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AHoTaLisA
l'ankina A.A. — IIpyXHicThb AaHI30TPONHMX TA HEOJAHOPIAHUX MeTAJIEeBHUX

NMOJIIKPHCTAJIB 3 KYOIYHOI0 I'PATKOI0, BU3HAYE€HA METOJA0M YJIbTPA3BYKOBOIO
TeKCTypHOro anajizy — KsamidikariiiHa HaykoBa mpalsd Ha MpaBax PYKOIHUCY.
JucepTaitist Ha 3700yTTs HAYKOBOT'O CTyTEHs TokTopa ¢isocodii 31 cneriaabHocTi 105
—npukiagHa ¢i3uka Ta HaHoMmartepianu, [HetutyT metanodizuki im. I'. B. Kypaiomosa
HAH Vkpainu, Kuis, 2025.

JucepraniiiHa poOoTa MPUCBAYEHA JOCIIKEHHIO TEKCTYypH, IMPYKHUX Ta
JCSIKMX MEXaHIYHUX BIIACTUBOCTEW AaHI30TPONMHUX 1 HEOAHOPINHUX METaJeBUX
HOJIKPUCTANIIB 32 JOIMOMOTOK METOJY YJIbTPa3ByKOBOTO TEKCTYpHOTO aHali3y
(Y3TA), 30kpema, miciisi BACOKOEHEPTe€TUYHUX CIIPSMOBAaHUX BUA1B TEPMOMEXAHIYHOI
00poOKH, TaKUX SIK YABTPa3ByKoBa ynapHa oopooka (Y3VYO). Bigomo, 1110 HasIBHICTb
TEKCTYpH y MaTepiajil HaiuacTillle CIPUYUHSE aH130TPOIIIO MIPY>KHUX TTapaMeTpiB, SKi
€ (QyHIAMEHTAIBHUMHM  XapaKTePUCTUKAMH OyAb-SKOrO TBEPAOTrO TuLIa Ta
0e3rmocepeTHbO YU OIOCEPEAKOBAHO IIOB’S3aHI 3 IHIIUMHU (P13UKO-MEXaHIYHUMU
BJIACTUBOCTSAMHU. TOMYy KOMIUIEKCHA OI[IHKA TEKCTYPH Ta MPYKHOTO CTaHy MaTepialiiB
€ KPUTHUYHO BAXKJIMBOIO JUIsl 3a0€3MeyYeHHs HaIIMHOCTI POOOTH KOHCTPYKIIii,
IPOrHO3YBaHHS IXHbOI TOBEIIHKM B yMOBaX €KCIUIyaTallliHUX HaBaHTaXEHb Ta
3ano0iraHHs aBapiiiHuM cutyauisiM. OTHAK TAaKUX KOMIUIEKCHUX JOCIIJKEHb Hapasi €
oOMeKeHa KITBKICTh, 110 O0YMOBJIEHO, WMOBIPHO, TEXHOJOTIYHOI CKJIAJIHICTIO Ta
TPUBAIICTIO X MPOBEJCHHS.

TpanuuiiiHi MeTOAM BHU3HAYEHHS TEKCTYpH, Takl SK PpPEHTIEHIBCbKUI
mupakiiiHuii Ta HeWTpoHOrpadiyHUN aHai3, XapaKTePU3YIOThCS BHCOKOIO
TOYHICTIO, OJHAK € PYWHIBHUMH, BHUMAararmTh pETEIbHOI MIATOTOBKU 3pas3KiB,
3aCTOCOBHI JIMIIIE Yy JJAaOOPAaTOPHUX YMOBax, a TaKOX B JESKUX BUIAJKaX HAJalOTh
iH(dopMaIlito JuIle 3 MPUIIOBEPXHEBUX IMapiB Marepiany. Te came CTocyeTbes W
CTaHAAPTHUX  METOJIB  BHM3HAYEHHS MPYXKHUX  XAPAKTEPUCTHK  (MEXaHIYHI
BUIIPOOYBAHHSI, HAHOIH/ICHTYBAaHHS).

Haromicte meton Y3TA € HepylHIBHMM, €KCIPECHUM, Ja€ MOXKIHUBICTh
JOCIIKYBaTH 00’€M Marepiany, pi3HiI JUISHKHA 3pa3KiB CKJIaJAHOI (OPMHU B PI3HUX

rCOMCTPUYHUX HAIIPAMKAX, B TOMY yuCIIi HCAOCTYIIHUX JJIsI TIPOBCACHHS V3
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BUMIpIOBaHb. Jlo Toro x, metoq Y3TA 103BoJisI€ OTPUMATH KOMILUIEKCHY 1H(OpMAILito
PO TEKCTYPHHUI Ta MPYKHUM CTaH Martepiany 0e3 3alydeHHs J0JIaTKOBHX METO/IIB
JOCIIKEHHS 32 JOIMYCTUMUX JJI TEXHIYHUX 33]1a4d TOXUOOK. 3 OTJISIAy Ha 1€, METO
V3TA € nepcneKTUBHUM JIsl TPOBEACHHS KOMIUIEKCHUX JOCTIKEHb TEKCTYPHHUX Ta
MOB’SI3aHUX 13 HHUMH TPYXHHX BJIACTUBOCTEH  aHI30TPOMHUX IMPOCTOPOBO

HEOJHOPIIHMX  MaTeplajiB, 10 MIATBEPIKYETbCA OTPUMAHUMU B  poOOTI

pe3yibTaTamu.

B naniit po6oti nocnimkeno: 1) 3pa3ku MojaenbHoro craBy Jatysni Cu-37Zny
dbopmi mpsAMOKYTHOTO mapaseneminena (“MacuBH1” 3pa3kH) Ta IUIACTHHU 3 TOTO X
CIUIaBY, MiJJIaHi OJHOpa30Bii ymapHiii o0pobii (YO) 3 HacrynHow Y3YO mpu
KiMHaTHI Ta KpioreHHiit temmeparypax (air-UIT Ta cryo-UIT BiamosimHo); 2)
MAaCHBHI 3pa3K Ta MJIACTUHU BUCOKOEHTPOIIMHUX CIUIABIB MEIMYHOTO MPU3HAUYCHHS
51Ti31Zr18Nb, 51Ti31Zr10Nb8Ta, 51Zr31Til8Nb Ta 51Zr31TilONb8Ta B auTOoMYy
ctani Ta micas Y3YO; 3) npit manoro niamerpy (d~1 mm) 13 cynepcrmiary Inconel 718,
MTAaHOT0 KOMITIJICKCHHUM BIIMBaM HaBoHIOBaHHS Ta Y3VYO;

e VYO macuBHux 3paskiB Cu-37Zn mpu3BOIUTH 1O KPUCTAIOTPaPIYHOrO MEPEXOay
M1Jb-JIaTYHb, CYyTTEBOTO 3arOCTPEHHS IHTEHCUBHOCTI AU(pakiiiiuux midiil [111] B
HanpsaMKy nedopmariii Bxke npu € = 11,02%. Ilpu € = 18,8% Bkazani edextu
nocuioroThest. Kpim Toro, YO 30uibiiye Moaysib E B HanpsaMKy aedopmaiiii ta
MONEPEYHOMY, IO  Y3TO/DKYETBCA 3 TEKCTYPHUMM 3MiHAMH, OCKIJIBKH
kpuctanorpagiuauii Hampsmok [111] BigmoBimae wMakcumymy wmoayis E.
Pe3ynbTaT € THIOBUM J171s1 ITBUJIKICHOT CIIPSIMOBaHO1 1eopmMaliii CTUCKY.

e [Ilicns macrynuoi Y3YO npu kiMHaTHIA TemmepaTypi (mami — kiMH-Y3VYO) y
BUKOPUCTAHOMY PEXUMI BHUSIBICHO 3BOPOTHIN TEKCTYPHHUI Mepexif] JIaTyHb-Mi/lb,
MOB’s13aHUN 13 BIUIMBOM 3HAKO3MIHHOI CKJIaioBoi Y3VYO, 110 3puUBa€e 3 TOYOK
3aKpITUICHHS TEKCTYpHI eneMeHTH, copmoBani micist YO. Y3YO npu kpioreHHIN
TemriepaTypi (aam — kpio-Y3VO) MacuBHUX 3pa3KiB B AHAJIIOTTYHOMY PEXUMI HE
3MIHIOE TUIy TEKCTYPH, a BIUIMBAE JIUIIIC HA 3HAYCHHS Ta aHI30TPOMIIO MPYKHUX
napameTpiB. Lle MoB’g3aHO 3 NMPUTHIYEHHSM PYXy JIe(EKTiB, iX HAKOMUYECHHSM,

YCKJIATHEHHSIM JUCJIOKAIIHOTO KOB3aHHS Ta JIOMIHYBaHHsS JBIMHUKYBaHHS SIK



OCHOBHOT'O M€XaHi3My Aedopmaliii, 1110 1 Crpusie 30€peKEHHIO0 y 3pa3kax TeKCTYpH
THUITY JaTyHi.

Kimu-Y3VYO 3orponHux miactud cmiapy Cu-37Zn npu3BoauTh A0 GOpMyBaHHS
TEKCTYpH TUIY JiaTyH1 Bxke miciig 20c oOpoOku, B Toi vac sik micig kpio-Y3YO
HaBiTh TIpu 60c 00poOKM 30epiracThCcsi TUMOBA TeKcTypa Mifi. CriocTepexyBaHe
ABIMHUKYBAaHHS Ta 3CyBHI CMyru y 3pa3ky micias kpio-Y3YO chpusiiotsh
(GbOpMyBaHHIO TEKCTYpH JAaTYHHOTO THITy, TOJAl $IK peJlakcallisi Hampy>KeHb,
HE3BUYAHA JIUCTIOKAIlIiHA aKTHBHICTh, CTHMYJbOBaHA YJIbTPa3BYKOBUMHU
KOJMBAHHSMHU, Ta YTBOPEHHS AUCIOKAIIMHIX KOMIPOK Y 3pa3Ky micis KiMH-Y3YO
IPU3BOATE 0 (POPMYBaHHS TEKCTypU MIAHOrO THUMy. Pe3ynbratu, oTpumaHi Ha
MacHUBHMX 3pa3kax Ta Ha miactuHax Cu-377Zn, MOBHICTIO Y3TOJUKYIOTBCS MIXK
co0o10.

OTPUMAHO JaH1 JOBIJKOBOTO XapakTepy MpO MPYXKHI MapaMeTpH, iX MPOCTOPOBY
HEOJHOPIAHICTh Ta aHI30TPONII0, TBEPAICTh 3a BiKkepcoM Ta XapaKTEpUCTHKY
mIacTUYHOCTI 3a KoHueniieo F0.B.Minsmana 3pa3kiB i3 ciiaBiB 51Ti31Zr18Nb,
51Ti31Zr10Nb8Ta, 51Zr31Ti118Nb ta 51Zr31Ti110Nb8Ta B tuTomMy cTaHi Ta micis
Y3VYO. Buznaueno BB koHieHTpailii Zr, Nb 1 Ta y criaBax ta ¥Y3VYO Ha 3MiHU
BKAa3aHUX MapaMeTpiB, iX aHI30TPOIII0 Ta HEOJHOPIAHICTh. Busnaueno, mo Ta-
BMICHI CIUJIaBM MAarOTh CYTT€BO BHILY HEOJAHOPIAHICTH 3raJlaHUX XapaKTEPUCTHK,
Ipy 1[bOMY BIUIMB JOMIMIOK Ta Ha 3HAYEHHS Ta aHI30TPOMIIO MPYKHUX MOYJIIB
3aNIeKUTh Bl BUxigHOro BMIcTy Zr Ta Ti. Y3VYO no3Bossie 3MeHIUTHA aOCOTIOTHI
3HAQYEHHS, aHI30TPOMI0 Ta  HEOJHOPIAHICTH  OLIBIIOCTI  JOCIIJPKEHHUX
BJIACTUBOCTEH, 30KkpeMa, Moy FOura E craBiB, 110 € 0COOTUBO BAKIMBUM 3
ornsigy Ha cdepy ix 3actocyBaHHs. B mporieci nmpoBeaeHUX AOCHIIKEHb OYIIo
BUKOPHUCTAHO HEOOX1THE TpOorpaMHe 3a0€3MeUCHHS 1JI1 yCePEAHEHHS IIIBUIKOCTEH
V3 Ta npyXHUX Ta MEXaHIYHHX XapaKTEPUCTHK MPOCTOPOBO HEOTHOPIMHUX Ta
aHI30TPONMHMX MaTepiadiB, M0 JaJi0 3MOTY BIJANPAIIOBAaTH METOO0JIOTII0
OTPUMAaHHS KIJTBKICHOI 1H(pOpMaIIii mpo X 130TPOIHI 3HAYCHHS 111 HETOMOTEHHUX

NOJIIKpUCTaJIB Ha ocHOBI Ti Ta Zr.



