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TECHNIQUE AND SOME STUDY RESULTS OF SHAPE MEMORY
ALLOY-BASED DAMPING DEVICE FUNCTIONAL PARAMETERS
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Summary. A damping device based on the shape memory alloy which was designed and manufactured
has been described in the paper. The device consists of two preliminary stretched wires made of pseudoelastic
NiTi alloy and two compressed springs, that ensure the wires tension. The pre-stretched wires made of SMA
provide the reliability of the system and good damping properties, and the preliminary compressed springs provide
the possibility of alternating load and the restoring of the device to its original position after removing the external
load. Due to the structural parameters and pseudoelastic effect the device under consideration provides the self-
centering force and good damping properties, and can be used for dynamic loads reducing on building and
engineering structures. To stabilize the functional properties of SMA wires the device had been loaded for
50 cycles at frequency of 0,5 Hz and displacement amplitude of 5 mm. The technique of experimental study of
functional characteristics of damping device on the servohydraulic test machine equipped with the automatic
control and measuring data recording system has been developed. Force, the device piston rod displacement and
SMA wires strain had been measured during the test. The dissipation specific energy at 0,1 Hz frequency was
found to be almost proportional to the displacement amplitude increase of the device piston rod but the loss factor
was insensitive to the displacement amplitude change within the range from 3 to 9 mm. These results are important
for further calculations and modeling of the behavior of the device under cyclic loading.

Key words: damping device, shape memory alloy, pseudoelasticity, dissipation specific energy, loss
factor, cyclic loading.
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Problem statement. Shape memory alloys have been widely used in medicine [1, 2],
aviation [3], mechanical engineering [4], construction engineering [5], [6, 7] due to their
unique characteristics, namely the super elasticity effect and shape memory effect which are
connected with direct and reversal austenitic-martensitic transformation under loading or
temperature action.

Due to their superelastic properties appearing under temperature which is over the
austenitic transformation completion temperature the shape memory alloys have been widely
used for damping devices in construction to reduce the dynamic loading of building structures
elements [8, 9], bridges [10, 11], under operational loading or earthquakes conditions.

Science and engineering development has required new higher standards of such
essential structures safety, namely of the devices which will be used in them.

A design of damping device based on pseudoelastic shape memory alloy [12] and the
calculation procedure of its strength and structural parameters [13] have been proposed by the
authors in previous papers. The technique for the device serviceability testing, structural
parameters calculations specification and further improvement of damping device should be
developed and the device functional characteristics within wide range of frequency and loading
amplitude should be studied.

The design of the developed and manufactured damping device, the technique and some
results of its functional characteristics study have been described in the article under
consideration.
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Technique and some study results of shape memory alloy-based damping device functional parameters

Analysis of the previous study results. There are some well-known shape memory
alloy-based passive damping devices, for example with bunched wires as main functional
elements in the systems of passive protection from the dynamic loading of building structures,
which use both damping and self-centering possibilities as well. Taking into account the
degradation of SMA functional properties under cyclic loading, namely increasing of residual
strain under controlling of displacement or stress amplitude and decrease of superelastic stress
hysteresis — deformation [14, 15], different methods are used to stabilize their
characteristics [16]. In particular, this is so called «stabilization training» due to the previous
tensile deformation or previous cyclic loading.

Paper purpose. The aim of the paper under consideration is to develop and test the
technique of functional characteristics study of the designed and manufactured damping device
equipped with preliminary stretched wires made of pseudoelastic NiTi alloy. The dependencies
of hysteresis loop for the device («force» — «piston rod displacement») and SMA wires
(«force» — «wires strainy) are to be obtained taking into account the displacement amplitude.
They are very important for the structural parameters calculation specification and damping
capacity improvement.

