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Abstract. The external factors that influence on the thermokinetic EMF value in the Ti — 50 at.% Ni samples were deter-
mined. A method for setting thermokinetic EMF in certain sections of the TiNi wire was developed. The thermokinetic EMF
value was measured directly using a digital millivoltmeter MNIPI V7-72. The sections of the Ti — 50 at.% Ni wire samples
were subjected to tensile tests on a tensile machine IP 5158-5. On the basis of calorimetric studies, the kinetics of martensitic
transformations was investigated. It was found that the direct phase transition affects the thermokinetic EMF value of the
Ti— 50 at.% Ni during thermal cycling. Thermal cycling in the temperature range of the complete martensitic transformation
causes the thermokinetic EMF value reduction by 0.16 mV by the 15" temperature cycle. The degradation of the thermoki-
netic EMF value by 0.04 mV took place during thermal cycling in the temperature range of the incomplete martensitic trans-
formation by the 70" thermal cycle. The thermokinetic EMF value was restored to 0.22 mV with increasing temperature to
240 °C, as in the case of annealing at temperatures of 400+800 °C. The thermokinetic EMF value is associated with a change
in physical and mechanical properties of the alloy during thermal cycling. It is characterized by a change in stages of the
phase transition and a shift of the characteristic temperatures. On the basis of the obtained experimental data, a method was
proposed for a purposeful setting of extended TiNi wire sections with the thermokinetic EMF value from 0 to 0.6 mV, using
different methods of influence on its value (thermal cycling, deformation, temperature change in heating zone). The proposed
technical solution can be used as a method for information recording.
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TEPMOKHHETHYECKAS 34C ITPU OGPATHOM ®A30BOM INEPEXOJE B HUKEJIUJE TUTAHA
KAK CIIOCOB 3AITMCU UTH®OPMALIUHU

AHHOTanMsA. YCTAaHOBJIEHBl 3aKOHOMEPHOCTH BIHMSHHS BHENTHHX (PAKTOpoB Ha TepMokuHeTHUeckyro OJIC
B oOpasnax Ti — 50 at.% Ni, a Takxe pa3zpaboTtaH crnocob 3agaHus TepMoknHeTndeckoi J/IC Ha omnpeneneHHbIX ydyacTKax
TiNi-nnpoBosnoku. TepmokuneTnueckyo IJIC n3Mepsiiu NpsSMBIM CIIOCOOOM C MOMOIIBI0 IH(POBOr0 MUJIIHBOJIBTMETpPA
MHUIIN B7-72. lepopmupoBaHne y4acTKOB IPOBOJIOYHEIX 00pa3noB Ti— 50 at.% Ni ocyIecTBIISIN Ha UCIIBITATEILHOH Ma-
muHe WIT 5158-5. Ha ocHOBaHMHM pe3yabTaToOB KaJOPUMETPHUECKUX HCCICIOBAHUN UCCIIEN0BAIN KUHETUKY MapTEHCUTHBIX
IpeBpalnieHuil. YCTaHOBICHO, UYTO Ha BennduHy TepMoknHeTHdeckoi DJIC Ti— 50 a1.% Ni nmpu TepMOIUKINPOBAHUH BIHSET
cTeneHb npsiMoro (aszoBoro nepexona. TepMOIMKINPOBAHNE B HHTEPBAJIE TEMIIEPATyP MOTHOTO MAPTEHCUTHOTO MPpeBpaIle-
HUS K 15-My TepMOLUKIY cTabunu3upyet 3HadeHus repmokunerndeckoit DJIC na 0,16 MB. Toraa kak TepMOLMKIMPOBAHUE
B MHTEpBaJe TEMIEPaTyp HENOJHOI0 MAPTECHCUTHOIO NMPEBPALCHHUS IPUBOAUT K BBIPOXKICHUIO TepMoKkHHeTHueckoi DJIC:
k 70-my Tepmonukiy oHa coctasiseT 0,04 MB. YBenuuenue remneparypsl B 30He Harpesa 10 240 °C no3BoisieT BOCCTaHO-
BUTH 3HaueHne TepmoknueTHaeckoit DJC no 0,22 MB, xax u 11 ciydas oTxura mpu temmnepatypax 400+800 °C. Bennunna
tepMokuHeTHIeckoi DJIC mpu TepMONMKINPOBAHUH CBS3aHA C N3MEHEHHEM (PU3MKO-MEXaHHUECKUX CBOMCTB CIUIaBa U Xa-
paKkTepusyeTcs U3MEHEHHEM CTaJUHHOCTH U CMELIEHUeM XapaKTepHCTHUECKUX TeMIieparyp ¢asoBoro nepexona. Ha ocHo-
BE MOJYUYCHHBIX dKCIIEPUMEHTAIBHBIX JAaHHBIX MPEAJIOKEH CIOCO0 IeJICHAIPABICHHOIO 3aJaHNsI IPOTSIKCHHBIX YYaCTKOB
TiNi-npoBonoku co 3naueHneM tepmoknnerndeckoid DJIC ot 0 mo 0,6 MB, ncronb3yst pa3nuyHbIe CHOCOOBI BO3AEHCTBHS
(TepMoIUKINpOBaHUE, NeGopMIpOBaHUe, H3MCHEHHE TEMIIepaTy phl B 30HE HAarpeBa) Ha ee Ben4nHy. [Ipeqmaraemoe TeXHu-
YECKOE PeIIeHUE MOXKET OBIThH HCIIOJIB30BAaHO B KAUECTBE CII0c00a 3aMnucH HH(POPMAIIHH.
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Introduction. Titanium nickelide-based (TiNi) alloys are widely used as functional materials and
have unique set of properties. The field of their application is extremely wide — from medical implants to
intelligent structures of space technology [1]. It was found earlier that the displacement of heating zone
in the Ti — 50 at.% Ni wire samples causes the appearance of the thermokinetic EMF in them, which is
constant in magnitude and sign. This is due to the occurrence of thermoelastic phase transformations in
heating zone and the appearance of a contact potential difference between the sections of the TiNi sam-
ple in different phase states. The change in the direction of movement of heating zone induces changes
in the polarity of the thermokinetic EMF [2—4]. The thermokinetic EMF value depends on the tempera-
ture in heating zone: it arises at the temperature of the beginning of the reverse phase transformation and
reaches a maximum at the temperature of the end of the reverse phase transformation. The temperature
and duration of heat treatment, thermal cycling, oxide layer, preliminary deformation, loading influence
on the functional properties of the TiNi alloy and, therefore, should influence on the thermokinetic EMF
value [2—6].

