Bicnuk TepHOmiIbCHKOr0 HAIOHAJIBLHOI 0 TEXHIYHOT 0 YHIBEPCHTETY
https://doi.org/10.33108/visnyk _tntu
Scientific Journal of the Ternopil National Technical University
2022, Ne 3 (107) https://doi.org/10.33108/visnyk_tntu2022.03
ISSN 2522-4433. Web: visnyk.tntu.edu.ua

UDC 539.3

METHODOLOGY AND SOME RESULTS OF STUDYING THE
INFLUENCE OF FREQUENCY ON FUNCTIONAL PROPERTIES OF
PSEUDOELASTIC SMA

Volodymyr lasnii; Nazarii Bykiv; Oleh Yasniy; Volodymyr Budz

Ternopil Ivan Puluj National Technical University,
Ternopil, Ukraine

Summary. The mechanical loading frequency affects the functional properties of shape memory alloys
(SMA). Thus, it is necessary to study the effect of frequency in order to use successfully these materials in real
structures. Based on the pseudoelastic cyclic behavior, the experimental methodology that allows testing of NiTi
wires in stress controlled mode is proposed. Cyclic tensile tests are carried out using universal testing machine
STM-100 at room temperature with loading frequencies of 0.1 Hz and 10 Hz. The functional dependencies are
determined based on the experimentally obtained hysteresis loops. These functional dependencies comprise
dissipated energy and damping factor. It iis found that the increase of loading frequency results in the worsening
of functional properties, namely, to the decrease of dissipated energy and damping factor. This is caused by the
fact that the regions of austenitic and martensitic transformation under the high loading frequency are absent.
That is, the transformation of austenite into martensite does not occur, that stands for the pseudoelasticity effect.
Nevertheless, it should be noted that the increase of loading frequency in 100 times augments the lifetime of
pseudoelastic wire made of NiTi alloy roughly by 30%. 1t is determined that the increase of loading frequency
results in the decrease of maximum strain in two times in the first loading cycle, and practically in 5 times after
200 cycles of loading.
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Statement of the problem. Alloys with shape memory are functional materials
that are mostly exposed to vibration and dynamic loads, the influence of climatic
temperatures, variable frequency and load amplitude during operational and seismic
loadings. In order to ensure the necessary parameters of damping devices, it is necessary
to carry out complex experimental and computational studies of changes in mechanical
and functional properties of SMAs and damping devices [1], [2], taking into account
the fact that most pseudo-elastic SMAs used in structures or devices, are exposed to cyclic
loads with variable frequency.

Analysis of available investigation results. Well-known papers are devoted
to the investigation of the load frequency influence on deformation, load amplitude or
temperature [3], [4], [5]. There are certain papers where finite element analysis is used for
modeling the influence of loading frequency of the sandwich-plate with composite sheets
built-in in pre-tensioned SMA wires [6]. The results show that with the temperature
increase, the natural frequencies of sandwich plates decrease due to the deterioration of
functional properties of pseudoelastic SMA. Under cyclic loads, the heat generated during
direct and reverse phase transformations in SMA, caused by accumulated stress is in the
samples.

While investigating the conical spring washer made of SMA, which was previously
compressed during 50 cycles under controlled deformation, it was established that with the
increase of load frequency from 0.5 Hz to 10 Hz, the energy dissipated per cycle and
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equivalent viscous damping factor decrease, and stiffness increases. At the same time, it
should be noted that the equivalent viscous damping factor and energy dissipated per cycle
decrease with the increase in the number of load cycles at load frequencies 0.5 Hz, 1 Hz
and 2 Hz. However, within the frequency range from 3 to 10 Hz, first, there is a slight
decrease in energy dissipated per cycle, whereupon it sharply increases after 10-20 load
cycles (it is clearly visible at 10 Hz frequency, and then reaches the plateau and remains
practically unchanged [7].

The objective of the paper is to identify the main regularities of the load frequency
influence on functional properties of SMA under soft load mode.

Statement of the problem. Since the most known papers either propose theoretical
approaches and model the analysis of load frequency influence on functional properties, or carry
out investigations under controlled strain, it is important to determine these regularities
experimentally under controlled stress.

The load frequency influence on the functional properties of the shape memory alloy
was investigated. The 1.5 mm wire in diameter made of NissgTiss» alloy (manufactured by
Wuxi Xin Xin glai Steel Trade Co., LTD) was used in this experiment. The gauge length of the
wire was 210 mm. The modulus of elasticity of the wire in austenite phase E£4 = 52.7 GPa, the
stress at the beginning of transformation "™ = 338 MPa [8].