Problem setting. The offered damping device (Figure 1) includes an axis 1 with two
side fixing systems 2 on it. Springs 3 and 4 are placed between these systems. The springs
are separated by a central locking device 5, the side mounting systems are equipped with
fastening sleeves 6 with apertures on which the cone 7 is placed with a conical sleeve 8,
between which the 9 SMA wires are fixed.
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Figure 1. Scheme of the damping device [12]
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Each side fixing system is equipped with a cylindrical cage 10 with an inner ring
stop 11 on one side and an inner thread 12 on the opposite side, in which the threaded
collar 13 is threaded pressing the conical sleeve through the intermediate washer. The
threaded collar 13 of the left side fixing system is connected with the connecting rod 14.

The damping device under discussion has been designed and made on the basis of
above-mentioned scheme (Figure 1). The basic design parameters of the device are given
in Table 1.

A wire of pseudoelastic NissgTiss2 alloy of 1,5 mm diameter (made by Wuxi Xin Xin
glai Steel Trade Co., LTD) was used as a main element of the device.
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Each of two fixed SMA wires in device has a gauge length of 343 mm. The tests were
conducted at room temperature close to the temperature of austenitic-martensitic transformation
finishing (28.1°C). The modulus of elasticity of austenite is Ea = 52.7 GPa, the stress of direct
transformation start is "™ = 338 MPa [17].

Mechanical properties of the SMA wire &1,5 mm were estimated at temperature 18°C
on FP-100 testing machine using special grips (Figure 2).
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Figure 3. Stress—strain diagrams of wire; I —
austenitic, Il — austenitic-martensitic, and 111
martensitic phase.

Figure 2. Grips with a wire and an extensometer for
measuring longitudinal strain installed in a FP-100
machine

The wire was loaded with holder displacement velocity 3 mm per sec according to the
requirements [18].

Table 1

Structural parameters of damping device

Parametrs of spring of self-centering group Parameters of SMA wire
d_ere Length, | Number of | Rigidity, Maximal Length Lw, | Diamater dy,
iameter, ) ) .
mm mm active coils N/mm loading, N mm mm
6.30 70 5.8 217.68 3513.40 343 1.5

Technique of experimental study. The functional properties of damping device
(Figure 4) were studied on servohydraulic STM-100 testing machine [19] with automated
control and data acquisition system. Fatigue tests were carried out under stress—controlled

mode.
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Figure 4. Photo of damping device mounted in the clamps of the testing machine STM 100

The applied force, piston rod displacement, SMA wires longitudinal strain of the gauge
length of 12 mm had been recorded continuously during the test. Longitudinal strain was
measured by Bi-06-308 extensometer produced by Bangalore Integrated System Solutions
(BISS); maximum error did not exceed 0.1%. The piston rod displacement was determined by
inductive Bi-02-313 sensor with an error not more than 0.1%. The length of each of two wires
was equal to 343 mm.

Uniaxial tension-compression tests were carried out at room temperature in the air under
displacement controlled mode. of the damping device axis with asymmetry coefficient of a
displacement cycle Rs = — 1. The characteristics of the damping device were studied within the
frequency range of 0,005 — 5 Hz and displacement range of 3—-10 mm. Table 2 describes the
tests parameters of each set of experiments, namely frequency and loading amplitude and also
the average strain of SMA wires made of pseudoelastic SMA which was calculated as the
product of strain amplitude and the correspondent frequency.

Table 2
Set of parameters used in each test series, Rg = — 1
Test Frequency (Hz) Test Amplitude (peak to peak) S,, mm/Wire average Strain-Rate (€,%/c)
3 4 5 6 8 9
0,001 1,104E-03 1,64E-03 2,22E-03 2,84E-03 4,61E-03 5,65E-03
0,005 2,09E-02 2,09E-02 2,09E-02 2,09E-02 2,09E-02 2,09E-02
0,01 7,38E-03 1,12E-02 1,64E-02 2,16E-02 3,36E-02 4,02E-02
0,1 0,0783 0,110 0,148 0,193 0,309 0,362
0,5 0,397 0,551 0,727 0,933 1,475 1,721
1 0,788 1,154 1,553 1,961 2,887 3,397
2 1,63 2,33 3,10 3,91 571 -
3 2,47 3,50 4,60 5,96 9,44 -
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Having been mounted on the testing machine the damping device had been loaded by
the fixing elements straining the wires made of shape memory alloys up to 2.5%. This process
was controlled by the strain-measuring device (extensometer) to measure the device bodies
10 displacement (Figure 4). After that the springs had been compressed by means of an
adjusting nut to the level when the preassigned deformation reached 2.5% under completely
unloaded device conditions.