e Bmepme  Buxopuctano meron Y3TA s eKCepUMEHTAIbHUX AOCHIIKEHb
OPYXHHUX, TEKCTYPHUX Ta TOJIOBHUX MEXAHIYHUX BJIACTUBOCTEN IPOTY MaJlOro
miametpy (d~1 mMm) 13 cymepcmiaBy Inconel 718, migmaHoro KOMITJIEKCHUM
BIIMBaM HaBojHIoBaHHS Ta Y3VYO. Ilpu npomy 3aBAsSKH akciaylbHIM TEKCTypi
ApOTY BUSBUIOCH AOCTaTHIM BUMIPIOBATH Vi JIUIIE B PaJiaJIbHOMY HaNpsMKY 13
BEKTOPOM MOJIsipu3allii B OChOBOMY Ta TaHTeHIlallbHOMY HampsiMkax. [lopsin i3
meTooM Y3TA B ekcriepMMEeHTax 3aCTOCOBAHO MEXaHIYHI BUIIPOOYBaHHS 3pa3KiB
Ha pO3TAT Ta MeTo] nudpakiii 3BOpOTHRO po3cisHux enekrpoHiB (EBSD). 3a
nanuMu Y3TA BCTaHOBIICHO, IO Mij JII€0 HABOJHIOBAHHS MOBEPXHI JPOTY 1, Y
nepiry depry, Y3YO cnoctepiraerbcsi BiaxwieHHs mojtociB (111) Ha momrocHii
¢irypl Bii OCLOBOr0 HampsMKy y Oik pamiansHoro. IIpu nupomy monayns FOura £
3MEHILIY€ETHCS 3 OAHOYACHUM 30UIBIIEHHSAM MOAYJIIO 3CYBY G, 110 NMPU3BOAUTH A0
3poctanHs TBepaocTi HV (MakcumanbHO B Mexax 5-6%) Ta 3MII[HEHHS 3pa3ka B
OCEBOMY HampsSMKy, WIO SKICHO KOPEIIO€ 13 pe3yJbTaTaMUd MEXaHIYHUX
BUIIPOOYBaHb. 3MEHIICHHS XapaKTEPUCTUKU IUIACTUYHOCTI Op INpPU LIbOMY HE
nepeuinye 0.8-0.9%. Jlns 3pa3kiB, monepeaHbo 3arapTOBaHUX, BIAMAJICHUX Ta
nignanux Y3YO, 3adikcoBaHO JoAaTKOBe 301bIneHHs HV micis HaBO HIOBaHHS.
3a pesynbratamu EBSD oTpumano nani npo KoMOIHOBaHUI BILTUB MOBEPXHEBOI
VY3VYO Ta HaBOAHIOBAHHS Ha 3€pEHHY CTPYKTYPY Ta KpUCTaJIOrpadiuHy TEKCTypy
JOCIIKYBaHUX 3pa3KiB, MO SKICHO Y3rOJDKYHOThCa 13 gaHumMu Y3TA i1
MIATBEPAKYIOTh, 1110 TOJIOBHUM YMHHMKOM BIUIMBY Y3YO Ta HaBOAHIOBAHHS Ha
IPYXKH1, TEKCTYPHI Ta MEXaHIYH1 BJIACTUBOCTI APOTY 13 craBy IN718 € eBostoris
TEKCTYPH, 110 Y CBOIO YEPT'y MPHU3BOJIUTH JIO BIAMOBIIHUX 3MIH MPYKHUX MOJYJIIB
E ta G Ta MexaHIYHMX XapaKTEPUCTUK 1 y MIJICYMKY A0 3MIIHEHHS IPOTY B
OCbOBOMY HaIPSIMKY.

OTpumani pe3yiabTaTH MiATBEP/HKYIOTh €(PEKTUBHICTh 3aCTOCOBAHOIO METOJY
nomapoBoro Y3TA aiis 10ChipKeHb MPYKHUX, TEKCTYPHUX Ta TOJOBHUX MEXaHIYHUX
BJIACTUBOCTEH aHI30TPOITHUX MOJIKPUCTAIB, @ TAKOXK MOKA3yIOTh MOYKJIMBOCTI O1TBIII
MIMPOKOI0 BUKOPUCTAHHS CIPAMOBAaHMX BUAIB Aedopmarii tTuny Y3YO meraniB as

KEepyBaHHS iX CIIy’KOOBUMH XapaKTEPUCTUKAMH.
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Abstract

Anastasiia Halkina - Elasticity of Anisotropic and Inhomogeneous Metallic
Polycrystals with Cubic Lattices Determined by the Ultrasonic Texture Analysis
Method - Qualification research manuscript submitted for the degree of Doctor of
Philosophy in the specialty 105 — Applied Physics and Nanomaterials,
G. V. Kurdyumov Institute for Metal Physics of the National Academy of Sciences of
Ukraine, Kyiv, 2025

This dissertation is devoted to the investigation of crystallographic texture,
elastic, and some mechanical of anisotropic and spatially inhomogeneous metallic
polycrystals using the ultrasonic texture analysis (USTA) method, particularly after
high-energy directional thermomechanical treatments such as ultrasonic impact
treatment (UIT). It is well established that the presence of texture in a material often
results in the anisotropy of elastic parameters, which are fundamental characteristics
of any solid and are directly or indirectly linked to other physical and mechanical
properties. Therefore, comprehensive evaluation of the material’s texture and elastic
state 1s critical for ensuring structural reliability, predicting performance under service
loading conditions, and preventing failure. However, such comprehensive studies
remain limited, likely due to their technological complexity and time-consuming
nature.

Conventional methods for texture determination, such as X-ray and neutron
diffraction, provide high accuracy but are destructive, require meticulous sample
preparation, and are applicable only in laboratory settings. Moreover, they often yield
information limited to the surface layers. Similar limitations apply to standard methods
for assessing elastic properties (mechanical testing, nanoindentation).

In contrast, the USTA method is non-destructive, rapid, and capable of probing
the bulk material, including various regions of complex-shaped samples in multiple
geometric directions, including those inaccessible for conventional ultrasonic (US)
measurements. Furthermore, USTA allows for the acquisition of comprehensive
information about both the textural and elastic states of materials without the need for

additional investigative methods and within acceptable error ranges for engineering
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applications. As such, USTA is a promising technique for integrated studies of textural
and associated elastic properties of anisotropic, spatially inhomogeneous materials, as
demonstrated by the findings of this work.

The present study investigates: 1) model Cu-37Zn brass alloy samples in the
form of rectangular parallelepipeds ("bulk" specimens) and thin plates of the same
alloy subjected to high-energy shock compression (HESC) followed by UIT under
ambient and cryogenic temperatures (air-UIT and cryo-UIT, respectively); 2) massive
specimens and plates of 51Ti31Zr18Nb, 51Ti31Zr10Nb8Ta, 51Zr31Til18Nb, and
51Zr31Ti10Nb8Ta alloys in the initial state and after UIT; 3) fine-diameter (~1 mm)
Inconel 718 alloy wire subjected to combined hydrogenation and UIT.

The following key findings were established:

« HESC of bulk Cu-37Zn specimens induces a copper-to-brass crystallographic
transition and a significant intensification of the [111] diffraction lines in the
deformation direction already at € = 11.02%. At € = 18.8%, these effects become
more pronounced. Moreover, HESC increases Young's modulus E in both the
deformation and transverse directions, correlating with the texture evolution, as
the [111] direction corresponds to the maximum of E. This behavior is typical
of high-strain-rate uniaxial compression.

o Subsequent UIT at the ambient temperature (air-UIT) results in a reverse brass-
to-copper texture transformation due to the alternating component of UIT, which
detaches the texture elements formed after HESC from their anchoring points.
In contrast, UIT at the cryogenic tenperatures (cryo-UIT) of bulk specimens
under similar conditions does not alter the texture type but affects only the values
and anisotropy of the elastic parameters. This behavior is associated with the
suppression of defect mobility, their accumulation, the impediment of
dislocation glide, and the predominance of twinning as the primary deformation
mechanism, which collectively promote the retention of brass-type texture in the
samples.

o Air-UIT of isotropic Cu-37Zn plates results in the formation of a brass-type

texture after only 20 seconds of treatment, whereas cryogenic UIT preserves the
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characteristic copper-type texture even after 60 seconds of exposure. The
observed twinning and shear bands in the cryo-UIT-treated sample contribute to
the development of a brass-type texture, while stress relaxation, atypical
dislocation activity induced by ultrasonic vibrations, and the formation of
dislocation cells in the room-temperature UIT-treated sample promote the
formation of a copper-type texture. The results obtained for both bulk and plate
Cu-37Zn samples are in good agreement.

yielded reference data on elastic properties, their spatial heterogeneity and
anisotropy, Vickers hardness, and plasticity as characterized by Yu.V. Milman's
approach of 51Ti31Zr18Nb, S5I1Ti31Zr10ONb8Ta, 51Zr31Ti18Nb, and
51Zr31Til10Nb8Ta alloys, both in the initial state and after UIT. The effects of
Zr, Nb, and Ta concentrations and UIT on these parameters, including their
anisotropy and inhomogeneity, were determined. Ta-containing alloys exhibited
significantly higher inhomogeneity in these characteristics. The influence of Ta
on elastic modulus values and their anisotropy depends on the initial Zr and Ti
contents. UIT was shown to reduce the magnitudes, anisotropy, and spatial
variability of most mechanical properties, especially Young’s modulus E, which
1s of particular relevance to their practical applications. The study employed
specialized software for averaging ultrasonic velocities and mechanical
properties in spatially inhomogeneous and anisotropic materials, allowing for
the development of a methodology to extract isotropic values for non-uniform
Ti- and Zr-based polycrystals.

For the first time, the USTA method was applied to study the elastic, textural,
and principal mechanical properties of fine-diameter (~1 mm) Inconel 718 alloy
wire subjected to combined hydrogenation and UIT. Due to the axial texture of
the wire, it was sufficient to measure v; only in the radial direction, with
polarization vectors in the axial and tangential directions. Alongside USTA,
tensile tests and EBSD analyses were conducted. USTA data revealed that
hydrogenation, and especially UIT, resulted in deviation of the (111) poles on

the pole figure from the axial to the radial direction. This was accompanied by a
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decrease in Young’s modulus £ and an increase in shear modulus G, leading to
a hardness increase (up to 5-6%) and axial strengthening, in qualitative
agreement with mechanical test results. The plasticity index 6H decreased by no
more than 0.8—0.9%. In pre-treated and UIT-processed samples, hydrogenation
led to a further increase in hardness. EBSD results confirmed a combined effect
of surface UIT and hydrogenation on grain structure and crystallographic
texture, consistent with USTA data and indicating that texture evolution is the
primary mechanism governing changes in elastic and mechanical properties of
Inconel 718 wire, ultimately contributing to its axial strengthening.
The results demonstrate the efficacy of the USTA method for layer-by-layer
analysis of elastic, textural, and principal mechanical properties in anisotropic
polycrystals and underscore the potential for broader use of directional deformation

treatments such as UIT in tailoring the service performance of metallic materials.

Key words: Crystallographic texture, elastic properties, the ultrasonic texture
analysis method, anisotropic and heterogeneous materials, elastic anisotropy, Inconel
718, non-destructive testing, mechanical properties, ultrasonic impact treatment, Ti-Zr

medical alloys, microstructure, high-energy deformation.
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INTRODUCTION

Relevance of the Topic. In recent decades, there has been a growing interest in
methods of intensive plastic deformation (IPD), which enable the formation of
ultrafine-grained and nanostructured states in bulk billets of metals and alloys, creating
unique physicomechanical properties of the materials [1, 2]. Most IPD methods lead to
the formation of structural heterogeneity, in particular, texture, which can cause
anisotropy of the elastic properties of the material. Elastic properties, being
fundamental characteristics of solid bodies, directly or indirectly interact with other
physicomechanical properties of materials.

The analysis of the texture and elastic state of materials, as well as the
assessment of their heterogeneity and anisotropy, is essential for ensuring the stability
of structures and preventing accidents. Understanding the relationship between the
texture and elastic properties allows for predicting their behavior in different geometric
directions, as demonstrated in the works with the author’s participation [3, 4].

Obtaining such comprehensive information using traditional methods is possible
only through separate analysis of elastic and texture characteristics. The most common
approaches for determining elastic parameters (EP) include mechanical testing and
nanoindentation. However, these methods are destructive, time- and effort-consuming,
and in case of nanoindentation provides data only for surface layers. Additionally,
assessing the anisotropy and heterogeneity of EP requires multiple applications of these
methods on samples with different orientations, which further complicates the process
and extends the research time.