The investigation was carried out at room temperature on the STM-100 servo-hydraulic
machine. Uniaxial tensile test were performed under sinusoidal cyclic loading in stress-
controlled mode. Test were carried out at frequencies 0.1 Hz and 1 Hz and stress ratio in both
cases was Ro=0.1.

Figure 1. Working fixation of wire and Figure 2. Form of loading cycle at frequency 0.5 Hz in Test
extensometer for measuring longitudinal ~ Builder, which is used to control and record data from STM-100
strain on STM-100 testing machine testing machine

During the test loading, displacement and longitudinal strain of the wires were recorded.
The elongation was measured by the extensometer of Bi-06-308 model produced by BISS, the
maximum error did not exceed 0.1%. The displacement was measured by inductive Bi-02-313
sensor with the error that did not exceed 0.1%. Stresses and strains were determined by values
(force-elongation) obtained from Test Builder program. Energy dissipated per load cycle were
determined by hysteresis loops using trapezium method according to formula (1):

1
Waisi = Waisi-1 + 35 (& — &-1)(0; + 01-1), (D
where Wais is dissipated energy, MJ/m’; ¢ is relative deformation, m/m; o is stress, MPa.
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Figure 3. NiTi alloy hysteresis loop of the 1000th load cycle at frequency 0.1 Hz

The increase in load frequency from 0.1 Hz to 10 Hz results in the change of hysteresis
loop of pseudoelastic SMA, namely, in the decrease of its area and practically triples the
dissipated energy in the first load cycle. The dissipated energy increases during the first 40
cycles at 0.1 Hz load frequency.
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Figure 4. The dependencies of dissipated energy of NiTi alloy on the number of load cycles
For each load cycle, the damping coefficient (2) is determined and its dependence on
the number of load cycles is plotted:
n=AW/(m(2W - W,)) (2)
As in the case of dissipated energy, the damping coefficient can be characterized in a

similar way, since these two parameters depend on the hysteresis loop area. The damping
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coefficient significantly decreases at frequency of 10 Hz, and increases at frequency of 0.1 Hz.
Despite this, at both frequencies the coefficient reaches the plateau until fracture.

Degradation of functional properties with the increase of load frequency, a decrease in
dissipated energy and damping factor, is due to the absence of austenitic-martensitic
transformation, which is responsible for the pseudoelastic effect. Thus, at 10 Hz load frequency,
there are no forward (austenitic-martensitic) transformation sections on the deformation
diagrams. On the other hand, the increase of load frequency results in faster heating of the
sample, which in turn shifts the stress of austenitic-martensitic transformation.
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Figure 5. Dependence of the energy damping coefficient on the number of load cycles
It should be noted that 100 times magnification of load frequency increase the durability

of pseudoelastic wire made of NiTi alloy by approximately 30%. At 0.1 Hz load frequency, the
wire fractured after 1477 cycles, and at 10 Hz frequency — after 2052 cycles.
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Figure 6. Dependencies of the maximum deformations of NiTi alloy on the number of load cycles
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From the dependence of the maximum deformations on the number of load cycles, it is
evident that the increase in load frequency results in the decrease of maximum deformations in the
first cycle by approximately 2 times, and after the 200th load cycle - by almost 5 times. After the
200th cycle, the maximum strain remains constant at 0.1 Hz frequency, but continues to increase at
10 Hz frequency.

Analysis of the obtained results and the behavior of pseudoelastic wire made of NiTi
alloy with 1.5 mm diameter requires deeper investigations of the material before its application
inreal structures, since the load frequency significantly affects the functional properties and the
pseudoelastic effect under controlled loading mode.

Conclusions. A set of 1.5 mm diameter pseudoelastic NiTi wires were tested under
tensile cyclic loading at two different frequencies. The increase in the load frequency leads to
the absence of austenitic-martensitic transformation area, which is responsible for the effect of
pseudoelasticity. The absence of such an area on the deformation diagram at 10 Hz frequency
reduces the area of hysteresis loop and degradation of the functional properties, dissipated
energy, and damping factor. With the frequency increase from 0.1 Hz to 10 Hz, the number of
cycles to failure also increases under soft load mode.

