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Abstract

Introduction Violation of mutual positioning and fixation of parts worsens the operation of the equipment. Traditional
approaches to solving the problem under consideration have been sufficiently studied: interchangeability of parts and the
use of special equipment. Both methods involve a significant number of additional elements and assembly operations.
Fixation is often provided by means of force fitting and welding. Disadvantages of these methods include assembly,
residual and other stresses, engineering constraints, etc. To solve these problems, alloys with thermoelastic phase
transformations are used, which provide shape memory effects (SME) to manifest themselves. This article describes, for
the first time, self-positioning and self-fixation using the example of parts specially made from an alloy with SME.
Materials and Methods. The pin element under pressing mandrels the blind hole of the cup and enters the seat. The alloy
with SME was Ti-55.7wt%Ni. The temperature of the onset of its austenitic transformation was As = 95°C + 5°C. The
elemental composition was determined by a Shimadzu EDX-8000 X-ray fluorescence spectrometer, the phase
composition — by a Shimadzu XRD-7000 diffractometer. The temperature was specified through differential scanning
calorimetry. The range was 20-300°C, the heating rate was 5 deg/min. A Guide T120 thermal imager and a RangeVision
DIY 3D scanner with structured illumination were used. After pressing the pin into the cup at different angles, the
alignment and deviations between the axes of the cup and the pin were examined. Then, the cup was heated to
110-120°C, cooled, and control measurements were taken.

Results. Values of the deflection angle after pressing were 0.2—11°. With a rigid structure and an installation angle of 0°,
the pin deflected in the mounting hole by 0.2—0.5°. The axes shifted and did not intersect. The pin was not always
completely pressed in. This indicated uneven deformation of the metal and different stress values around the hole. Such
a unit would soon fail. The pin took the required position after heating the cup to 110—120°C (this temperature was higher
than at the end of the reverse martensitic transformation). The angular deviation of the axes was noted to be 0.03-0.1°.
The maximum misalignment (0.04 mm) corresponded to high positioning accuracy. Heating during the reverse
martensitic transformation created internal stresses that returned the initial geometry of the cup. They also formed the
forces that positioned and fixed the pin in the hole. That is, it is the parts that provide positioning and fixation (this is self-
positioning and self-fixation).

Discussion and Conclusion. For self-positioning and self-fixation of parts due to the shape memory effect, it is necessary
to avoid sharp transition lines between the surfaces of parts during design, select rounded corners or fillets, and get a clean
surface without burrs. Self-fixation and self-positioning reduce defects and inaccuracies during assembly. The use of
certain alloys increases the profitability of equipment production.

Keywords: shape memory effect, thermoelastic phase transformation, self-positioning of a part, self-fixation of a part,
mutual positioning of parts, shape restoration due to return stresses
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OPMZMHCUle()e amnupudeckoe uccnedosamue

Camono3unuoHUpoBaHue U caMOUKCHPOBaHue ieTaseil U3 CI1aBoB ¢ 3¢ dexToM namMaTn
(¢opmbI Ipu MOHTaKe COOPOYHBIX Y3JI0B
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AHHOTALMSA

Beeoenue. HapyuieHre B3aMMHOTO MTO3UIMOHUPOBAHUS M (PUKCAIMHU JleTajlell yXyamaer padoty obopymoBanust. Jlocra-
TOYHO M3YYEHB! TPAIULUOHHBIE ITOIXO0/IBI K PEHICHHIO pacCMaTpUBaeMOi IPOOIeMbl: B3aMMO3aMeHIeMOCTh JIeTajlel 1
WCIIOJIb30BaHNUE CHENNaIbHOM ocHacTkH. O0a MeTo/1a IpeIoNaraloT 3HaYMTeIbHbIH 00beM JIOTTOTHNUTEIBHBIX dJIEMEH-
TOB M MOHT@XHBIX orepanuii. PUKcaIio 9acTo 00ECIEINBAIOT ¢ TOMOIIBIO TIOCAIKK C HATSATOM U cBapku. Hemocratkn
9THX METOJIOB: MOHTa)KHbIE, OCTATOYHbBIE U JPYTUe HAIPSHKCHUS, TEXHUUECKHE orpaHryeHus u np. st pemenus yka-
3aHHBIX MPOOJIEM HCIIONB3YIOT CIUIABBI C TEPMOYIPYTUMHU (Da30BBIMU IIPEBPAIICHUSIMH, KOTOPHIE TTO3BOJISIOT MPOSIB-
nsaThest 3¢ dexram mamsata Gopmer (JI1D). B nanHO# cTaThe BIEpBBIE OMUCAHBI CAMOIIO3UIIMOHUPOBAaHUE U caMO(pHKCa-
U1 Ha TIpUMepe JleTalieil, CrennalbHO U3TOTOBICHHBIX U3 ciiiaBa ¢ OIID.