To stabilize the functional properties of the wires made of shape memory alloys the
damping device had been loaded during 50 cycles with frequency 0.5 Hz and displacement
amplitude S, = 5mm. Under cyclic stress conditions due to the one-sided storage of
deformation the decrease of preassigned deformation has taken place.

After the wires training the springs had been compressed by means of an adjusting nut
to the level which provide restoring of initial pre-strain at completely unloaded device to the
value of 2.5%.

During the experiment the device under consideration had been loaded in the mode of
displacement control at symmetrical cycle Rs = — 1 increasing the displacement amplitude in
each cycle. In this case the constant loading frequency was provided. Loading history during

the experiment at frequency of 0.1 Hz is given on Figure 5.
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Figure 5. Time dependency of force and device displacement at frequency 0.1 Hz

Results of the study. Hysteresis loops in the coordinates of applied force — device
displacement (a) and applied force — wire strain made of shape memory alloy (b) are shown
on Figure 6. It should be mentioned, that the strict dependence of hysteresis loop shape on the
amplitude of piston rod displacement is observed. By using hysteresis loops one can
quantitatively calculate the functional characteristics of the damping device such as energy
dissipated within the complete cycle of the loaded device and loss coefficient. The coefficient
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is the efficient parameter for assessment of the damping device capability and defined as
damping capability (capacity) per radian of cycle.
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Figure 6. Change of damping device hysteresis loop shape for various amplitude of displacement — a,
and wire strain — b. Different colors correspond to displacement amplitude of active part of device at 3, 4, 5, 6,
8 and 9 mm under 0,1 Hz

Analyzing the hysteresis curves (Figure 6a) it could be assumed that the damper device
provides the self-centering force under loading frequency of 0.1 Hz due to its design parameters
and pseudoelasticity. More detailed study of functional characteristics of the damping device
by frequency and amplitude parameters of loading specified in the Table 2 is going to be
conducted.

The results of investigation by the above-described scheme are given on Figure 6 where
strict dependence of hysteresis loop shape on the loading frequency is observed. This process
can be described quantitatively by characteristic parameters such as energy dissipated within
the complete cycle of the loaded device and loss coefficient which is the efficient parameter of
the damping device capability assessment defined as specific damping capability (capacity) per
radian cycle.

Loss factor was calculated by formula [16]

aw
= 1
1 2w’ @

where AW — specific dissipated energy; W — strain work measured at the maximum
displacement amplitude of the cycle.

Dependences of specific dissipated energy and loss factor calculated by formula (1) on
the displacement amplitude at loading frequency 0.1 Hz are given on Figure 7 and 8. In general,
within the frequency range under study the increased dissipation specific energy was observed
at the increased displacement amplitude of the device piston rod (Figure 7). Unlike the
dissipation energy, the loss coefficient is slightly decreasing at the increased displacement
amplitude (Figure 8).
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Figure 7. Dependence of dissipation energy on the Figure 8. Dependence of loss coefficient on the
displacement amplitude at frequency 0.1 Hz displacement amplitude at frequency 0.1 Hz

Conclusion. A damping device equipped with preliminary stretched wires made of

pseudoelastic NiTi alloy carrying both compressive and tensile loading has been designed and
manufactured. A technique of functional characteristics study of the damping device has been
developed. The hysteresis curves of the device and the SMA wires at frequency of 0.1 Hz have
been obtained. This curves are important for further calculations of the functional
characteristics of the damping device. The dissipation specific energy was found to be almost
proportional to the increased displacement amplitude of the device piston rod though the loss
coefficient was almost insensitive to the displacement amplitude change within the range from
3t0 9 mm.
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METOAUKA I AEAKI PE3YJIbBTATHU JOCJIIKEHHA
O YHKIIOHAJIBHUX TAPAMETPIB IEMII®YBAJIBHOI'O
HNPUCTPOIO I3 CII®