The purpose of this work is to determine methods of influence on the thermokinetic EMF value in
the TiNi wire as a possible information recording method.

Equipment and research methods. The studies were carried out on the wire samples made of tita-
nium nickelide of Ti — 50 at.% Ni composition produced by Industrial Center MATEK—SPF (Moscow,
Russia) [7] of 40 cm length and 0.6 mm in diameter annealed at 700 °C for 30 min after quenching in air.

The kinetics of martensitic transformations was studied by differential scanning calorimetry (DSC)
on a DSC822e METTLER TOLEDO calorimeter (heating and cooling rates of 10 °C/min). The tempera-
tures of the beginning (Ag, M) and the end (Af, My) of martensitic transitions were determined from
DSC curves by the tangent method according to the ASTM F2 004-00 standard (Standard Test Method
for Transformation Temperature of Nickel-Titanium Alloys by Thermal Analysis: ASTM F2004-00,
ASTM, 100 Barr Harbor Drive, West Conshohocken, PA, 19428). The samples were in the martensitic
phase after annealing, the characteristic temperatures of the alloy were Mg = 45 °C, My = 33 °C, A; =
57 °C, A= 78 °C. The material undergoes direct transformation B2 < B19".

A direct method using a digital millivoltmeter MNIPI V7-72 was applied to measure the thermo-
kinetic EMF value. The tests were carried out on an experimental setup, the design of which allows
heating region to be transferred over the sample at a given rate. The contact points of the sample with
the measuring copper wires were thermally insulated. The temperature was monitored with a thermal
imager with an accuracy of 2 °C. The surface of the wire was blackened. The movement rate of heating
region was 0.4 cm/s. The maximum temperature of the wire in heating region was higher than the tem-
perature of the end of the reverse phase transition Ay.

Uniaxial tensile testing with a rate of 30 mm/min at 20 °C on an IP 5158-5 testing machine was per-
formed on the sections of the Ti — 50 at.% Ni wire samples, when the material was in martensitic state.
The deformation of the samples was accompanied by the reorientation of the martensite plates at stresses
of ~ 250 MPa. The yield strength was 500 MPa.

Results and its discussion. It was found that thermal cycling in the temperature range of the com-
plete martensitic 0+100 °C transformation resulted in a decrease of the thermokinetic EMF value to
0.16 mV for 15 thermal cycles of measurement (Figure 1, red). Thermal cycling in the temperature range
of the incomplete martensitic transformation 20+100 °C during 70 thermal cycles appeared to result in
a decrease of the thermokinetic EMF value from 0.22 to 0.04 mV (Figure 1, black). After that, cooling
the sample below the temperature of the end of the direct phase transition My allows the thermokinetic
EMF value to be restored to 0.16 mV in the next 71% thermal cycle, which corresponds to the thermoki-
netic EMF value in the 15" measurement cycle (Figure 2). Further induction of the thermokinetic EMF
of the sample leads to a sharp drop in its value to 0.1 mV during incomplete phase transition. If the sam-
ple is cooled again below My, the thermokinetic EMF value restores its value to 0.16 mV.
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Figure 1. Change in the thermokinetic EMF value during Figure 2. Change in thermokinetic EMF value depending on
thermal cycling of a Ti — 50 at.% Ni sample in the tempera- the location of heating region of the Ti — 50 at.% Ni sample: the
ture range of the complete martensitic transformation (red); 1% cycle (black); the 70" cycle (red); the 71%, the 72™ cycles
in the temperature range of the incomplete martensitic trans- after cooling the sample to 0 °C (green and blue, respectively);