Mamepuanst u memoodst. ViccnenoBanmichk crakansl u3 ciutaBa ¢ OI1d — Ti-55,7wt%Ni npu 3anpeccoBKe: MITHIPEBOM
3JIEMEHT JIOPHYET INIyX0e OTBEPCTHUE U MONAAAET B IOCAJOYHOE MecTo. Temmeparypa Hauana ayCTEHUTHOTO IpeBparie-
HUA — A =95°C £ 5 °C. DneMeHTHBIA COCTaB ONPEeIsUId PEHTIeHO(IIyOpEeCeHTHBIM criekTpoMeTpoM Shimadzu
EDX-8000, dazoserit — mudpakromerpom Shimadzu XRD-7000. Temmneparypy onpenessiiu auddepeHIuanisHON cKa-
Hupyrouiel kanopumerpueit. Ananason 20-300 °C, ckopocts HarpeBa — 5 °C/muH. 3azeiictBoBanu Teruiosuzop Guide
T120 u 3D-ckanHep co cTpyKTypupoBaHHEIM moacBeToM RangeVision DIY. [Tocne 3ampeccoBKu HOA pa3HBIME YTIIaMHU
MITBIPA B CTaKaH UCCICA0OBATIN COOCHOCTb U OTKIIOHCHUA MCKAY OCAMU CTaKaHa U IITBIPA. 3areM crakaH HarpeBajiv 10
110-120 °C, oxnaxxJanu u Aejand KOHTPOJIbHbIE 3aMEPBHI.

Pe3ynomamut uccnedoganus. 3HaueHUs yTiia OTKIOHEHHS mocie 3anpeccoBkd — 0,2—11°. Tpu skecTKoW KOHCTPYKIUH
U yriie yctaHoBKU 0° MITBIPb OTKJIOHAETCS B MocagoyHoM oTBepeTur Ha 0,2—0,5°. Ocu cMemaTes U He epeceKaroTcs.
LITeIpE HE BCeT/1a MOJTHOCTHIO 3alPECCOBBIBAETCS. DTO TOBOPUT O HEPABHOMEPHOH AeopMaliii MeTajlla U 0 Pa3HBIX 110
3HAYEHHIO HANPSDKEHUSIX BOKPYT OTBEpCTHs. Takoi y3en ObIcTpo BhIHAET u3 cTpos. LLITeIps 3aHMMaeT Tpebyemoe moo-
JKeHHE Tmociie HarpeBa crakana a0 110—120 °C (3ta Temmeparypa BBbIIIC, YeM B KOHIIC OOpAaTHOI'O MapTEHCUTHOIO Ipe-
Bpauienus). OrmeTnnu yriosoe otkinoneHue oceii — 0,03-0,1°. MakcumanbHas HecoocTHOCTH (0,04 MM) COOTBETCTBYET
BBICOKOM TOYHOCTH ITO3WIIMOHMpOBaHMsA. HarpeB mpu oOpaTHOM MapTEHCHTHOM IPEBPANICHUHM CO3[acT BHYTPECHHHE
HaNpsDKEHUS, BO3BPAIAOIINE IEPBOHAYAIBHYIO TeOMETpHIO cTakaHa. OHM e (OPMUPYIOT yCHIIUS], KOTOpPBIE pacroa-
rafT 1 GUKCUPYIOT IITHIPh B OTBEPCTHH. TO €CTh MIMEHHO AeTai 00eCIIeunBalOT ITO3UIMOHUPOBaHIE U (PUKCALHIO (3TO
CaMOIIO3UIIMOHUPOBAHIE U CAMO(DHUKCAIINS).