Texture state evaluation is possible using classical texture determination
techniques, such as X-ray or neutron diffraction. However, these methods also have
limitations, including being destructive, labor-intensive, costly, and often incapable of
providing a volumetric analysis of the material. Furthermore, layer-by-layer
examination requires preparation of a lot of samples. And the texture dependence of
the EP can be obtained by combitation of these method with the previously discussed

ones.
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In this context, the method of ultrasonic texture analysis (USTA) is a promising
tool for obtaining comprehensive information about the texture and EP of materials, as
well as their heterogeneity and anisotropy. The accuracy of USTA is quite sufficient
for most technical tasks, considering all its advantages. USTA is characterized by high
speed, relative simplicity, and the ability to investigate the volume of material non-
destructively with minimal error, making it highly usefull for practical applications.
This method also allows for the analysis of products with various geometric shapes
(e.g., thin plates or complex-shaped structures with limited access), making it an
important tool for scientific and technical research.

Research Aim and Objectives. The aim of the present dissertation is to provide
a comprehensive characterization of the texture, elastic properties, as well as their
spatial heterogeneity and anisotropy in the selected materials after the application of
various technological factors, using ultrasonic measurements and the method of
Ultrasonic Texture Analysis (USTA).

The objects of the study include the following materials:

1. The model alloy Cu-37Zn in the form of rectangular parallelepipeds with
dimensions of (4-6)x(5-8)x(7-10) mm?* was studied in the initial (textured)
state, after two subsequent single impacts (the method of high-energy shok
compression - HESC) resulting in 11.02% and 18.8% deformation, as well as
after subsequent ultrasonic impact treatment (UIT) at room (air-UIT) and
cryogenic (cryo-UIT) temperatures.

2. The model alloy Cu-37Zn in the form of thin plates with dimensions of
7x7%x0.38 mm? was examined in the initial (isotropic) state and after UIT at
room and cryogenic temperatures.

3. Medical 51Ti31Zr18Nb, 51Ti31Zr10ONb8Ta, 31Ti51Zr18Nb, and
31Ti51Zr10Nb8Ta alloys in the form of bulk samples and thin plates, both in
the initial state and after UIT.

4. Small-diameter wires (d < 1 mm) of the Inconel 718 superalloy subjected to
combined electrochemical hydrogen charging UIT.

To achieve this goal, the following tasks were systematically addressed:
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1. Precise measurements of the material density (p) and the volumetric US
velocities (v;) were performed in both the as-received state and after the applied
treatments. The ultrasonic velocities were additionally measured at different
sections of the samples to assess local variations.

2. Based on the obtained values of v;; and p, effective elastic constants Cj; were
calculated, as well as the values, heterogeneity, and anisotropy of Young’s
modulus (E), shear modulus (G), bulk modulus (B), Poisson’s ratio (v), and the
Pugh’s ratio (B/G) in orthogonal directions at different regions of the samples.

3. For the Cu-37Zn massive specimens and Inconel 718 wires, based on the values
of vy, p, and effective elastic coefficients Cj , the orientation distribution
coefficients Wi were calculated, and pole figures (PF) for the main
crystallographic directions were constructed. In cases where it was not possible
to obtain PFs from ultrasonic measurements (e.g., for plates), additional texture
characterization methods, such as X-ray or electron backscattering diffraction
(EBSD), were applied.

4. Conclusions were drawn regarding the impact of the studied technological
regimes on the investigated textural, elastic and some mechanical
characteristics of the materials.

Research Methods. Different methods were employed to investigate the
texture and elastic properties depending on the material type and sample geometry.
The USTA method was applied to bulk samples of the Cu-37Zn alloy and wires of the
Inconel 718 superalloy. The texture of Cu-37Zn alloy plates was also characterized
using X-ray diffraction analysis EBSD. The structural state of this alloy was further
analyzed by transmission electron microscopy (TEM) and selected area electron
diffraction (SAED).

For the Inconel 718 wires, in addition to UTA, uniaxial tensile tests were
performed to assess mechanical properties. Texture analysis of the wire cross-section
was conducted using EBSD.

Ultrasonic measurements were used to determine the absolute values,

anisotropy, and heterogeneity of elastic moduli and certain mechanical properties of
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the alloys 51Ti31Zr1ONb8Ta, 51Ti31Zr18Nb, 51Zr31TilONb8Ta, and
51Zx31Til8Nb.
Subject of the Research.
1. Assessment of the potential to influence the texture and elastic state of Cu-37Zn
samples using various methods and modes of high-speed directed treatments.
2. Effect of chemical composition and ultrasonic surface impact treatment (USIT)
on the elastic and key mechanical properties of medical-grade alloys
51Ti31Zr10Nb8Ta, 31Ti51Zr10Nb8Ta, 51Ti31Zr18Nb, and 31Ti51Zr18Nb.
3. Evaluation of the potential to enhance hydrogen embrittlement resistance of thin
Inconel 718 wires through radial ultrasonic surface impact treatment (USIT).
The reliability of the results obtained in this work is ensured by the use of high-
sensitivity experimental techniques, as well as the application of a set of independent
experimental and theoretical methods, the outcomes of which are in mutual agreement.
The experiments were conducted using state-of-the-art equipment at the Department
of Physical Foundations of Surface Engineering of the G.V. Kurdyumov Institute for
Metal Physics of the NAS of Ukraine, at the SPM&RS Center of the NAS of Ukraine
based at the same institute, and in the EBSD research laboratory of the Institute of
Mechanics and Engineering in France.
Scientific Novelty
1. For the first time, an unusual brass-to-copper texture transition was observed
under air-UIT. This effect is associated with the influence of the alternating
component of the UIT, which facilitate the movement of fixed dislocation
segments by breaking their fixation points. The study shows the possibility
to obtain required texture and elastic state of the material by choosing the
proper combination of high-rate deformation methods.
2. The feasibility of UIT to reducing the anisotropy and heterogeneity of the
elastic and mechanical properties of Ti-Zr-based medical alloys has been

demonstrated.
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3. For the first time, the effectiveness of USTA method has been demonstrated
for investigating the elastic, textural, and key mechanical properties of axially
textured wire samples of Inconel 718-type alloys.

4. The texture factor plays a key role in the change of the elastic properties of
thin Inconel 718 alloy wire subjected to hydrogen charging and/or the UIT.

5. The potential of UIT as a means of enhancing the resistance of Inconel 718
wires to hydrogen embrittlement (HE) at the surface has been demonstrated.

Scientific and Practical Significance. It was established that UIT can initiate a
reverse texture transition from brass-type to copper-type in bulk Cu—37Zn alloy. This
opens new opportunities for tailoring the texture and elastic state of the material, which
is promising for controlling mechanical properties in engineering applications.

Generalized reference data on the elastic and mechanical properties of medical
B-type Ti-Zr-Nb-Ta alloys with various compositions have been provided, which may
serve as a basis for comparison with theoretical predictions. It has been shown that
USIT reduces the degree of elastic anisotropy and heterogeneity in this class of alloys,
which is critical for improving the functional reliability of biomedical implants. The
observed increase in Young’s modulus (E), shear modulus (G), and Vickers hardness
(HV) in Ta-containing alloys after USIT may indicate a change in phase stability,
which should be considered in the development of thermomechanical processing
techniques.

The effectiveness of USTA method has been demonstrated as a fast and
informative tool for assessing the texture and elastic state of complex engineering
materials, including in directions inaccessible to direct ultrasonic measurements. The
necessity of considering the texture factor as a key parameter affecting the elastic
characteristics of thin Inconel 718 wires after combined hydrogen charging and USIT
has been demonstrated. This opens the possibility for targeted texture engineering to
achieve desired elastic and mechanical properties, particularly for improving resistance
to degradation in hydrogen-containing environments.

The author’s personal contribution. The formulation of research objectives,

discussion, and interpretation of the obtained results were carried out in collaboration
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with the scientific supervisor, Candidate of Physical and Mathematical Sciences,

Senior Researcher O.1. Zaporozhets. The author independently conducted the analysis

of scientific literature, took part in experimental US investigations were performed, the

acquired data were processed, and scientific publications and conference presentations

were prepared.

During an international research internship in France, supported by the “Nadiya”

(“Hope”) scholarship program, the author directly participated in EBSD analysis of

Inconel 718 alloy wires.

In co-authored publications, the following contributions were made personally

by the author:

In [3]: analysis of pole figures obtained via X-ray diffraction was performed;
texture types of Cu-37Zn alloy plates in both initial and deformed states were
identified; elastic and mechanical properties were calculated based on ultrasonic
data; illustrative material and the English version of the publication were
prepared.

In [18]: pole figures for the main crystallographic directions were constructed
based on ultrasonic measurements; orientation dependencies of Young’s
modulus were determined; spatial variations in elastic properties in mutually
perpendicular directions across different regions of the samples were analyzed;
the levels of anisotropy and heterogeneity were assessed; conclusions were
formulated regarding the influence of structural, particularly textural, factors on
the observed changes.

The author also translated all published scientific articles into English.

Validation of Research Results. The results of the thesis have been presented

in 7 scientific publications, including 2 articles in international peer-reviewed journals

indexed in the Scopus database, and 5 conference abstracts published in proceedings

of scientific conferences.
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Core Research Theses Submitted for Defense

1. The comparing of pole figures (111) obtained after each deformation step
with those typical for copper- and brass-type texture has shown that the
specimen after HESC to ¢ = 18,8% is brass-type textured and the following
air-UIT leads to inverse brass-copper texture transition. The explanation is as
follows.

The alternating component the UIT plays a key role in the reverse texture
transition from brass to copper in bulk Cu-37%Zn alloy samples by detaching
dislocation segments from their pinning points.

2. The UIT reduces the elastic anisotropy of the 51Zr31Ti118Nb alloy from 15%
to 1.1% and decreases the average Young’s modulus from 87.36 GPato 85.31
GPa. In the case of the 51Ti31Zr18Nb alloy, the maximum anisotropy
remains unchanged after UIT (5.2%), while the average Young’s modulus
decreases by 2.63 GPa. For the 51Ti31Zr10ONb8Ta alloy, the maximum
anisotropy of the Young’s modulus remains high after UIT (—8.95%
compared to 10.44% before UIT), although a redistribution between the
directions of maximum and minimum values occurs, as evidenced by the
change in the sign of anisotropy. In the 51Zr31Ti10Nb8Ta alloy, UIT causes
a slight increase in the maximum anisotropy of the Young’s modulus (from
0.36% before UIT to 2.71% after UIT), while decreasing the average
modulus by 5.22 GPa.

3. The USTA results show the decrease in (111) texture sharpness in the axial
direction is observed after UIT, and an even greater decrease after subsequent
hydrogenation. Considering that Inconel 718 belongs to materials with a
positive anisotropy factor, i.e., the <111> directions correspond to the
maximum Young’s modulus (and correspondingly the minimum shear
modulus), the decrease in the intensity of [111] poles correlates with a
reduction in the value of E in this direction. This is confirmed by EBSD

analysis, which shows a decrease in the fraction of [111]-oriented crystallites
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along the wire axial direction after the UIT combined with hydrogen
charging.

Structure and Scope of the Thesis. The dissertation consists of an introduction,
three chapters, conclusions, a list of references and a list of abreviations. The total
length is 114 pages.

Relation of the Research to Scientific Projects
Executor of the project, Project Ne1230 1A "High-strength states as a result of special
interatomic interaction in high-entropy solid solutions with martensitic
transformation", all-Ukrainian, G. V. Kurdyumov Institute for Metal Physics of the
N.A.S. of Ukraine, 2020-2021, Presidium of the N. A. S. of Ukraine,
https://www.nas.gov.ua/UA/Messages/Pages/View.aspx?MessagelD=5468
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CHAPTER 1. STATE OF THE ART ON THE MATERIALS UNDER STUDY
1.1 The texture formation process in Cu-Zn alloys

It 1s well known that there are two texture types in FCC metals and alloys — so
called “metal-type” and “alloy-type” of texture (combination of orientations
Cu{l12}<111>,  S;3{123}<634>, Bs{110}<112>) and (Bs{110}<112>,
G{110}<001>, respectively) [5, 6]. They were quantitatively described for the first
time in [7] (Fig. 1). In this study the textures of aluminum, copper and 70/30 brass were
examined. Similar texture types were observed in the number of other fcc-metals and
its’ alloys at the different operational conditions [2-9], the whole history of

investigations of texture in FCC materials were generalized in the overview [10].