Boaoaumup AcHii

Teprnoninbcokuu HayioHanrbHuU mexHivHuu yHieepcumem imeni leana Ilynios,
Tepnoninw, Yrkpaina

Pe3tome. Onucano cnpoekmosaruil i 6u2omogieHuil 0eMn@y8aibHull RPUCMpIti HA OCHOBE BUKOPUCAKHS
cnaagy iz nam smmio popmu. Ipucmpiti ckiadacmocsi i3 nOnepeoHbo po3mscHymux Opomie i3 Cniagsy, OCHawWeHul
NONEpeoOHbO POIMAHYMUMY OpomuHamu i3 nceedonpyscno2o NiTi cniagy ma 060X CMUCHYMUX NPYICUH, AKI
sabesneuyioms posmse opomis. Ilonepednvo posmsenymi opomu iz cnaagy 3 CII® 3abesneuyioms eekmueHi
OeMnysanvHi 61acmugocmi NPUCMpoI0, a NONEPeOHbO CIMUCHYIMI NPYHCUHU — MOMCIUBICMb 3HAKO3MIHHO2O
HABAHMAJICEHHA [ GIOHOGNEHHA NPUCMPOI0 00 NOYAMKOGO20 NOJIOJCEHHS NICAA 3HAMMSA  306HIUHBLO2O
Hasanmagxcenus. 3a80AKU C80IM KOHCMPYKMUBHUM Napamempam ma egexmy MNceOONnPYHCHOCHI OaHull
npucmpiii 3a6e3neuye 8iIbHO YEHMPOBAHY CULY [ 000PI 2ACUNbHI 81ACMUBOCII, MA MOJCe OYMU 6UKOPUCTHAHULL
O/ 3MEeHUeH ] OUHAMIYHUX HABAHMAJICEHb HA 0YOI8ebHI CnOpyOu ma iHoceHepHi KoHcmpyKkyii. /[na cmabinizayii
@yukyionanvrux eracmugocmeti Opomut i3 CI1®, npucmpiii Hasanmadgicysanu ynpooosoic 50 yukuie 3 uacmomoio

0,5 I'y i amnnimyodoio nepemiwenns Sg = 5 mm. Pospobnena i anpobosana memoouxa eKcnepumenmanshozo
00CHi0JCEHHS (DYHKYIOHATOHUX XAPAKMEPUCMUK O0eMNPYBATbHO20 NPUCMPOIO HA 043l cepeociopasiiuoi
BUNPOOYBANLHOI MAWUHY, OCHAWEHOI CUCEMOI0 A8MOMAMU306AHO20 YAPAGNIHHA | 3ANUCY GUMIDIOBATILHUX
Oanux. ITi0 uac eunpobyeanv 3anucyeéany 3HAYeHHs CUNU, NepeMijeHHs poboYo20 WMOKY HPUCMpOIO i
depopmayito opomun i3 CIID. Bussneno, wo numoma euepeis oucunayii 3a uacmomu naganmagxcenns 0,1 I'y
matiice NPONOpYiHa 30LIbUWEHHIO AMNIIMYOU NepemiyeHHs. WMOKYy Npucmpoio, npome Koegiyicnm empam
MAROYymaueuil 00 3MIHU amMnaimyou nepemiujents @ oianasoni 3 mm...9 mm. Jaui pezyiomamu € 6axicaiugumu s
ROOANLWUX PO3PAXYHKIE I MOOETIOB8AHHS NOBEOIHKU NPUCTPOIO Ni0 OIEI0 YUKIIYHO20 HABAHMAJICEHHS.

Kniouosi cnosa: demnghysanvnuii npucmpiti, cniag 3 nam’ssmmio Gopmu, nCe8OONPYICHICMb, RUMOMA
eHepeis oucunayii, Koegiyienm empam, YukiiuHe HA6AHMANCEHHSL.
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