Obcyscoenue u 3aknouenue. s caMONIO3UIIMOHNPOBAHUS M caMO(UKCaLNK feTalel 3a cueT 3¢ pexra naMsaTi HopMbl
IpY KOHCTPYMPOBAHUU CIIEAYET OTKa3aThCsl OT PE3KUX JIMHUH MEPexo/I0B MEXy TOBEPXHOCTSIMHU JieTaiei, BEIOUpaTh
CKpPYTJICHHBIE YTJIBI HJIH TajITeNn, JOOUBAThCS YUCTON OBEPXHOCTH Oe3 3ayceHieB. CaMo(puKcalst 1 caMONO3UIMOHH-
pOBaHKE COKpamaT Opak 1 HETOYHOCTH TIpH cOopke. Mcmonp30Banme CIIaBOB ¢ 3PPEKTOM ITaMATH MOYKET TOBBIIIATh
peHTa0eIbHOCTD IPOU3BO/ICTBA.

KroueBble cinoBa: >dexr mamsati GopMbl, TepMOYIpyroe (azoBoe IpeBpalieHHe, CaMOIO3HUIMOHUPOBAaHUE IETAIH,
caMo(UKcaIys AETallH, B3aMMHOE TIO3UIIMOHUPOBAHHUE JIETAIEH, BOCCTAHOBIIEHHE ()OPMBI 33 CHET BO3BPATHBIX HAIPSHKEHHUIN

BaarogapHocTu. ABTop OnarogapuT KaHAWIATa TEXHUYECKUX Hayk, noueHTa H.A. IllocTaka M Hay4HOTO COTpYyAHHKA
7Ta00paTopuy TIEPCIEKTHBHOTO TPOSKTHPOBaHMsl HedTerazoBoro oOopynoBanus KyOaHCKOTO ToCyIapCTBEHHOTO
TexXHoorudeckoro yausepcurera M.A. Camapusa 3a IIOMOIb B IIIAHUPOBAHUU U IPOBEICHUH SKCIIEPHMEHTOB. ABTOD
TaKXe NMPU3HATEICH PeIaKIIMOHHON KOJIJIETHH JKypHaJla U PElECH3eHTY 3a KOMIIETCHTHYIO 3KCIEPTHU3Y U PeKOMEHIalun
0 YJIy4IIEHUIO CTAaThU.
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duHaHcupoBaHue. lccienoBaHue BBITOJHEHO 3a cueT rpaHTa Poccuiickoro nayunoro ¢onmga Ne 23-29-00547
«Pa3paboTKa NPHUHIMIIOB KOHCTPYHPOBAHMS BIIEMEHTOB OypoOBOro OOOpYAOBaHHUS C INPHMEHEHHEM MAaTepHajioB C
a¢dexrom mamsitu popme» https://rscf.ru/project/23-29-00547/

Jnst mutuposanust. bamaes 2.10.0. CaMOIO3HIMOHMPOBaHIE U CaMOMHKCHPOBAHKE IETalIe U3 CIUIaBOB ¢ (PhEeKToM mamsTh
GopMBI TIpE MOHTa)Xe COOpPOYHBIX Y31OB. Advanced Engineering Research (Rostov-on-Don). 2024;24(3):238-245.
https://doi.org/10.23947/2687-1653-2024-24-3-238-245

Introduction. Self-positioning should be understood as spatial orientation, installation and positioning of a part
and elements mating with it in units and mechanisms. Self-fixation is the interface along the surfaces of structural
elements with such geometric features that provide fixation of the mating parts and a given fixation force due to the
shape memory effect.