formation (black) the 73 cycle after cooling the sample to 0 °C (light blue)

It is known that thermal cycling of a TiNi alloy causes an increase in the density of defects [8, 9] and
leads to a decrease in the characteristic temperatures of the phase transition and a change in the stages
of transformations. The characteristic temperatures obtained from DSC curves (Figure 3) showed that
starting from the 15" thermal cycle in the temperature range of the incomplete martensitic transforma-
tion the material does not completely transform into the martensitic state, and the direct transition pro-
ceeds with the formation of the intermediate martensitic R-phase.
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Figure 3. DSC heating () and cooling curves (b) of the Ti — 50 at.% Ni samples after thermal cycling: the 1% cycle (black); the

15" cycle in the temperature range of the complete martensitic transformation (red); the 15" cycle in the temperature range of

the incomplete martensitic transformation (green); the 70™ cycle in the temperature range of the complete martensitic transfor-
mation (blue); the 70" cycle in the temperature range of the incomplete martensitic transformation (light blue)

The kinetics of the reverse phase transformation changes by the 70" thermal cycle. The transition
takes place according to the B2 <= R <> B19’ scheme, i.e. the formation of the intermediate martensitic
and austenitic R-phases. Thermal cycling in the temperature range of complete martensitic transforma-
tion during 15 thermal cycles also leads to a decrease in the transition temperatures and a change in the
stages of transformations. The temperature of the end of the reverse phase transition M becomes higher
than room temperature, and the transition is realized according to the scheme B2 — R — B19'. However,
further thermal cycling during 70 thermal cycles does not significantly affect the kinetics of martensit-
ic transformations.
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Figure 4. Dependence of the thermokinetic EMF value on the
location of heating region of the Ti — 50 at. % Ni sample for
the 70™ thermal cycle (black) and the 72" thermal cycle after
heating to 160 °C, 180 °C, 220 °C and 240 °C (red, green,
blue and light blue, respectively)

In [9, 10], the temperature increase in Ti —
50 at.% Ni is found to influence on the defect struc-
ture and the parameters of martensitic transitions.
The defect structure should change irreversibly at
high temperatures, as is observed in conventional
alloys. This should also affect the thermokinetic
EMF value. It was found that the thermokinetic
EMF value restores to 0.22 mV due to an increase
in temperature in the heating region (Figure 4).

The heating temperature was increased to
240 °C in the next 71% thermal cycle after the
decrease in the thermokinetic to 0.04 mV during
70 thermal cycles in the temperature range of the
incomplete martensitic transformation. Then, the
recovery of the value to the initial value of 0.22 mV
was observed in the 72" thermal cycle. The tem-
perature was 160, 180, 220 and 240 °C in the 71

thermal cycle. It was found that the thermokinetic
EMF value is restored to 0.14 mV at a temperature
of 160 °C, at a temperature of 180 °C — up to 0.18 mV, at a temperature of 220 °C —up to 0.2 mV.
Calorimetric studies of such samples showed that an increase in temperature in heating zone leads to
a shift in temperatures and a change in the stage of the phase transition (Figure 5). However, the mate-
rial does not completely transform into the low-temperature martensitic state at heating temperatures of
160, 180 and 220 °C upon cooling. The reverse transition occurs with the formation of an intermediate
R-phase according to the scheme B2 — R — B19". At a heating temperature of 240 °C, the temperature
of the end of the reverse phase transition M¢ becomes higher than room temperature. Phase transitions
are realized according to the B2 < B19’ scheme, as in the initial sample. This allows the maximum
thermokinetic EMF value to be restored.
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Figure 5. DSC heating (a) and cooling curves () for the initial Ti — 50 at.% Ni sample (black) and after heating to 160 °C,
180 °C, 220 °C and 240 °C (red, green, blue and light blue, respectively)

Using the described methods of influence, it is possible to purposefully change the thermokinetic
EMF value in particular sections of the TiNi wire and thus record information on the TiNi wire, for
example, using thermal cycling of the sample in the temperature range of the incomplete martensitic
transformation or deformation. The length of the information sections corresponds to the size of the
affected area.