ANy

a) b)
Figure 1. (111) pole figures for the inside texture of rolled copper (a) and 70/30 brass (b) [7]

The scientists have agreed that the development of one or another texture type
depend on the stacking fault energy (SFE) of the material. It was firstly confirmed in
[8], in which the authors investigated the texture development in pure silver under
different rolling temperatures to vary SFE. It was found that with a low temperature of
deformation (0°C) the rolling texture is completely (110) [112] (“alloy-type”), being
identical with the rolling textures normally obtained in common silver, and with a high
temperature of deformation (200°C), the rolling texture is primarily of the (123) [412]

("copper type"). It is remarkable that alloy-type texture was formed at lower

23



temperature. This tendency was noticed in several studies [7, 8] and finally led to the
conclusion that high- and medium-SFE materials generally prone to form metal-type
texture, and low-SFE ones form the alloy-type [9]. In [9] a series of alloy systems of
known stacking fault energy were examined, namely pure metals aluminium, silver,
gold and copper, and on the alloys of Cu-Zn, Cs-Al, Cu-Ge, Ag-Al and Ag-Au. Since
that study SFE has been stated as a fundamental factor governing the change in rolling
texture of FCC-materials. This statement was confirmed in the modern studies [10 and
the references therein]. In [10] three materials, pure aluminium, Al-4 wt.% Mg, a-brass
have been chosen to understand the evolution of texture and microstructure during
rolling in order to understand the general trend in the evolution of microstructure and
crystallographic texture as a function of SFE in a range of FCC materials with different
SFE values. The authors [10] observed the clear change of rolling texture from metal-
type to alloy-type is evident with decreasing SFE from pure Al to a-brass.

Even more, different texture types are noticed to be formed in the same material
at the different deformation degrees. Remarkably, that texture formation at the early
deformation stages stars with metal-type texture, and then the transition to alloy-type
occurs at higher deformation degree [5]. In [5] materials from medium to low SFE were
investigated, namely commercially pure Cu, Cu-10%Zn and Cu-30%Zn. It was found
that the textures of the copper-zinc alloys both show a similar initial development to
that of copper but a transition occurs above a reduction of about 40 per cent. This
indicates that an additional deformation mode has become active. The features of the
transition are consistent with those expected if the additional deformation mode were
mechanical twinning. Almost the same observations were made in [11] for pure Cu and
70/30 brass, which showed similar textures up to a strain of 1.6, nevertheless that each
one is characterized by very different SFE value. Noticeably, that in the materials with
high SFE (pure aluminium in the mentioned study [10]) the brass-type texture can even
not be formed, and in the medium-SFE material (Al-4 wt.% Mg) the metal-type texture
exists up to 98% degree of deformation. At the same time, in the low-SFE a-brass the
alloy-type texture formed from the very early deformation stages.

The investigated fcc-materials have been shown a strong temperature
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dependence of texture formation process. In [12] the comparison between room
temperature rolled and cryogenically rolled pure copper was conducted. It appears that
after the cryogenic deformation the texture resembles a Brass type, while the pure metal
type texture was observed after room temperature rolling.

Lowering deformation temperature make enhances deformation twinning, so
that brass-type texture is more likely to be formed. Additionally, that is why texture
formation process usually starts with copper-texture, and the transition to brass-type
occurs at the later deformation stages, when slip is no longer possible. The mechanical
twinning mechanism for rolling texture transition from the copper-type to the brass-
type as proposed by Wassermann [13] and later confirmed in [14]. It is shown by the
authors that if mechanical twinning and deformation faulting on the {112}(111)
orientation of the rolling texture component are prevented or nullified, for example, by
cross rolling, the resulting deformation texture is essentially the same for both high-
and low-SFE metals.

Since mechanical twinning is more likely to occur not only al the lower
temperatures, but as well at higher deformation rate, it has been expected to be a third
possible way of obtaining copper-brass transition [15, 16]. In [15], fast rolling was
performed on brass containing 5% zinc by weight, using a roller speed of 25 m/min
and achieving approximately 50% thickness reduction per pass, resulting in a total
reduction of 94% over four passes. In contrast, slow rolling was carried out at a roller
speed of about 3.5 cm/min, with each pass reducing the thickness by around 10%,
requiring 30 passes to reach the same total reduction of 94%. The study confirmed that
increasing the deformation rate produces a similar effect on texture as lowering the
rolling temperature.

The grain size dependencies of the texture formation process were observed as
well. It was shown in several studies [5, 17] that copper-brass texture transition occurs
earlier in the materials with finer grain size then in the coarse-grained ones. Even more,
in [17] it was also shown that texture formation process occurs stage by stage and there
1s an exact sequence of deformation components, which are involved into the texture

formation process (Fig. 2).
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Figure 2. Relative activity of the acting slip and twinning systems in Cu-10%2Zn alloy [17]

In the studies with author’s participation [3, 18] both low temperature and high-
speed deformation conditions were applied. In [3] initially isotropic thin plates made
of low-SFE Cu-37Zn alloy were deformed by air-UIT and cryo-UIT. As it is expected,
observed twinning and shear bands in cryo-UIT-ed specimen provide to the formation
of the brass-type texture while the stress relaxation, unusual dislocation activity
stimulated by ultrasonic vibrations and dislocation cell formation in the air-UIT-ed
specimen leads to the copper-type texture.

It should be noted that the effect of UIT is also heterogeneous across the height
of the specimen [18, 19] and is characterized by the presence of alternating and
cumulative components of deformation [20]. The alternating component permeates the
entire volume [19] of the material, while the static component is concentrated in the
near-surface layer, hence their contributions to the overall deformation of the specimen
significantly depend on its thickness. With the change in sample thickness, the
maximum stresses developed by the static and alternating components also change
accordingly. This leads to the assumption that the effect of identical UIT regimes on
massive specimens and plates of the same material can qualitatively differ. In order to
assess the effect of the changing ratio between alternating and static components of the
UIT in the next study [ 18] authors have increased the thickness of specimens. In [18]
the same alloy (Cu-37%Zn as in [3]) but in the form of massive rectangular

parallelepiped were investigated after single shock impact, and following air- and cryo-
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UIT (applied not one by one, but separately on different groups of specimens). In
contrast to the previous study [3], specimens were initially copper-type textured, and
after single impact a copper-brass transition occurred. Then, after air-UIT the inverse
brass-copper transition was observed, while the specimens after cryo-UIT remained
brass-type texture. The possible explanation proposed be the authors lie into the
influence of alternating deformation component of the UIT. As explained above [5,
17], deformation components are involving one by one in texture formation process in
fcc-materials. The alternating UIT-component allows moving dislocation segments
fixed after single impact by breaking their fixation points. As a result, texture formation
process returns to its previous stage, namely to the copper-type texture. To our
knowledge, such inverse texture transition was obtained for the first time after dynamic
deformation. Previously, such transition was obtained in [21] 70% thickness reduction
of by cold rolling of high-purity copper followed by quenching in ice water after each
10%.

It has to be noted that texture of the material generally has significant influence
on its elastic and mechanical properties [3, 4, 18, 19], and that’s why it is crucially
important to control and operate the textural state in it. The study [18] has shown a
great and relatively easy way to obtain a proper texture state in the investigated brass
alloy, and also to change already formed texture, which might be very useful for
operation purposes.

To my knowledge, there are no other studies dealing with texture formation in
FCC-metals under dynamic alternating loading, while it opens the great possibilities to
operate the texture formation process and to obtain a required state of the material.
Using that kind of treatment, it might be possible dealing with not only initially
isotropic material, but with deformed one as well.

Considering all the above, it is important to develop such techniques, and as well
the methods of controlling texture and elastic state. The ultrasonic texture analysis
method (USTA) applied in the mentioned works [3, 4, 18, 19] has shown itself as a
very convenient way to investigate texture, elastic and related mechanical properties at

the same time without using additional techniques.
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This method enables the analysis of the entire set of mentioned properties in a
non-destructive and rapid way across different regions of the sample and along various
geometrical directions. Additionally, it allows for the extraction of information from
the entire volume of material within the insonified area. In contemporary scientific
literature, such comprehensive data on texture and elastic characteristics are virtually
absent, despite the fact that all technological treatments directly affect these properties.

So, there are two directions of great interest: the development of the methods of
treatment being able to create a required texture/structure state of the material, and —
in the same time — the methods to control it. If to develop both methods simultaneously,

it will be the best way.

1.2 The elastic properties of S1Ti31Zr10Nb8Ta, S1Ti31Zr18Nb,
51Zr31Til10Nb8Ta, 51Zr31Ti18Nb Alloys for Biomedical Applications

Throughout the history of alloy development, the predominant strategy has
involved selecting a single base (solvent) element and incorporating minor additions
of alloying elements (solutes) to tailor specific material properties. Over millennia, this
approach has enabled the creation of a vast range of alloys. However, the scope for
discovering fundamentally new systems using this traditional methodology has become
increasingly limited—particularly with respect to enhancing structural and functional
performance parameters [22].

A significant conceptual breakthrough in alloy design occurred in the early
2000s, with the introduction of multi-principal element alloys, which expanded the
exploration space beyond conventional binary or ternary systems [23-28]. These alloys
incorporate several major elements in comparable proportions, often resulting in
surprisingly simple solid-solution phases such as disordered face-centered cubic (FCC)
or body-centered cubic (BCC) structures [22]. While originally applied to high-entropy
systems, this strategy has proven valuable for developing advanced biomedical
titanium alloys based on Ti, Zr, Nb, Ta, and Mo.

Such expanded compositional freedom has enabled the discovery of alloys with

outstanding mechanical and biological performance. Among these, Ti-based multi-
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element alloys, particularly those containing Zr, Nb, Ta, and Mo, have attracted
increasing interest due to their exceptional corrosion resistance, high strength-to-
modulus ratio, biocompatibility, and favorable fatigue behavior [29-31]. These alloys
are viewed as promising alternatives to Ti6Al4V, which—despite comprising
approximately 80% of titanium implants [32]—contains cytotoxic Al and V, and has a
relatively high elastic modulus (~110 GPa), substantially exceeding that of human bone
(10-30 GPa) [33, 34]. Stainless steels and Co—Cr alloys, which are also used for bone
implants, present challenges such as the release of allergenic or potentially
carcinogenic ions (e.g., Co, Ni, Cr, Fe), which may trigger hypersensitivity reactions
or necessitate revision surgery in up to 5% of patients [35-38].

In order to overcome the challenges associated with the use of the
abovementioned alloys, researches were focused on the third-generation near- and [3-
type titanium alloys, such as Ti—13Nb—13Zr, Ti—35.3Nb-5.7Ta—7.3Zr (TNTZ), and
Ti—24Nb—4Zr-7.9Sn (T2248), which offer improved biocompatibility and reduced
stiffness. However, strength limitations persist in some of these systems [39, 40].

The mechanical behavior and phase stability of these Ti—Zr-based alloys are
primarily influenced by valence electron concentration (VEC) and the atomic size
mismatch parameter 6 [41]. Depending on these parameters, titanium alloys may
exhibit a, a+f, metastable B3, or stable B microstructures at room temperature [42]. A
direct proportional relationship between VEC and modulus has been observed in multi-
principal Ti-based alloys, so that B-type titanium alloys with lower VEC values tend to
have lower elastic moduli, while a+f alloys generally possess higher strength and
stiffness [43]. This determines the potential of developing low-VEC compositions for
orthopedic applications.

Among the most intensively studied Ti—Zr—Nb-based biomedical alloys are
compositions that include additional elements such as Ta and Mo (e.g., TiZrNbTa,
TiZrNbHfTa, TiZrtNbHfMo, and TiZrNbHfTaMo) [44-46, 47-49]. These systems
exhibit superior strength, attributed in part to shear modulus mismatches between
constituent elements [50, 47, 48]. For instance, tensile strengths of ~970 MPa and 1200
MPa have been reported for TiZrNbTa and TiZrNbHfTa alloys, respectively, with
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elongations exceeding 12% [44, 49]. Mo-containing alloys achieve compressive
strengths above 1.4 GPa but often suffer from reduced tensile ductility [45, 46].

Nonetheless, many of these alloys exhibit elastic moduli 83—103 GPa that remain
higher than ideal for osseointegration. This is largely due to the high VEC values of
elements like Ta and Mo, which increase stiffness of an alloy. As shown in [32],
omitting high-VEC elements such as Mo and Ta in Ti—Zr—Nb systems can substantially
reduce modulus. For example, the Ti45Zr45Nb10 alloy exhibited low stiffness and
favorable in vivo bone integration after 12 weeks in rat femurs, demonstrating that
strategic compositional tuning can improve mechanical compatibility.

Similarly, [49] demonstrated that removal of Mo from a Ti—Zr—Nb—Ta—Mo alloy
lowered the § parameter and quadrupled ductility while preserving strength. Although
the resulting modulus (116 + 6 GPa) remained above that of bone, it was significantly
lower than in the Mo-containing alloy (153 GPa), offering a more balanced solution of
implants. In the present work, Ti—Zr—Nb-Ta alloys such as 51Ti—31Zr-18Nb and
51Ti-31Zr-10Nb—8Ta achieved Young’s moduli of 83.34 and 80.6 GPa, respectivelyo
which are markedly lower than abovementioned equiatomic counterparts. Conversely,
Zr-enriched variants like 31Ti—51Zr—-18Nb and 31Ti—51Zr—10Nb—8Ta showed slightly
higher modulus (89.65 and 91.42 GPa), despite greater o values, suggesting that 6 alone
does not fully predict elastic response.