The accuracy of the mutual positioning of parts determines the correctness and reliability of the mechanisms. Valid
positioning can reduce the inertia of the mechanical unit, it prevents the occurrence of system backlashes not provided by
the design. Failure to comply with the requirements for the mutual positioning of parts can change the operation of the
products, which is unacceptable in most cases [1].

The requirements for the accuracy of assembly of units are high in all industries, specifically, in machine-tool
manufacture, aircraft, and shipbuilding. For correct, tight mating of parts, the method of group interchangeability is used.
Custom tooling is often used when assembling units. As a rule, it is unique for this type of assembly operation. It provides
positioning accuracy during installation and meets tolerance requirements [2].

In industrial practice (notably, in construction [3] and the oil and gas industry [4]), alloys with thermoelastic phase
transformations, which provide for the shape memory effect (SME), are increasingly used. The uniqueness of such alloys
is in the features of phase transformations, due to which shape memory effects are manifested, as well as superelasticity
(pseudoelasticity) [5].

Shape memory in alloys with thermoelastic phase transformations is used, in particular, for power drives [6]. The effect
is based on return stresses that restore the shape of the part. The phenomenon corresponds to the austenitic phase state of the
elements of the power drive [7]. In the oil and gas industry, coupling joints of parts are used for pipe junction [8]. The method
involves restoring the shape of elements that provide the envelopment and compression of mating parts [9]. Due to the shape
memory effect during assembly, it is possible to provide such processes as spatial orientation, installation, and positioning.
To do this, it is advisable to use two principles mentioned above at once:

— embracing and squeezing the parts;

— restoring the shape due to return stresses causing movement.

This approach allows reducing the number of assembly stages and avoiding the use of dedicated equipment (tooling)
when positioning and fixing a part made of an alloy with a thermoelastic phase transformation and for the elements of the
unit mating with it.

The proposed solution opens up the possibility of replacing such fixation methods as force fitting and welding.
Consequently, it is possible to avoid the disadvantages of these methods: assembly, residual and other stresses. We also
note the operating restrictions associated with the strength and reliability of the fixation. In addition, it is not always
technically possible to perform force fitting and welding.

It is necessary to point out another advantage of parts made of alloys with thermoelastic phase transformations. Their
positioning and fixation in the assembly unit allows refusing group interchangeability of parts, from fitting parts and from
additional use of control units and mechanisms in the design. This simplifies the installation and manufacture of parts
with high positioning accuracy and reliable fixation of parts in the assembly unit.

The presented research article, for the first time, proposes to use thermoelastic phase transformation for positioning
and subsequent fixation of parts in an assembly unit. In this case, the shape memory effect of parts ensures their self-
positioning and self-fixation.

The author of this article observed the phenomenon under thermoelastic transformations, when it was required to
provide fixation due to the shape memory effect of teeth. In this context, the following were considered:

— drill bit roller cutter;

— ball plug in the roller bit leg;

— roller cutter on the bit leg in the design of a roller bit without a ball plug;

— nipple and couplings of a tool joint [10];

— seats enclosed in the disc rotary valve;

— disk on the stem of a disc rotary valve.

The research is aimed at studying the possibilities of self-positioning (spatial orientation, installation, and positioning)
and self-fixation during the manifestation of the shape memory effect of alloys with thermoelastic phase transformations.
It is expected to find out what accuracy is provided in this case during the design and installation of assembly units, and
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what conditions need to be maintained during assembly (design features, techniques, requirements for the implementation
of self-positioning and self-fixation).

Materials and Methods. For the experiments, two samples were made from an alloy with a thermoelastic phase
transformation. In shape, these were cups with a special blind hole and a pin element made of heat-treated (hardened)
40X steel. The cup had an opening — two conical steps with a right (lead-in) and inverted (fixing) cone. Transitions —
by radius and by the line of intersection of cones. The pin element had a mandrel shape, so when pressed into the cup, a
blind hole was mandrelized, and the pin element got into the seat in the cup. All surfaces were clean, without corners and
burrs. This provided:

— free sliding of the pressed-in pin element;

— spatial orientation and installation in the seat under the pin element in the cup;

— positioning of the pin element in the seat.