Figure 6, b shows a stepwise change in the thermokinetic EMF value. The samples were processed
as follows: the area CD = 4 cm was subjected to heating, then the area BE = 13 c¢m, and then the area
AF = 23 cm (Figure 6, a, ¢). Thus, the CD area was thermocycled three times, the BC and DE areas —
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twice, and the AB and EF areas — once. The sub-
sequent movement of heating zone along the whole
sample causes the induction of thermokinetic
EMF of different values (Figure 6, b). The meth-
od described above shows the possibility of set-
ting the thermokinetic EMF value in the range of
0+0.22 mV. By the above-described method the
setting of the thermokinetic EMF value in the
range of 0+0.22 mV is possible.

The areas of the Ti — 50 at.% Ni sample were
subjected to deformation up to different values
that causes a stepwise change in the thermokinetic
EMF value (Figure 7). Previously, the sample ar-
eas were alternately deformed by 16, 10, 6, 3, and
1.5 %. After that, heating zone was moved along
the sample. It was observed an increase in the
thermokinetic EMF value by 0.03+0.29 mV. The
thermokinetic EMF value at each area of de-
formation is constant and depends on the spec-
ified amount of deformation: at 16 % — 0.51 mV,
at 10 % — 0.42 mV, at 6 % — 0.37 mV, at 3 % —
0.28 mV and at 1.5 % — 0.26 mV. The thermoki-
netic EMF value in the deformation zone decreas-
es in the 2" thermal cycle from 3 to 16 %. The
thermokinetic EMF value is 0.09 mV at 16 %,
0.11 mV at 10 %, 0.16 mV at 6 %, 0.21 mV at 3 %
and 0.22 mV at 1.5 %.

However, it is possible to obtain a thermoki-
netic EMF from 0.22 to 0.60 mV in a given area
only in the first measurement cycle with this
method of influence. In the 2™ thermal cycle, the
thermokinetic EMF value will fall and range from
0.10 to 0.22 mV. The restoration of the thermoki-
netic EMF value to 0.22 mV occurs when the sam-
ple is deformed in the elastic region.

Thus, it is possible to set sections in the
Ti— 50 at.% Ni wire that generate a thermokinet-
ic EMF in the range from 0 to 0.6 mV by combin-
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Figure 6. Change in the thermokinetic EMF value depending
on the location of heating region of the Ti — 50 at.% Ni sam-
ple: a — 1-3 heating (red, green and blue, respectively);

b — the 4" thermal cycle for the whole sample;
¢ — the scheme of sample
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Figure 7. Change in the thermokinetic EMF value depending
on the location of heating region of the Ti — 50 at.% Ni sam-
ple at different deformation values in heating zone: a — the 1
cycle; b —the 2™ cycle; ¢ — the scheme of sample (the per-
centage of deformation is indicated at the top)

ing different methods of influence. Heating the sample above 240 °C allows it to return to its initial
state with the maximum generated thermokinetic EMF value of 0.22 mV.
Conclusion. It was established that thermal cycling of the Ti— 50 at.% Ni samples in the temperature

range of the complete martensitic transformation leads to stabilization of the thermokinetic EMF value
equal to 0.16 mV by the 15" temperature cycle. During thermal cycling in the temperature range of the
incomplete martensitic transformation, the thermokinetic EMF value decreases and it is 0.04 mV by the
70" thermal cycle. Heating to a temperature above 240 °C allows the thermokinetic EMF to be restored
to 0.22 mV, as in the case of annealing. Thermal cycling in the temperature range of the complete and in-
complete phase transformation, the maximum temperature in heating zone change functional properties
of titanium nickelide and the thermokinetic EMF value.

A method is proposed for the purposeful setting a thermokinetic EMF value from 0 to 0.6 mV on the
TiNi wire areas, using different methods of influence: thermal cycling, deformation, temperature change
in heating zone. The thermokinetic EMF value is changed in the range of 0+0.22 mV during thermal
cycling of the wire sections in the range of the incomplete martensitic transformation. The value in the
selected area is set by the number of heat changes. The thermokinetic EMF value is changed from 0.22
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to 0.60 mV in the 1% thermal cycle for the sample sections deformed at different values. The thermoki-
netic value decreases and ranges from 0.1 to 0.22 mV in the 2" thermal cycle. The length of the informa-
tion sections corresponds to the size of the affected area. The proposed technical solution can be used as
a method of recording information on a thermogalvanic carrier (Method for recording analog and digital
information onto a thermogalvanic carrier: pat. 2 239 241 C2 Russian Federation, Int. Cl. G 11 B 9/00 /
A.M. Gorovoj, M. A. Portnov; date of publication: 10/27/04). The product can be returned in its original
condition, i.e. to erase information it is enough to heat the required area of the product above 240 °C.
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