Element-specific roles in these alloys have also been clarified. Titanium (T1)
serves as the biocompatible base and stabilizes a-phase structures, while Niobium (Nb)
supports B-phase formation and contributes to shear softening. Tantalum (Ta promotes
B-phase stability but increases modulus at higher concentrations. Zirconium (Zr),
meanwhile, suppresses m-phase formation and enhances ductility, synergizing with Nb
and Ta to support elastic softening [29, 41-43, 51, 52].

This was also evident in [29], where increasing Zr and Ta while reducing Ti and
Nb resulted in enhanced strength, modulus, and microhardness—trends corroborated
by findings from the present study.

Tane et al. [51, 52] further showed that the lowest moduli in Ti—-Nb—Ta—Zr alloys

occur near the f—a” transformation, where shear elastic constants soften significantly.
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Alloys excessively stabilized in the B-phase (e.g., via high Nb or Ta content) tended to
show higher stiffness, while near-transforming compositions reached modulus values
as low as 35 GPa in the [001] direction of single crystals.

Thus, VEC and & affect modulus not directly, but through their influence on
intrinsic elastic constants and phase stability.

Further optimization in [41] studying non-equiatomic Ti(25+x)—Z1r25-Nb25—
Ta(25—x) alloys. Increasing Ti at the expense of Ta decreased 6 from 4.72% to 4.65%
and transformed brittle behavior into ductile. For example, Ti40-Zr25-Nb25-Tal0
and Ti45-Zr25-Nb25-Ta5 exhibited tensile strains above 18% and strengths
exceeding 900 MPa—among the few multi-element Ti alloys achieving both strength
and ductility.

Mechanical behavior can also be tuned via control of texture state. In [53], the
lowest modulus (47 GPa) among bulk Ti alloys was achieved through cold rolling and
texture development in Ti—13Nb—13Zr, highlighting the role of martensitic
transformation and anisotropy rather than -phase stabilization alone.

Theoretical work in [54] confirmed an inverse relationship between elastic
anisotropy and VEC in the 4.1-4.8 range. Alloys such as Ti45Zr45Nb5Ta5 showed
pronounced anisotropy and low directional modulus, suggesting that anisotropic
elasticity can be exploited for biomedical design. Although the formation and
stabilization of the B-phase remain a priority, considering that the loading conditions
on the final product are not always uniaxial and it is not always possible to select a
single desired direction with a minimum Young’s modulus (E), there is a growing
interest in the possibility of minimizing E using natural elastic anisotropy of these
alloys, as well as various thermomechanical treatments.

At the same time, most studies remain limited to as-cast or annealed conditions
[55, 56-58]. Thermomechanical treatments, which can enhance texture and lower
stiffness, are underutilized but promising [53, 54]. Moreover, with increasing strain
rate, Ti-based alloys exhibit quasi-linear strain hardening and adiabatic softening,
which are desirable characteristics for implant applications. [59, 60]. Additionally,

surface modifications offer additional routes for tuning mechanical performance. Shot
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peening, for instance, reduced modulus from 85 to 65 GPa in B-Ti to a depth of 400
um [61]. In this context, UIT deserves particular attention due to its influence on the
subsurface structure, texture, and elastic properties [62, 63]. Further investigation of
the potential of UIT as a tool for tailoring the mechanical properties of biomedical
titanium alloys is warranted, taking into account the specific requirements for implant
materials. This 1s especially relevant given that most current studies on SMAT focus
primarily on surface chemical composition and morphology [64, 65], while its effect

on the elastic anisotropy of materials remains insufficiently explored.

1.3 The texture, elastic and mechanical properties of Inconel 718 Wires
subjected to combined influence of ultrasonic impact treatment and

hydrogenation

Hydrogen can cause embrittlement in metals and alloys, a phenomenon first
documented nearly 150 years ago. Back in 1874, Johnson [66] observed a substantial
reduction in the fracture strain of steel and iron samples after immersion in hydrogen-
containing solutions. Since that time, more than 38,000 research papers have addressed
this topic [67], underlining the engineering relevance, multidisciplinary nature, and
complexity of hydrogen embrittlement (HE). A comprehensive review describing HE
and shedding light on its potential mechanisms is available in [68 and the references
therein].

A wide array of studies have aimed at resolving the challenges posed by HE.
Among the strategies explored to enhance HE resistance are thermal treatments [69],
alloying [70, 71], and application of protective coatings [72-74]. However, these
solutions often involve considerable cost and intricate processing steps, prompting a
search for more efficient and broadly applicable preventative methods [75, 76].

Broadly, efforts to address HE can be grouped into two main strategies: (1)
reducing hydrogen ingress and limiting its diffusion—often by incorporating hydrogen
traps—and (2) enhancing the intrinsic strength, ductility, and fracture resistance of the
material, including its resistance to hydrogen-induced cracking.

To develop such strategies, a thorough mechanistic understanding of HE 1is
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essential. Notably, V.G. Gavriljuk and colleagues have made significant theoretical
contributions by proposing an electron-centered viewpoint on hydrogen embrittlement.
Their analysis, detailed in a recent review [77] and a monograph [78], focuses on two
predominant mechanistic models:

1. Hydrogen-enhanced decohesion (HEDE) — wherein hydrogen reduces the
cohesive strength of atomic bonds ahead of the crack tip, facilitating crack
propagation without dislocation involvement.

2. Hydrogen-enhanced localized plasticity (HELP) — where hydrogen increases
dislocation mobility, reduces elastic moduli by increasing the density of free
electrons, and enables dislocation motion under lower applied stress, leading to
localized plasticity and consequent fracture.

These two mechanisms are not mutually exclusive. According to the authors,
they can act in tandem: HELP contributes to elevated local stresses ahead of a crack
tip due to easier dislocation movement, while HEDE promotes crack advancement by
weakening atomic cohesion in that same region [77].

Ab 1nitio calculations and experimental observations both support that hydrogen
enhances the density of states at the Fermi level in metals, resulting in metal-specific
changes in their elastic moduli [77]. In elements such as iron, nickel, and titanium,
hydrogenation generally causes a drop in elastic properties due to bond weakening and
increased dislocation activity. In contrast, in niobium, the elastic response may differ
due to its negative crystallographic anisotropy factor. In nickel, hydrogen also affects
miscibility and phase stability. These diverse behaviors suggest that HE arises not from
a universal mechanism but rather from a combination of dislocation activity, local
chemical environment, short-range atomic ordering, and electronic structure. This
multifactorial nature is particularly evident in complex alloys like Inconel 718 and
other nickel-based superalloys.

A recent investigation [79] highlighted the crucial role of precipitation phases in
determining the HE response of Inconel 718. It was shown that the presence of coherent
y" precipitates exacerbates HE sensitivity by promoting planar slip and localized

deformation, conditions favorable for crack initiation under hydrogen exposure. On the
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other hand, the incoherent & phase enables cross-slip and promotes more uniform
deformation, thereby helping to suppress hydrogen-induced fracture. The phase
morphology, volume fraction, and distribution substantially affect both hydrogen
trapping behavior and fracture modes, shifting failure from intergranular to
transgranular depending on the precipitate type. These findings underscore the
importance of precise control over precipitation—through heat treatment or
thermomechanical processing—for optimizing HE resistance in Inconel 718 [79].

A detailed understanding of the electronic and structural foundations of HE is
essential for developing effective engineering countermeasures. In practice, a
significant portion of contemporary research is focused on exploring strategies to
reduce hydrogen uptake and retard crack propagation through microstructural
modifications. A widely explored direction involves modifying the surface to limit
hydrogen absorption and transport. Several surface engineering techniques—such as
shot peening, laser treatment [80, 81], and ultrasonic nanocrystal surface modification
(US-NMM) [82] — have been proposed to this end. These processes not only enhance
surface quality but also promote grain refinement and increase dislocation density near
the surface, creating effective hydrogen traps and slowing its deeper penetration.

The role of grain size in HE resistance has also been examined. In [83],
experiments on Inconel 625 showed that reducing grain size, together with increasing
the amount of grain boundary carbides, decreases hydrogen uptake—although only
below saturation levels. Similarly, [84] noted that finer grains (and thus a higher grain
boundary area) can reduce HE susceptibility in Fe-Ni alloys, although this remains
debated. In face-centered cubic (FCC) metals, where bulk hydrogen diffusion is
relatively slow, grain boundaries may act as both barriers and fast transport paths,
depending on the boundary type [85]. Nevertheless, many studies agree that grain
refinement generally benefits HE resistance [69].

According to [86], fine-grained structures inherently show greater resistance to
HE than coarse-grained ones. In [87], it was also found that twin boundaries do not
accommodate hydrogen atoms; thus, increasing the density of twins may reduce

hydrogen sensitivity.
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Given this, UIT offers a promising means of enhancing HE resistance. UIT not
only improves surface quality but also induces grain refinement and increases twin
density in the near-surface zone. As noted in [87], twins are less prone—or even
immune—to hydrogen trapping, making UIT an especially valuable tool.

Another key strategy for improving HE resistance involves modifying the bulk
crystallographic texture. Texture plays a crucial role in determining hydrogen behavior
[88] due to the anisotropic nature of both crack propagation and hydrogen diffusion
[89]. A number of studies have examined how texture affects HE resistance in ferritic
steels. For example, in Fe—18Ni—Co steel, hydrogen-induced cracks predominantly
form and propagate in grains with <100>//normal direction (ND) orientation, whereas
<111> and <110>//ND orientations inhibit crack growth [90]. As demonstrated in [91],
hydrogen diffusion varies with crystallographic orientation—it is fastest along <111>
and slowest along <100>. In API 5L X70 pipeline steel, a texture dominated by
{011}//ND grains enhances resistance to HE, whereas strong {001}//ND textures are
highly vulnerable to cracking [89].

Texture can be developed both during conventional thermomechanical
processing and through the UIT. Furthermore, UIT improves surface condition,
reducing hydrogen ingress. These dual benefits make UIT especially relevant for HE
mitigation. Investigating UIT’s effectiveness in this context is, therefore, of high
interest.

It must be emphasized, however, that texture induces anisotropy in elastic and
mechanical properties. In combination with localized hydrogen accumulation, this may
lead to uneven fracture resistance. Thus, meticulous control of texture and its
anisotropic effects is essential, including performing layer-by-layer and directional
analyses.

USTA offers significant promise in this area, as it allows simultaneous
assessment of elastic, mechanical, and textural properties without requiring
complementary techniques. The fundamental principles of USTA were covered in
Chapter 1 and will not be repeated here. It is worth noting, however, that for small-

diameter wire samples with axial texture, USTA enables evaluation of properties along
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directions inaccessible to standard methods—such as along the wire axis. Traditional
approaches for such analysis are destructive and surface-focused, lack volumetric
insights, and involve complex procedures.

In summary, UIT emerges as a valuable technique for mitigating hydrogen
embrittlement, while USTA stands out as a comprehensive method for characterizing
the effects of UIT and hydrogen exposure on materials. This makes further
investigation in this direction especially relevant.

Finally, although much research has been devoted to the influence of various
deformation treatments on HE resistance, similar studies involving thin wire specimens

remain scarce.

Conclusions for the Chapter 1

1. Ultrasonic texture analysis (USTA) is a promising method for investigating
the full range of textural, elastic, and mechanical properties of anisotropic
and spatially heterogeneous materials. Its advantages include rapid
implementation, relative simplicity, the ability to probe bulk material non-
destructively, and the capacity to determine the complete set of the
aforementioned characteristics without relying on additional techniques —
all within acceptable error margins for engineering applications.

2. Ultrasonic impact treatment (UIT) is a promising material processing
technique that, due to the presence of an alternating deformation component,
can induce effects that are difficult or impossible to achieve using
conventional static methods. There is a growing interest in dynamically
oriented processing (or deformation) methods, particularly at cryogenic
temperatures, as such treatments often lead to effects not attainable through
static deformation alone.

3. Ti—Zr-Nb-Ta alloys demonstrate excellent combination of biocompatibility,
corrosion resistance, and mechanical strength, making them strong
candidates for medical implant applications. However, their elastic modulus

often remains higher than that of natural bone, which can lead to stress
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shielding and implant failure. UIT is a promising technique to reduce elastic
stiffness by modifying subsurface texture and anisotropy. Thus, combining
optimal alloy composition with post-processing methods like UIT may offer
a balanced solution for next-generation biomedical implants.

4. UIT can be an effective method for increasing resistance to hydrogen
embrittlement due to the possibility of implementing two approaches at once
- improving surface quality and, accordingly, preventing hydrogen absorption
and diffusion in the material, as well as increasing the strength and ductility

of the material in certain directions by creating a texture.
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CHAPTER 2. METHODS AND OBJECTS

2.1 The basis of ultrasonic texture analysis

Ultrasonic texture analysis (USTA) was systematically developed several
decades ago; the theoretical background presented in this chapter is based primarily on
the works of C.M. Sayers [92].