Figure 1 shows the stages of pressing a pin element into a cup made of an alloy with SME.

Fig. 1. Installation of pin element into seat of cup made of alloy with SME:
a — 3D model of elements assembling after installing pin element 2 into cup 1;

b — assembly drawing; ¢, d — installation of pin element 2 and cup 1 in hand press 3 before pressing the pin element into cup;
e — angle between axes of symmetry o after pressing pin element 2 into cup 1 before heating (room temperature — martensitic
phase of alloy); f— pin element and cup at room temperature after heating to 110°C
(angle between axes of symmetry 0°, austenitic phase of the alloy)

Machine Building and Machine Science

241



https://vestnik-donstu.ru

242

Advanced Engineering Research (Rostov-on-Don). 2024;24(3):238-245. eISSN 2687—1653

Titanium nickelide Ti-55.7wt%Ni was selected as the alloy with SME. The temperature of the onset of its austenitic
transformation was As = 95°C £ 5°C. Three properties listed below were determined.

1. Elemental composition. For this purpose, X-ray fluorescence analysis was performed using a Shimadzu EDX-8000
device (Japan).

2. Phase composition. X-ray phase analysis was performed using a Shimadzu XRD-7000 X-ray diffractometer (Japan).
Parameters: Cu Ka — 1.54 A% 40 kV, 30 mA, angle range 20-90 degrees, shooting speed 1 deg/min.

3. Temperature. It was determined by differential scanning calorimetry. The range of work was 20-300°C. Heating
rate — 5 deg/min.

This alloy allows for demonstration of the general principles of self-fixation and self-positioning of a pin element in
the seat of the cup during the phase transition from martensite to austenite. At room temperature, the alloy is in the
martensite phase.

A Nordberg manual press was used for pressing. The cup made of an alloy with SME was heated with a GHG 23—66 Bosch
technical hot air gun. Temperature control provided uneven heating of the cup and maximum imitation of the assembling process
at enterprises. Specifically, the worst installation conditions and operation with violations of the process were recreated.

The temperature and hot zones, as well as heating over the entire surface to the specified temperature, were monitored
using a Guide T120 thermal imager. The positioning accuracy was determined by a stationary 3D scanner with structured
illumination RangeVision DIY. Daheng cameras provided a measurement accuracy of 0.02 mm.

The sequence of operations for installing the pin element into the cup is described below.

1. The pin element is pressed into the blind hole of the cup. As a result, the hole is mandrelized. It deepens until the
pin element enters the seating surface of the hole. The process takes place at room temperature, corresponding to the
martensitic phase state of Ti-55.7wt%Ni alloy with shape memory effect.

2. The relative position of the parts is measured.

3. The cup is controllingly heated until the temperature is higher than it was at the end of the austenitic transformation.
At this temperature, the initial (before deformation) shape of the cup is restored, and the force from the resulting return
stresses is sufficient to shift and orient the pin element inside the blind hole of the cup. After this, the cup is cooled to
room temperature.

4. A control measurement of the relative position of the parts is performed.

The pin element was pressed into the cup at different angles between the axes of symmetry of the cup and the pin
element. The angle sizes were from 0 to 12 degrees. The step was 3 degrees. The alignment and the angle of deviation
between the axes were determined. Then the cup was heated to 110-120°C and cooled in various ways — from free
cooling in air to forced cooling (by lowering into water). Then, a control measurement of the alignment and the angle of
deviation between the axes was made.