References

1. Yasniy P. et al. Calculation of constructive parameters of SMA damper. SciJ TNTU. 2017. Vol. 88. No. 4.
P. 7-15. DOL: https://doi.org/10.33108/visnyk tntu2017.04.007

2. Iasnii V., Sobaszek L., Yasniy P. Study of cyclic response of SMA based damping device. Procedia Struct
Integr. Elsevier BV, 2022. Vol. 36. P. 284-289. DOL: https://doi.org/10.1016/j.prostr.2022.01.036

3. Teh Y.H., Featherstone R. Frequency response analysis of shape memory alloy actuators // Int Conf Smart
Mater Nanotechnol Eng. 2007. Vol. 6423. Ne July. P. 64232]J. DOI https://doi.org/10.1117/12.779881

4. Bernardini D., Rega G. Evaluation of different SMA models performances in the nonlinear dynamics of
pseudoelastic oscillators via a comprehensive modeling framework. Int J Mech Sci. Pergamon. 2017.
Vol. 130. P. 458—475. DOL https://doi.org/10.1016/j.ijmecsci.2017.06.023

5. Huang Y. et al. Modal Performance of Two-Fiber Orthogonal Gradient Composite Laminates Embedded
with SMA. Materials (Basel). Multidisciplinary Digital Publishing Institute (MDPI). 2020. Vol. 13. No. 5.
DOI: https://doi.org/10.3390/mal13051102

6. Botshekanan Dehkordi M., Khalili S. M. R. Frequency analysis of sandwich plate with active SMA hybrid
composite face-sheets and temperature dependent flexible core. Compos Struct. Elsevier. 2015. Vol. 123.
P. 408—419. DOL: https://doi.org/10.1016/j.compstruct.2014.12.068

7. De Souza E. F. et al. Critical Frequency of Self-Heating in a Superelastic Ni-Ti Belleville Spring:
Experimental Characterization and Numerical Simulation. Sensors (Basel). Sensors (Basel). 2021. Vol. 21.
No. 21. DOL https://doi.org/10.3390/s21217140

8. lasnii V., Junga R. Phase Transformations and Mechanical Properties of the Nitinol Alloy with Shape
Memory. Mater Sci. 2018. Vol. 54. No. 3. P. 406—411. DOL: https://doi.org/10.1007/s11003-018-0199-7

CnHcok BUKOPHCTAHHX [Kepell

1. Yasniy P. et al. Calculation of constructive parameters of SMA damper. SciJ TNTU. 2017. Vol. 88. No. 4.
P. 7-15. DOL: https://doi.org/10.33108/visnyk tntu2017.04.007

2. Tasnii V., Sobaszek L., Yasniy P. Study of cyclic response of SMA based damping device. Procedia Struct
Integr. Elsevier BV, 2022. Vol. 36. P. 284-289. DOL: https://doi.org/10.1016/j.prostr.2022.01.036

3. Teh Y.H., Featherstone R. Frequency response analysis of shape memory alloy actuators // Int Conf Smart
Mater Nanotechnol Eng. 2007. Vol. 6423. Ne July. P. 64232J. DOI https://doi.org/10.1117/12.779881

4. Bernardini D., Rega G. Evaluation of different SMA models performances in the nonlinear dynamics of
pseudoelastic oscillators via a comprehensive modeling framework. Int J Mech Sci. Pergamon. 2017.
Vol. 130. P. 458—475. DOL https://doi.org/10.1016/j.ijmecsci.2017.06.023

5. Huang Y. et al. Modal Performance of Two-Fiber Orthogonal Gradient Composite Laminates Embedded
with SMA. Materials (Basel). Multidisciplinary Digital Publishing Institute (MDPI). 2020. Vol. 13. No. 5.
DOL: https://doi.org/10.3390/mal13051102

6. Botshekanan Dehkordi M., Khalili S. M. R. Frequency analysis of sandwich plate with active SMA hybrid
composite face-sheets and temperature dependent flexible core. Compos Struct. Elsevier. 2015. Vol. 123.
P. 408—419. DOL: https://doi.org/10.1016/j.compstruct.2014.12.068

ISSN 2522-4433. Bicnux THTY, Ne 3 (107), 2022 https://doi.org/10.33108/visnyk_tntu2022.03 ..........cccoocvvcincinnicrnennnns 49



Methodology and some results of studying the influence of frequency on functional properties of pseudoelastic SMA

7. De Souza E. F. et al. Critical Frequency of Self-Heating in a Superelastic Ni-Ti Belleville Spring:
Experimental Characterization and Numerical Simulation. Sensors (Basel). Sensors (Basel). 2021. Vol. 21.
No. 21. DOL https://doi.org/10.3390/s21217140