If we consider the textured aggregate, there is a correspondence between the
previously discussed elastic constants of crystal C; and the elastic constants of the
entire anisotropic sample C;;. The relationship between them is derived using the
transformation of the crystal's coordinate system 0-XYZ into the sample's coordinate

system 0-xyz through Euler angles (Fig. 3).

y

Figure 3. The orientation of the crystallite coordinate system 0-XYZ with respect to
the sample coordinate system 0-xyz specified by the Euler angles v, 0, ¢ [92]

For an anisotropic polycrystalline sample, this requires a knowledge of the
elastic constants of a crystallite in the reference frame of the sample. Under a change

of axes from X,Y,Z to x,y,z where
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X = l]X+ng+l3Z
y = m X+myY+m;3Z

z=mn;X+tn,Y+tn3Z

the elastic constants C;; in the sample frame are given in terms of those in the crystal

frame Cj by

Ci, = C11 —2C (rq) ry :l%_H;_,_lg
Cyy = C11 — 2C (rs) ro = m% + m% +m§
C33 = Cn1 — 2C(r3) rg = n? 4+ n? + n?

Cu =Cu+Clry
Cis = Caa + C{rs
Cie =Cu+C
Cys =Cpp+C
Cs, = Cia + Clrs
Cis = C12 + Clrg

Ty = m% + mg + nf

T = n% + n?; + m%

re =1+ 13+ 1

rr =min + MaTlo -+ mMans
rgs = llnl + lgnz + l3n3

rg = lymy + lamy + lgmg

It is assumed that the polycrystalline aggregate has orthorhombic symmetry, i.e.,
it is assumed to possess three orthogonal mirror planes given by the planes xy, yz, and
zx. This is the symmetry of a rolled sheet, for example. The angular brackets in
equation (4) indicate an average over all the crystallites in the sample, i.e., an average
over the crystalline orientation distribution function W(& y,¢), C is given by C = C};-
C12'2C44-

In terms of 6,y, and ¢ the direction cosines are given by [92]:
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l{ = —sin sin ¢ + cos ) cos ¢ cos b
[y = —sin1 cos ¢ — cos 1 sin ¢ cos 6
[3 = sinf cos ¥

my; = cos 1 sin ¢ + sin v cos ¢ cos ¢
My = cOS Y cos i — sin Y sin ¢ cos
mg = sin @ sin Y

ny = —sinf cos ¢

Ny = sinfsin @

ng = cosf

Expending 7(¢,w,¢) as:

T(ga "1[)1 90) = Z?o{} Z;ln 1 Z;rll 1 Rlnmzlmn(g) eXp(—im!b) GXP(—fﬂﬂP)-

Therefore:
1 1
2 2 R Imn Wlmn

ng

2T 1 2T
(r) = jo f 1 jo r(€, %, @) w(E, 1, ) dipdéde = 4m?

Through simple transformations and considering ultrasound velocities, we can then

obtain [93]:

4 12 2 15 1 ro (1)
Cll—,UVU K+3,U+C 35 \/_7[( 400 — 1OW p + I/V440)
C/22=pv222:K+§,u+ca%ﬁﬂ2[m00+§ml’mzo+%m%4oj @)
C'ss = pvs, :K"‘iﬂ"'cagﬁﬂszo ®)
3 35
16 5 4
Clas :pV223,32 =u—-C —27° Waoo + 3|5 Wano
35 2
.16 5 ()
C/55:p"123,31 =u-C — 27’ W400_\/:W:120
35 2
4
C/66 :pV122,21 :lu—i—cagﬁ;ﬁ(%oo _\/%VVMO) (6)
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2 1 7
C/23=K——,U—Ca—6\/572'2£W400+ §W420J=K—§,u+c/44 ( )

3 35 2
2 16 8

C/13=K—§,L1—C”£\/E7ZZ[W400— §M20J=K—§y+c/ss ®)
2 4 5

C/lz:K—g,u+C“£\/57r2(W400—\/%WMO):K—E,u+C/6e ©)

where K1 u— bulk modulus and Poisson ratio of an isotropic polycrystal, respectively;
p — the material’s density; C* — the anisotropy factor calculated using the elastic
coefficients of single crystals. The index a indicates the averaging method: (a = V) —

according to Voigt, (a = R) — according to Reuss, (a = H) — according to Hill. In this

case
c"=¢C,-C,-2C, (10)
CR — SO(CII — C12 — 2C44)(C11 — CIZ)C44 (1 1)
D s
[3(C11 _C12)+4C44]
14 R
Cc" = ¢ ;C (12)

In the tresent work C“ is calculated according to Eq.12.
In the Eq. (1-9) v;; — transverse ultrasound velocities averaged over symmetric
indices (i,j = 1, 2, 3):

..+ .
Vijji = vuzv”, (13)

As can be seen from equations (1-9), ultrasonic (US) velocities are analytically
related to the effective elastic constants Cj; and the orientation distribution function
coefficients Wi (hereafter referred to as texture coefficients). The concept of USTA 1is
based on determining these texture coefficients from the measured material density and
ultrasonic wave velocities in specific directions. Using the obtained values of Wi, it is
possible to construct pole figures (PFs) for the main crystallographic directions of cubic

crystals — [100], [110], and [111] [94]:
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w(é ) = \/%{Wooopg(f) + W400Pf(f) + [W420(1342(f) + 134_2(5))] cos(2y) + W440(Pf(f) +

P{*(§))cos (49)}
Here P"(&) = /% P/ (&) is the associated Legendre function and &= cos(0),

0,y - the Euler angles. The value y = 0 corresponds to the RD.

The relative intensity of the corresponding diffraction lines is then calculated
from the pole figures (PFs) as Alijk = Lijkmax) — Lijk(min)

Calculation of the extreme values of Young (E) and shear (G) moduli, Poisson

ratio (1) are made using following expressions [95]:

1 /
E = 511 = Shl% + Sézlg + S§3l§ + (544 + 2553)@[% + (Sés + 25§1)l%l§ + (Séé + 25{2)1%1%

1 ! !
.= 566 = 4(S;, imE + S3,15m5 + Si3lim3) + (Lhms + myl3)?Sa, + (lamy + maly)2Sis
12

+ (Iymy + my15)?See + 8(Siplymilymy + Sy3lamylymy + Si3lymylyms)
512 = S11limf + S5, 15m3 + Si3lims + S, (Bmg + 1im3) + S;3(Em3 + 15m7)
+ S53(13m3 + 13m3) + Saslymylams + Ssslymplsmg + Seelylmym,
N2 = —&
S11
where S are the effective compliances n;, m;, I; (i=1..3) are the direction cosines. The
matrix of direction cosines is following [95]

l [, L5
[ny] = [m1 m, m3]
ny n; ng

The following formulas allow calculating the elastic moduli directly from
measured ultrasonic velocities, averaged over propagation directions; accordingly,
isotropic elastic moduli averaged over the volume of the crystal are obtained [96, 97].

(3a% —4)
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_h,9Np i 1 2.1

0= GGt =
HV = 2(B2G)*555 - 3 (10)
Su=1—143(1 =1 - 2)HV/E (11)

where v; — The longitudinal ultrasonic velocity averaged over propagation directions;

U, — The transverse ultrasonic velocity averaged over polarization directions, v; =

Vi1tV vV = & — .
%; a= 17_1; E, G, B, i— Young's modulus, shear, and bulk modulus, and Poisson's
t

ratio averaged over the volume of the crystal, resoectively; 0 — Debye temperature; h —
Planck's constant; k — wave number; N — Avogadro's number; M — molecular mass.
We have briefly discussed the theoretical background of USTA, which is used
to investigate the properties of specific materials of interest in this study. The following
section presents the ultrasonic measurement methodology, the equipment used for
USTA and US, as well as the specific features of applying them to specimens of
different geometrical shapes, including bulk rectangular parallelepipeds, thin plates,

and wires.

3.1 Ultrasonic measurements and Ultrasonic impact treatment

US measurements were carried out in the frequency range of 10-30 MHz using
the pulse-echo method and an automated apparatus created by scientific supervisor
Zaporozhets O.1. and described in detail [3, 4, 18, 19]. The software for ultrasonic (US)
measurements and subsequent processing of experimental data was developed by M.O.
Dordiienko, Leading Engineer of Department No. 29 at the Kurdyumov Institute for
Metal Physics of the NASU, and V.A. Mykhailovskyi, Ph.D. in Physics and
Mathematics, Researcher of the same department.

The longitudinal (v;) and two transverse (Viuax and vy.i,) ultrasonic velocities in
the UIT direction had been measured. Mean arithmetic values v = (Vinax + Vimin)/2 and
measured density (p) were used for calculations. A schematic representation of an

elastically anisotropic polycrystalline specimen, taking the form of a rectangular
43



parallelepiped, is shown in Fig. 1. Axes aligned along the rolling (RD), transverse
(TD), and normal (ND) directions are distinguished by the Arabic numerals 1, 2, and
3, respectively. In this study, the ND direction coincided with the deformation (the UIT
and HESC impact) direction. Six transverse ultrasonic velocities (v;) (i, j = 1, 2, 3) can
be measured (as shown in Fig. 4). The first subscript in the v; indicates the propagation
direction of the ultrasonic wave, and the second one specifies the direction of it’s
polarization vector. Additionally, three longitudinal ultrasonic velocities along the
orthogonal directions can be measured as well. Ultrasonic velocities were determined
through the employment of both transmission and reflection methodologies,
concurrently with the measurement of the acoustic path length Ah and time delay 1
associated with either a singular or paired reflected radio impulse(s). The instrumental
error of v; and v; was less than 1073 r.u. for Ah = 1 mm. To minimize it, the reported
experimental data were averaged based on 7—10 ultrasonic measurements for each
treated specimen studied. Concurrently, the density of the specimens was gauged via
the differential hydrostatic weighing method, employing a quartz standard. This
assessment yielded an error within the range of 107 r.u. with the specimen mass
registering at 1 g. To increase the determination accuracy of the p changes of the
processed samples, the weight of the initial samples in air and in liquid was determined

relative to the corresponding weight of the initial sample with a mass of up to 10 g.
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a) b)
Figure 4. Schematic view of HESC, UIT and US measurements: a — the scheme of
specimen with the areas of US measurements in the top (TS), central (CS), and base
(BS) sections, the HESC and UIT directions, b — schematic view of a rolled specimen
of cuboid shape for measurement of bulk-wave ultrasonic velocities and texture

analysis of anisotropic polycrystals.

All bulk specimens were subjected to UIT in the ND, and US velocities were
then measured layer-by-layer from RD and TD on three sections of specimen as shown
in the Fig. 4. The UIT was carried out under the supervision of B.N. Mordyuk, Doctor
of Physics and Mathematics, Head of Department No. 29 of the Kurdyumov Institute
for Metal Physics of NASU. The impact treatment was performed by V.F. Mazanko,
Doctor of Technical Sciences, Senior Researcher of Department No. 50, and S.P.
Vorona, Junior Researcher of the same department.

The apparatus used for the UIT processing was shown in [20]. It consists of an
ultrasonic generator with a power output of 0.6 kW and frequency f=21 kHz. The UIT
apparatus contains a plane impact punch and plane anvil both made of WC-Co hard
alloy. Additionally, the UIT apparatus is pressed onto the specimen by the spring, and
the spring force was chosen to be P ~ 90 N in this study. When ultrasonic vibrations
are on, the plane impact punch positioned between the vibrating ultrasonic horn and
the specimen situated on the anvil starts to produce repetitive impacts with a frequency
f~ 1 kHz. In the used UIT loading unit, the treated specimen is free to expand radially
due to the absence of constraint in the described UIT scheme. This feature affects the
resulting stress state and UIT-straining behavior of the treated specimens, which are

different in comparison with those produced in other UIT loading units containing the
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holder restricting the specimen expansion [98, 99]. It should also be noted that a
specific feature of the applied UIT technique is that the high-frequency contact between
the specimen, the punch, and the concentrator leads to a reduction in the friction
coefficient without lubrication. As a result of the deformation, a hourglass-like shape
of the specimen is formed.

The brass specimens (both massive and plates) were subjected to UIT at ambient
(air-UIT) and cryogenic (cryo-UIT) temperatures, but the Cu-37Zn massive specimens
were subjected to high energy shock compression (HESC) first. The scheme of HESC
was similar to that given in the fig.4a, but in the ND a single impact with a flat striker
was performed when a load weighing 10.5 kg fell freely on it from a height of 1.0 m
and 1.75 m to deform the sample by 11.02% and 18.8%, respectively. The scheme of

treatment steps is shown in the Fig. 5.

