain patterns of their change. With increasing speed from
sample heating from 1.5°C/min to 10°C/min the temperatures of the beginning and end of
austenitic transformation (As and As) increase and the temperature of the beginning of
martensitic phase Ms decreases. The obtained regularities are consistent with the results of other
authors, particularly for NiTiCu shape memory alloy [14, 15].

Table 1

Temperatures of nitinol alloy phase transformations

Heating/cooling M | M °|C As | A
10°C/min -21,0 <-60 -21,3 14,7
5°C/min -16,6 <-60 -23,3 10,4
2,5°C/min -16,7 <-60 -25,1 7,3
1,5°C/min -18,7 <-60 —26,2 59

Average value -18,3 <-60 —24 9,6

Mechanical tests are carried out at temperatures close to the maximum temperature
value of martensitic-austenitic transformation completion As =14.7°C.

The first sample is investigated at air temperature T = 18.8°C. The loading rate of the
sample before deformation 6% is 0.00208 mm/s. After that, the sample is unloaded and reloaded
by tension to complete rupture at 0.0208 mm/s rate. The second sample is investigated at air
temperature T = 22°C. The loading rate of the sample before deformation 6% is 0.0045mm/s.
After unloading, the rate of reloading of the sample before failure is 0.045mm/s.

From the constructed diagrams of stress-strain states for SMA (Fig. 2, 3) the following
main thermomechanical parameters are obtained (derived) (Table 2): Young's modules (Ea,
Em), stress (oM, /"M, 6sMA, 6MA) and transformations elongation (eL).
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Figure 2. Stress-strain curve of SMA at temperature 18,8°C
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Due to the large scatter of values for the diagram (Fig. 2), the data are approximated
while constructing the hysteresis loop. This scatter is caused by the slow loading rate of the
sample.
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Figure 3. Stress strain curve of SMA at temperature 22°C

Table 2

The main thermomechanical parameters of SMA

Sample Ne| T,°C |os™M, MPa|c¢*™, MPa|oMA, MPa|ofA, MPa| Ea,GPa | Em, GPa | & % | g 1073

1 18,8 332 368 174 103 724 18.7 5.4 2.25

2 22 408 428 - - 68.2 19.2 55 34,4

The obtained characteristics of SMA from the investigations are slightly different from
those specified in the certificate (table 3). Thus, the yield strength (co.2) is 3.75% higher than
that one specified in the certificate (sample 1) and 27.5% higher than specified in the certificate
(sample 2); tensile strength (oy) is higher by 4.58% and lower by 10.7%; the maximum relative
elongation (emax) is lower by 6.3% and 23.1% relatively to the samples 1 and 2, respectively.
The temperature of austenitic phase completion (At max) is higher by 0.3°C relatively to DSC
results.

Clausius-Clapeyron formula adapted to shape memory alloys is used in order to
understand whether the load velocity affects the alloy characteristic loop or this is the effect of
external temperature [16].

do AS
g9 _ P 1)
dT €

where o is the stress; T is the temperature; p is the alloy density; AS is the enthalpy change, €
is the relative elongation of the phase transformation. The determined Clausius-Clapeyron
coefficients (Table 3) indicate that the difference in stresses of phase transformations is largely
due to the changes in temperatures, not the loading rate.
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Table 3

Comparison of given and obtained characteristics of SMA

do/dT, -pAS/e,

o 0 °
T, °C 602, MPa | oy, MPa &max, %0 Aman®C | \ipaec | MPareC

Certificate - 320 895 20 15 - -
Sample 1 18,8 332 854 26.3

14.7 23.8 23.6
Sample 2 22 408 991 43.1

Conclusions. The temperatures of phase transformations for Niss7zs Tiss1s Shape
memory alloy are determined by means of DSC method. As the heating rate of the sample
increases from 1.5°C/min to 10°C/min, the temperatures of the beginning and end of
austenitic transformation (As and Ay) increase and the temperature of the beginning of martensitic
phase M.