8. lasnii V., Junga R. Phase Transformations and Mechanical Properties of the Nitinol Alloy with Shape
Memory. Mater Sci. 2018. Vol. 54. No. 3. P. 406—411. DOL: https://doi.org/10.1007/s11003-018-0199-7

V]IK 539.3

METOIUKA TA AEAKI PE3YJIBTATHU JOCJIIAKEHHS BIIJINBY
YACTOTHU HABAHTAKEHHSA HA ®YHKINIOHAJIBHI
BJACTHUBOCTI HCEBJAOIIPYXHOI'O CII®

Boaonumup Scuiii; Hazapiii bukis; Ouer ScHiii; Bosionumup byas

TepHnoninvcokuti HayioHATLHUL MeXHIYHUl YHigepcumem imeni leana Iynios,
Tepnoninw, Ykpaina

Pestome. 3nauenns vacmomu 3a MeXaHiyHO20 HAGAHMAICCHHS BNIUBAE HA QYHKYIOHANbHI G1ACMUBOCHII
cnaasie 3 nam'ammio @opmu (CIID). Came momy HeOOXiOHO 6ueuumMU GNAUE HACMOMU, WOO YCNIWHO
suKOpUCmogygamu yi mamepiany 6 peanbhux 0yOieenbHUX KOHCMpYKYisx ma cnopyoax. binvwicms npayb
ONUPAIOMbCA HA OOCTIONCEHHS [3 ACOPCIKUM PEICUMOM HABAHMANCEHHS (KOHMPONbOBaHi Oepopmayii 3paska).
Tomy Ha ocHOBI nce8OONpPYd’CHOI YUKNIUHOT NOGEOIHKU 3aNPONOHOBAHO eKCNEePpUMEHMANbHY MemoouKy, AKa
00360715€ nepesipsmu opomuny 3i cniagy Himunony (NiTi) y m’axomy pesxcumi Hasanmasicents (KOHMponbLOBAaHi
HanpysicenHs y 3pasky). Y docnioi ckopucmanucs opomunoio diamempom 1,5 mm 3i cnnagy nimunony NisssTis 2.
Poboua 0oexcuna opomunu cknaoana 210 mm. Mooyne npyscrnocmi opomunu 6 aycmenimnii ¢pazi E4 = 52,7 I'T1a,
Hanpysicenns nouamxy nepemeopenns o™ = 338 Mlla. Luxniuni eunpobysamnns na po3mse npoGOOUTU HA
yHigepcanbuiti unpobysanvhiti mawuni STM-100 npu kivnamuiti memnepamypi 3 yacmomoio Haganmagicents 0,1
Ty ma 10 I'y. Koeghiyienm acumempii yuxny Hasanmasicenusi cmanosus R, = 0, 1. @yuxyionanvhi 3anexcHocmi
6U3HAYEH] HA OCHOBI eKCHepUMEHMANbHO OMPUMAHUX nemens 2icmepesucy. Lli ¢yuxyionanvui 3anescnocmi
Micmames  oucunogamy emepeilo ma koegiyicum oemngyeanns. Bcmanoenemo, wo 30invuienns wacmomu
HABAHMAICEHHS NPU360OUMb 00 NO2IpUIeHHS (QYHKYIOHANbHUX 6lacmugocmetl, a came, 00 3MeHUeHHs
pos3citosanoi enepeii ma xoegiyicnma oemngyeanna. Le nos’azano 3 eiocymuicmio obaacmeii aycmenimuozo u
MApmeHCUmHo20 NepemeopeHb 3a GUCOKOI yacmomu Hasanmaicenus. Tobmo nepemeopenHs aycmeHimy 6
MapmeHcum, wo € yMoGoI0 egexmy nceg0OnpysicHocmi, He iobysacmocs. Tum He meHws, Ci0 3a3nHauumu, wo
30invutents yacmomu Haganmaoicents 6 100 pa3ie 30inbuye mepmin cysHcou nceOOnpPyI’CHO20 Oponty 3i Cniagy
NiTi npubnusno na 30%. Busnaueno, wjo 30inbuien s 4acmomu HAGAHMAIICEHHS NPU3GOOUMb 00 3MEHUIeHHS
MakcumansHoi degpopmayii npubIuU3no 6 06a pasu 6 NEPUIOMY YUKIL HABAHMAACEHHA, | NPAKMUYHO 8 5 pa3ie nicis
200 yuknie HaBAHMAKHCEHHSL.

Kniouogi cnoea: ncesdonpyscna NiTi opomuna, yukiiune HABAHMAICEHHS, YaCmMomd, GYHKYIOHATbHI
61aCMUBOCTL.
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