Massive
‘ Initial state

(copper texture) PI ates
f \ ‘ Initial state ‘
‘ HESC to 11.02% ’ (isotropic)

|\ HESC to 18.8% ‘ | UIT at T=20°C \ \:un' atT= -195'0‘\

]

| UIT at T=20°C | UITatT=-196°C|

Figure 5. The scheme of treatment steps for massive specimens and plates made of

Cu-37Zn alloy

In case of bulk specimens, the whole set of 9 bulk US velocities is possible to
measure, while for thin plates, the US measurements are possible only in the ND
(namely, only v33;, v3;, and v3;), which is not enough to conduct USTA. For texture
examination in the Cu-37Zn alloy plates the X-ray diffraction and EBSD methods were
used (described in the next subsections).

In case of axially textured thin wires considering their small thickness, the only
velocities propagating in the radial direction are possible to obtain by US

46



measurements (namely, v;; and v;, or v2; and v,;), which is also not enough for texture
analysis, since we need at least three values of v;;, obtained from at least two orthogonal
planes. Since we are dealing with axially textured wires, we have additional equalities
between velocities, namely v;; = vy, v2; = vi2, V32 = v31, V23 = v;3. Then, using above-
described mathematical relationships (namely, the eq.(1-9)), we can calculate the
whole set of 9 v;-values as like as for usual bulk specimen. It leads to important
possibility to obtain the values of v; and related elastic properties in all directions
despite the fact that ND is inaccessible for conducting US measurements. The scheme
of US measurements, UIT and appropriate coordinate system of wires is given in the
Fig.6

In order to confirm USTA results by direct methods of texture analysis the EBSD

from the cross section of wires was conducted.

Ultrasonic 4
Transducer Y23 = VI3 ™~
v ARD vy = V2
{ V22 = V] o
C 7\ ND
/=
A \ [0

Figure 6. The scheme of US measurements with the appropriate coordinate system (a)

and the UIT (b) of the wires of Inconel 718 alloy

These wires were subjected to hydrogenation from the radial direction
before/after UIT (the sequence of treatment was different of the different specimens in
order to find the best combination helping to protect the material from HE). The
detailed description of investigated specimens and applied treatment are given in the
2.6 subsection.
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2.3 X-ray Texture Analysis

This method utilizes X-ray diffraction (XRD) to measure the distribution of
orientations of grains within a sample.X-ray diffraction is based on Bragg’s law [100,
101]:

nA = 2dsinf

where is 7 an integer, A is the X-ray wavelength, d is the interplanar spacing, and
0 is the diffraction angle.

When a polycrystalline sample has a random grain orientation, the diffraction
pattern exhibits isotropic intensity. However, in textured materials, certain
crystallographic planes are preferentially aligned, leading to an anisotropic diffraction
intensity distribution, which is captured in diffractograms. A diffractogram is a plot of

diffracted X-ray intensity as a function of the diffraction angle (20) (see Fig.7).

X-ray ‘ ¢ Detector

source

Incident
optics

M / Sample \
(

goniometer)

Figure 7. A schematic illustration of 5-circle goniometer system [101].
To extract meaningful texture information from diffractograms, several key

aspects must be analyzed:

v’ Peak Positions (20 Values):
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The position of diffraction peaks corresponds to specific crystallographic planes.

Any shifts in peak positions may indicate strain, residual stresses, or variations

in lattice parameters.

v' Peak Intensities:

In a randomly oriented polycrystalline sample, diffraction peak intensities match

standard reference values. In textured materials, deviations from standard

intensities indicate preferred orientation of certain grains. Peaks corresponding
to specific planes may be significantly enhanced or suppressed.

v’ Peak Width:
Broader peaks suggest smaller grain sizes, lattice strain, or a distribution of
orientations. Narrow peaks indicate well-defined, highly oriented grains.

v' Asymmetry and Splitting of Peaks:

Asymmetric peaks or peak splitting may indicate multiple texture components

or phase transformations. Such features can be analyzed using deconvolution

techniques to separate overlapping peaks.
v" Texture Index Calculation:

The Texture Index (J) quantifies the degree of orientation within a sample.

Higher values indicate stronger texture, while J = 1 represents a random

orientation.

v' Comparing Diffractograms at Different Sample Orientations:

By collecting diffractograms at different tilt angles, variations in peak intensity

can be mapped to determine pole figures and reconstruct the full texture using

the Orientation Distribution Function (ODF).

In this study X-ray diffraction method of texture analysis was used for Cu-37Zn
thin films since USTA was inapplicable in this case. X-ray analysis of the surface layers
was conducted using a Rigaku Ultima IV diffractometer with copper radiation (Cu Ka,
A =0.15418 nm). The Bragg-Brentano focusing scheme was employed. The scan was
performed at a step size of 0.04° with record time at each point of 2 sec and 260 kept in
the range of 20° and 100°. Analysis of the acquired X-ray spectra, as well as

quantitative and qualitative phase analysis were performed using PDXL software, the
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international diffraction database ICDD (PDF-2), and the open crystallographic
database COD. The calculation of coherent scattering regions (CSR) and the degree of
crystallographic lattice deformation was executed utilizing the Holder-Wagner method
[10,33-35]: fcosO = e(4sinf) + kA/D, (11) where f, 6, A, D and ¢ are the physical
broadening of full width at half maximum (FWHM) of the diffraction peak, the Bragg
angle, the wavelength of the radiation, crystallite size and internal strain, respectively.
The author acknowledges Dr. X and colleagues for conducting Ph.D, Associate
Professor, Senior scientist at the NTUU “Igor Sikorsky Kyiv Polytechnic Institute”

A.P. Burmak for conducting X-ray structural analysis of Cu-37Zn alloy samples.

3.3 Electron Backscatter Diffraction

Unlike X-ray diffraction, EBSD enables spatially resolved texture analysis by
mapping grain orientations on a microstructural scale. EBSD is performed in a
Scanning Electron Microscope (SEM), where a highly focused electron beam interacts
with a polished sample surface, producing backscattered electrons that diffract
according to the crystal structure [102]. These diffracted electrons form Kikuchi
patterns, which contain information about the crystal orientation at each scanned point.

To obtain high-quality EBSD data, proper sample preparation and instrumental
settings are essential:

v’ Sample Preparation:
The sample surface must be highly polished, often using mechanical polishing
followed by ion milling to remove surface damage.

v SEM Parameters:

The sample is tilted to 70° relative to the electron beam to optimize diffraction

conditions. Accelerating voltage typically ranges between 15-30 kV to enhance

Kikuchi pattern visibility. Low beam currents help prevent excessive heating or

damage to the sample.

v' EBSD Detector:
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A phosphor screen detects Kikuchi patterns, which are captured by a high-
sensitivity camera. Real-time software processes and indexes these patterns to
determine the crystal orientation at each scanned point.

v" EBSD Data Acquisition

EBSD scans consist of a grid of measurement points, where each point produces
a Kikuchi pattern. These patterns are indexed to obtain local orientation data,
which are compiled into orientation maps. The SEM stage moves systematically,
collecting Kikuchi patterns across the selected area. Orientation data are stored
as Euler angles, which define the crystal orientation relative to the sample
coordinate system. Pole Figures are constructed from EBSD data, similar to X-
ray texture analysis, but with higher spatial resolution. Inverse Pole Figures show
the preferred orientation of a specific sample direction relative to the crystal
axes. EBSD can distinguish between high-angle and low-angle grain boundaries,
providing insight into recrystallization and deformation processes. Multiphase
materials can be analyzed by comparing Kikuchi patterns to known
crystallographic databases, allowing phase mapping.

EBSD generates color-coded maps, where each grain is assigned a color based
on its crystallographic orientation. These maps help visualize texture variations across
a sample. Kikuchi Pattern Quality (Band Contrast) images highlight areas with well-
defined diffraction patterns (e.g., strain-free grains) versus regions with distorted
patterns (e.g., deformed or amorphous zones).

Grain size histograms and misorientation angle distributions provide statistical
insights into texture evolution and mechanical properties.

By analyzing pole figures and inverse pole figures, dominant texture components
can be identified. The Orientation Distribution Function (ODF) is used to quantify
texture strength and preferred grain orientations.

In this study EBSD was used for Cu-37Zn thin films and Inconel 718 wires to
obtain orientation maps, direct and inverse PF, and in case of Inconel 718 the fraction
of crystallites of the main cubic orientation [100], [110], and [111], And in case of Cu-

37Zn thin films for grain size distribution as well.
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EBSD was conducted using the SEM JEOL 7800 equipped with an Oxford
Nordlys II S EBSD detector and post-processed with HKL Channel 5.0 EBSD
software. The specimen was tilted at an angle of 70° and maintained at a working
distance of 10 mm. The accelerating voltage and microscope step size were 20 kV and
0.5 um, respectively. EBSD analysis was utilized to extract crystallographic
information about individual grains and the corresponding misorientation angles of
grain boundaries. The grain size in the specimens was estimated using the diameter of
a circle with an equal surface area.

The author acknowledges the team of Electron Microscopy Laboratory No. 43
of of the Kurdyumov Institute for Metal Physics of NASU — for the professional
preparation of Inconel 718 alloy wires for research in France and for their advisory
support in selecting analysis parameters, and as well Jean-Marc Olive, Ph. D, Senior
scientist CNRS 12M, and Arnaud Proietti, Ph. D, the specialist of the Electron
Microscopy Laboratory at the CNRS — for the organization, highly qualified technical

and methodological assistance during EBSD analysis of Inconel 718 wires.

2.4 Tensile Testing

By applying an increasing uniaxial tensile force to a specimen until failure,
critical mechanical parameters can be extracted [103].

Assuming a uniform distribution of the external force throughout the body, then
there is a portion of the external force (F) that runs through any cross-sectional area
(A) of the body and an internal force (F”) that opposes this external action. This internal

force in any given cross-section is known as “Stress” and can be expressed as [103]:

Relative strain describes the relative elongation or compression of an element
with respect to its original length.

The strain of an element with an original length L and a change of length AL is

defined as [103]:
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The main steps of tensile testing:

1. Specimen Preparation:

o Standardized specimens are used to ensure uniform stress distribution.

o Surface finish and dimensions follow ASTM or ISO standards.

2. Test Procedure:

o The specimen is gripped and stretched at a constant strain rate.

o Stress-strain data (Fig.8) are recorded until failure.

The analysis of stress-strain curve allows to obtain the Young’s modulus of the

material (as stress divided by strain in the elastic region of the curve) and the main

mechanical properties as well. The list of these properties and the corresponding

point on the curve are given below:

« Yield Strength: Stress at which permanent deformation begins.

« Ultimate Tensile Strength: Maximum stress before necking occurs.

o Fracture Point: Stress at which the material breaks.
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Figure 8. Schematic representation of tensile deformation stages and

corresponding stress-strain behavior of ductile materials [104]
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In this study tensile testing was applied to Inconel 718 wires after WQ, annealing
at the different temperatures and subsequent hydrogenation and/or UIT. These
experiments were organized and conducted by B.N. Mordyuk, Doctor of Physics and
Mathematics, Head of Department No. 29 of the Kurdyumov Institute for Metal
Physics of NASU and Doctor Sciences, Senior Researcher, and Head of Laboratory of
Physics of Construction Materials No. 44, V.M. Shyvaniuk.

2.5 Transmission Electron Microscopy

Transmission Electron Microscopy (TEM) is a high-resolution technique used
to analyze the microstructure, defects, and crystallography of materials at the
nanometer and atomic scales [105]. TEM operates by passing a highly accelerated
electron beam (typically 100-300 kV) through a thin specimen (Fig. 9). As electrons
interact with the material, they experience scattering, diffraction, and absorption,

forming a complex contrast pattern that reveals fine structural details.
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Figure 9. Schematic diagram of electron beam path and image formation in a

transmission electron microscope TEM [105]

In this study TEM using a JEOL-CX-IT 100 microscope was applied to observe
the microstructures of the Cu-37Zn thin plates specimens. The plane-view TEM foils
were prepared according to a standard procedure using an electrolytic polishing
technique. The one-side polishing technique was used to less deformed samples to

obtain the microstructural data from the top surface layers of ~30-50 um.

2.6 Electrochemical Hydrogen Charging

Electrochemical hydrogen charging is a widely used method for hydrogenating
metallic materials, including thin wires (<1 mm), by utilizing an electric current to
promote hydrogen evolution at the specimen surface immersed in an electrolyte [106].
The wire acts as the cathode in an electrochemical cell, typically in an aqueous acidic
solution (e.g., H2SO4, HCl) or neutral solutions with added catalytic agents (e.g.,

thiourea, arsenic trioxide) to enhance hydrogen entry.
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Under cathodic polarization, hydrogen ions (H") are reduced to atomic hydrogen
at the wire surface. Some of the adsorbed hydrogen atoms diffuse into the metal lattice,
while others recombine to form molecular hydrogen. The current density, charging
time, temperature, and electrolyte composition are carefully controlled to achieve
desired hydrogen concentrations and diffusion profiles.