Research Results. After pressing, the angle of deviation between the axes of the cup and the pin element had values
in the range from 0.2° to 11° (angle a in Fig. 2 a). This indicates that with the rigidity of the structure and the installation
angle of 0°, some displacement of the pin element in the mounting hole still occurs (from 0.2° to 0.5°).



https://vestnik-donstu.ru/

Balaev EYuO. On Self-Positioning and Self-Fixation of Parts Made of Alloys with Shape Memory Effect under Component Assembling

c) d

Fig. 2. Deviations arising during installation of pin element in cup mounting hole:
a — angle between the axes of symmetry; b — displacement as a result of underpressing;
¢, d — displacement of the axes of symmetry in the section plane perpendicular
to the axes of symmetry of the pin element and the cup

The axes were offset and did not have an intersection point, as shown in Figure 2 ¢ and 2 d. If we take the axis of
the cup (reference point) as the center, the offset of the axis of the pin element will be p = 0.2-0.8 mm (Fig. 2 d), i.e.,
the pin element in the cup will have an offset mounting position. In a number of cases, the pin element was not
completely pressed into the cup (Fig. 2 b). Firstly, this caused uneven deformation of the metal around the hole.
Secondly, it indicated that as a result of pressing, different stress values arose along the circumference of the hole.
Such a unit will quickly fail when used.

The pin element occupies the required position in the cup hole and relative to the hole seat after heating the cup to
110-120°C, i.e., at a temperature higher than at the end of the reverse martensitic transformation.

The positioning accuracy of the pin element in the cup was studied using a stationary 3D scanner with structured
illumination RangeVision DIY and Daheng cameras. The angular deviation of the axes was recorded in the range
0f 0.03—0.1°. The maximum value of the misalignment was 0.04 mm, which corresponded to high positioning accuracy
for assembly units.

It should be noted that there is a similarity between the two mechanisms that provide:

— occupation of the structurally required position of the pin element in the cup hole;

— action of the working element made of an alloy with SME of the power engine.

The specified shape of the part made of an alloy with shape memory effect of the cup in the austenitic state corresponds
to the shape in which the pin element exactly occupies the position required by the design of the unit. At a temperature
corresponding to the martensitic phase state, the mechanical characteristics of the alloy are lower than at a temperature
corresponding to austenite. In this case, it is possible to specify a shape into which the pin element can be easily mounted.
With such installation, the positioning of the pin element does not correspond to the required.

Subsequent heating of the glass as a result of the reverse martensitic transformation creates internal stresses that allow
the original shape to be restored. They can be conventionally called return stresses. In this case:

— the cup takes on a shape that corresponds to the operational geometric characteristics;

— the forces arising as a result of the action of return stresses are sufficient to move, orient, install and position the pin
element in the seat of the cup (it is located and fixed in the hole).

Evidently, it is the parts that provide self-positioning and self-fixation. No special equipment or special assembly
techniques are needed.

There is a process similar to the one described above. To operate the satellite antenna deployment mechanism, the
power drive uses the force developed by the return stresses during the reverse martensitic transformation of the working
element made of an alloy with SME.
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Discussion and Conclusion. The displacement of the pin element inside the cup mounting hole is provided by
design features that can be applied to all mating parts under self-positioning and self-fixation due to the shape memory
effect of alloys with thermoelastic phase transformations. Techniques that allow maintaining the required design
features are listed below:

— rejection of sharp transition lines between surfaces of parts in favor of smoother ones;

— selection of rounded or variable radius chamfers and external corners;

— replacement of internal corners with fillets or curves with variable radius;

— high-quality surface cleaning, elimination of burrs.

These requirements should be taken into account when designing. This will provide the desired mutual
displacements of parts with significantly less force. In this case, the force is compared to that given by the return
stresses during the reverse martensitic transformation of the alloy with thermoelastic phase transformations (the cup is
made of such material).

Self-fixation and self-positioning can maintain assembly accuracy, eliminate mounting and engineering inaccuracies
during installation work, and reduce defects. The use of some alloys has economic substance, i.e., it works for the
profitability of the final product [11]. These and other advantages of the approach described in the article can be
implemented in machine tool manufacturing. The method seems useful for developing oil and gas, precision and other
equipment with high requirements for the geometric accuracy of parts.
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