The influence of the external temperature of tensile deformation diagram, the
characteristics of mechanical and functional properties of Niss75Tiss.15 alloy, particularly the
value of the stress of phase transformations at temperatures above the temperature of austenitic
phase completion are investigated. It is confirmed that the effect of temperature on the stress of
phase transformations can be described by Clausius-Clapeyron equation adapted to shape
memory alloys.
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TEPMOMEXAHIUYHUIM AHAJII3 TIOBEJIIHKH CILJIABY 3
HNAM’ATTIO ®OPMU HITUHOJI

Haszapiii Bukis'; Ilerpo Scniii'; Boxogumup Scniiil; Pooept FOnra?

Y Tepnoninvcokuii nayionanvnuii mexuiunuil ynieepcumem imeni leana Ilynios,
Tepnonins, Ykpaina

2TIMonimexnixa Ononvcoka, Onose, Tonvwa

Peztome. Cnnasu 3 nam’smmio opmu — ye QYHKYIOHANbHI Mamepiany, SKi Xapaxmepuszyiomscs
epexmom 3anam’amogysanns Gopmu ma HAOnpyxucHicmio. 3a80AKU Yum 61acU80CMAM BOHU WUPOKO
BUKOPUCTNOBYIOMbCSl, 30KpemMd, 6 DIoindicenepil, aepoHasmuyi, pooomomexHiyi ma yuginbHomy 0yOi6HUYMEL.
Hocniosiceno memnepamypu (pazosux nepemeopeHv ma 6NaU8 308HIWHbOI memnepamypu i WeUOKocmi
Ooehopmysanns Ha GyHKYIOHATbHI U MexaHiuni xapakmepucmuku cniagy 3 nam smmio gopmu Niss 75T 144 15.
Temnepamypu ¢hazosux nepemeopeHnb CHAAGY OMPUMAHO 3a OONOMO2010 OuepeHyianbHoi CKany8albHOT
kanopumempii (DSC) y dianazoni memnepamyp 6io -70°C do 70°C. Ilo6yoosano ma npoananizogano oiazpamu
ougepenyianbHux CKAHY8AIbHUX KALOPUMEMPIU 3a PI3HUX WEUOKOCMEll HASPIBAHHA MA 0X0N00MHCEHHS CHIABY
Niss 75Tiaa.15. 3pasku Ons mexauniunux eunpoOyeansb 6U2OMOBNIEHO 3 KPY2lo20 CmepdicHs oiamempom 8 mm.
Poboua oinsinka 3paskie 6yna 3ae0oexcku 12,5 MM ma diamempom ¢ 4 mm. Mexarniuni sunpodu 30iticHo8au
3a memnepamyp, OAUZLKUX 00 MAKCUMANbHO20 3HAYEHHS MeMnepamypu 3a6epuieHHs. MapmeHCUmHo-
aycmenimrnozo nepemeopenns At =14,7°C. I[lo6yoosano diazpamu 0epopmyeanis 3a 00HOEICHO20 po3ms2y ma
BUBHAYEHO HANPYJCeHHA (Pa308ux nepemeopenv, Mmoodynv IOura ma 6ionocui 6udosdxcenns OiNAHOK
mpancopmayiti 3a pisHuX WEUOKOCMell HABAHMANCEHHA U memnepamyp 308HiuHb020 cepedosuwya. 3
suxkopucmannam Gopmyau Kuaysiyca-Knanetipona nokasano, wo 3a 0OHOHYACHOI 3MiHu memnepamypu i
WEUOKOCMI 0eOPMYBAHNSA, HANPYICEHHA PA306UX NepemBOpeHb Dibule 3YMOBAEHI 3MIHOI0 MeMnepamyp, d He
weuokicmio nHaeanmasjicenus. Busnaueno xoeiyiecnmu pisnanna Knaysiyca-Knaneupona 0 HaonpysicrHozo
cnaagy 3 nam ’asmmio ¢popmu Niss 75Tiaa 15, SKI Y320021CyI0MbCsL 3 BIOOMUMU 6 iMeEPAMYpL.

Knrouosi cnosa: cnnasu 3 nam’smmio gopmu, diacpama Oepopmyeanus, memnepamypu pazoeux
nepemeopeHs.
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