This technique is especially useful for simulating hydrogen embrittlement
phenomena, studying hydrogen transport mechanisms, and pre-charging samples for
mechanical or spectroscopic evaluation. It is relatively simple to implement and
enables localized or uniform hydrogenation, depending on setup geometry and current
distribution. In this work the hedrogen charging of Inconel 718 wires were organised
by Doctor Sciences, Senior Researcher, and Head of Laboratory of Physics of

Construction Materials No. 44, V.M. Shyvaniuk.

2.7 Characterization of the investigated materials

In this subsection the description of investigated specimens of all used materials
will be briefly given.

The Cu-37%Zn specimens in the form of rectangular parallelepipeds with
dimensions of (4-6) x (5-8) x (7-10) mm were used. Specimens were cut from the sheet
cold-rolled to a 70 % thickness reduction and underwent stress-relieving annealing at
320 ° C for 0.5 h. These specimens had a copper-like texture in their initial state and
were subjected to HESC at € =11.02 % and after to € =18.8 %.

Cu-37%Zn alloy plates were with dimensions of 7x7x0.38 mm3. The reduction
in specimen thickness allows for the enhancement of their homogeneity across the
post-treatment height.

The Ti-Zr alloys specimens of two geometric shapes were used: rectangular
parallelepipeds with dimensions of (4.5-5.9)x(5-6)x(8-9) mm?® and plates with a
thickness 1.5-1.7 mm. The production of the initial specimens was carried out in a
vacuum arc furnace using a non-consumable electrode on a copper water-cooled tray
in an argon atmosphere at a constant excess pressure of P = 0.05 MPa. To purify the

argon atmosphere, in one of the crucibles of the tray, a Ti-Zr getter (50/50 wt. %) was
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pre-melted. The weight of the cylindrical ingots was 30 g (weight deviation did not
exceed 0.01%). To homogenize the chemical composition, 7 remeltings were
performed. The uniformity of the specified chemical composition of the ingots was
confirmed by analyzing two extreme parts of the cylindrical specimens using a VRA-
20 X-ray fluorescence spectrometer (Germany). The results of the chemical analysis
confirmed the volume uniformity of the melted alloys' specified composition and the
low content of impurities in it. According to X-ray structural-phase analysis (XSPA),
all melted alloys in the as-cast state had a single-phase FCC structure.

In the table 1 the composition of the investigated alloys is presented.

table 1. Alloys’ composition (at. %)

Specimen Ne | Ti | Zr | Nb | Ta | Short name
1 5113118 |- |1TZN

2 51131[10 |8 |2TZNT

3 3115118 |- |3ZTN

4 31 (5110 |8 |4ZTNT

The specimens of Inconel 718 were in the form of thin wires with the thickness
of Imm (radial direction) and with the length of about 5 mm (axial direction). They
were subjected to water quenching (WQ) from 1030°C with subsequent annealing at
870°C. After that the specimens were subjected to electrochemical hydrogen charging

and UIT in different sequences from the radial wire direction.
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CHAPTER 3. RESULTS AND DISCUSSION

3.1 Texture evolution and changes in elastic and related mechanical properties
of Cu-37Zn plates and massive specimens after high-energy shock compression

and ultrasonic impact treatment

In this sub-chapter the comparison between the influence of UIT on plates and
massive specimens of the same Cu-37Zn alloy will be given.

As described in the Chapter 2, Cu-37Zn massive specimens were initially
copper-type textured, then after HESC copper-brass transition occurred, which is
common feature for this case. The copper-brass texture transition was also obtained in
[107] in the pure Cu after a single high-speed shock, even though copper-type texture
is preferable for medium-SFE materials such as Cu [5].

In Fig. 10, the normalized pole figures of the specimen in its initial state (Fig.
10, a), after HESC to € = 11.02% (Fig. 10, b) and HESC to € = 18.8% (Fig. 10, c) are
shown, and Fig. 11 demonstrates the relative intensity of diffraction line 4/11). To

identify the type of texture the following figures were compared to [17].
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Figure 10. The normalized pole figures (111) for the specimens in initial state (a),

after HESC to € = 11.2% (b) and after HESC to € = 18.8% (c).

58



. | HESC

Initial 11.02%  18.8%

Figure 11. The relative intensity of diffraction line 47111y for the specimens in the initial

and HESC processed states

In Fig. 12, the normalized PF (111) for the specimens after HESC to 18.8% (Fig.
12, a), air-UIT (Fig. 12, b), and cryo-UIT (Fig. 12, ¢)) are shown. As mentioned above,
the specimen after HESC to € = 18.8% is brass-type textured. The following air-UIT
process leads to an inverse brass-copper texture transition. This effect is accompanied

by some texture scattering which is also indicated by decreasing of 4711y (Fig.13)

Figure 12. The (111) pole figures for the specimens after HESC to € = 18.8% (a), air-
UIT (b), and cryo-UIT (c).
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Figure 13. The relative intensity of diffraction line 4/, for various sections of

the specimens after HESC and following air-UIT and cryo-UIT.

Such texture transition is untypical for Cu-Zn alloys, and there is little data about
it in modern scientific literature. It was only reported in [21], where high-purity copper
was cold rolled to an overall 70% thickness reduction by a step-like rolling/quenching
in ice water after each 10%. The authors explained this effect as follows: during 70%
cold rolling, the new dislocation-free grains with Cube orientation formed at 60% strain
owing to discontinuous dynamic recrystallization and then rotated toward Copper
components. In the present study, the inverse brass-copper texture transition for the
first time was obtained by UIT. The possible explanation can be as follows.

During the deformation of FCC alloys, texture evolution follows a sequence
from copper-type to brass-type. This transition occurs gradually over a strain range,
with its onset and extent primarily governed by the material’s stacking fault energy
(SFE). In lower SFE materials, the transition begins earlier and it spans a wider strain
range due to restricted cross-slip and recovery whereas it starts at a higher strain in
higher SFE alloys, but follows a similar progressive evolution [5]. So, the presence of
brass-type texture suggests that the material has reached the later stages of its
deformation-induced texture evolution. Our experimental results indicate that the
alternating component of UIT can lead to a shift from brass-type back to copper-type
texture. We suggest that alternating component of UIT may facilitate dislocation
movement by breaking fixation points, which alters the deformation mechanisms and
influences texture evolution. However, further investigation is necessary to understand

all the underlying mechanisms. This process is accompanied by decreasing texture
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sharpness (Fig. 13) as the result of grain refinement usual for the UIT [108]. In contrast,
cryo-UIT causes much less texture scattering and also random height distribution of
Al possibly because of the liquid nitrogen influence on the contact between the
specimen and horn/base plate.

In contrast to this, the specimen after the cryo-UIT is still brass-type textured
which is indicated by the PF (Fig. 12, c). The absence of texture changes after cryo-
UIT can be explained as follows. According to current understanding [5, 17 and the
references therein], a brass-type texture forms due to twinning. This is why the copper-
brass transition occurs at later stages of deformation, when slip is no longer possible,
or if it is suppressed for other reasons (e.g., low temperature and/or high deformation
rate).

In the case of room temperature deformation, dynamic recovery processes may
occur, which may result in a reverse brass-copper texture transition, especially in high
or middle-SFE materials (like aluminium or copper, respectively). Moreover, some
local deformation heating could also facilitate the accelerated structural relaxation in
the studied alloy. Such deformation-induced heating was earlier observed in various
metals either at UIT [109] or at applied US vibrations [110], as well as at highenergy
impact straining [111]. Furthermore, the operative temperature for dynamic
recrystallization was reported to be essentially diminished in the severely deformed
materials and, particularly, in the materials that underwent so-called “megaplastic”
deformation [112]. In the above-mentioned study [21] quenching was specifically
applied after every 10% of deformation exactly to prevent dynamic recovery of rolled
copper. In the case of the investigated Cu-37Zn alloy characterized by a low SFE, the
main influence on the texture transition is exerted by the alternating component of the
UIT. These vibrations can release dislocations and dislocation boundaries from their
pinning points, increasing their mobility.

TEM observations of the microstructure formed of the studied specimens
confirm the operation of different deformation mechanisms in the variously deformed
specimens of the Cu-37Zn alloy (Fig. 14). Fig.14a shows the bright-field image of the

HESC induced microstructure, which contains a highly dislocated matrix with
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numerous dislocation tangles/bundles and shear bands initiated due to high-rate
straining. The corresponding SAED pattern contains the spots, which are scattered both
in azimuthal and radial directions. The microstructures of the HESC-treated specimens
(Fig. 14, b), which underwent either air-UIT (Fig. 14, b) or cryo-UIT (Fig. 14, ¢)
processes, are also shown in this figure and accompanied by the appropriate SAED
patterns. As seen, a highly misoriented ultrafine-grained microstructure with
grains/subgrains of 20—50 nm in size is formed after the air-UIT process (Fig. 14, b).
The diffraction spots become more azimuthally scattered beginning to create a ring-
shaped SAED pattern. On the contrary, the cryo-UIT resulted in another type of
microstructure evolution due to the involving twinning process (Fig. 14, ¢). The highly
dislocated matrix is observed to be subdivided by numerous twins, which thickness
ranges from 15 to 40 nm. The corresponding SAED pattern contains additional
twinning-related spots accompanying the spots from the FCC lattice. At the same time,

the spots’ scattering is essentially lower than that in the air-UIT-processed specimen

(Fig. 14, b).
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Figure 14. Bright-field TEM images of the microstructure and corresponding
SAED patterns of the Cu-37Zn alloy specimens after HESC (18.8%) (a) and the
following air-UIT (b) and cryo-UIT (c) processes.
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These observations are consistent with the involving deformation mechanisms.
Indeed, at cryogenic temperatures, dislocation cross-slip, dynamic recovery, and
recrystallization are known to be substantially inhibited due to reduced thermal
activation, restricting dislocation mobility. This leads to defect accumulation, which
hinders further conventional slip and promotes contribute to the enhancement of
deformation twinning. As a result, the brass-type texture is preserved due to the
reduced contribution of slip-driven texture evolution.

The investigated Cu-37Zn alloy, like all low-SFE ones, is generally prone to
form the brass-type texture via deformation twinning even at room temperature static
treatment [5, 113]. Particularly, the deformation-induced texture evolution was
discussed for the same Cu37Zn alloy subjected to cold rolling [113], and deformation
twinning was concluded to be the main mechanism of the brass-type texture formation.
Noteworthy, since the presence of twinning was proven even for the case of static
deformation at the ambient temperature, the high-rate low-temperature deformation
applied in the present study is much more expected to cause twinning [114].

This result shows the possibility of obtaining the required texture state by
choosing the proper combination of the above-mentioned high-rate deformation
methods taking the specimen’s geometry into account.

Similar UIT regime was applied to Cu-37Zn alloy plates. As described in
Chapter 2, plates were isotropic in the initial state and were not subjected to HESC
before UIT.

In the Fig. 15, the [111] pole figure for Cu-37Zn alloy plates in the initial state
(Fig. 15, a), after cryo-UIT for 20 sec (Fig. 15, b) and for 60 sec (Fig. 15, ¢) and after
air-UIT for 20 sec (Fig. 15, d) and for 60 sec (Fig. 15, e) are shown. It is evident that
even after 60 s of air-UIT, a copper-type texture is formed, whereas after only 20 s of
cryo-UIT, a brass-type texture has already developed, despite the latter requires higher
deformation degrees [46]. Furthermore, the intensity of diffraction lines 4/};11; for the
same UIT duration is significantly lower after cryo-UIT in comparison to air-UIT. This

observation suggests greater texture scattering in the case of cryo-UIT due to more
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substantial refinement of the grain structure occurred with the involvement of more

deformation mechanisms.

(b)  cryo-UIT (20s) (c) cryo-UIT (60s)
T al=177.75 T
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Figure 15. The [111] pole figures characterizing the texture evolution of Cu-37Zn alloy
plates in the initial state (a), after cryo-UIT for 20 sec (b) and for 60 sec (c) and after
air-UIT for 20 sec (d) and for 60 sec (¢)

It can be confirmed by higher accumulated strains after cryo-UIT (Fig. 16)
indicating that the Cu-37Zn alloy seems prone to more straining at cryogenic
temperatures. This observation correlates to the literature data and was explained by

the more intensive deformation twinning in the cryogenic conditions [114].
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Figure 16. Experimental dependencies of accumulated strain e, and surface

microhardness HV on the UIT process duration.

These findings are substantiated by the results of microstructural analysis of the
same specimens, which are presented below (see Fig. 17). XRD pattern (Fig. 17, bl)
and EBSD inverse pole figure and image quality maps (Fig. 17, b2) indicate that air-
UIT for 20 s increases the fraction of (111) crystallites and reduces those of (200) and
(220) in the ND, while also exerting a slight influence on the grain structure in the TD
(EBSD). Meanwhile, a similar cryo-UIT regime leads to significant grain structure
refinement (Fig. 17, ¢2), decreases the fractions of (111) and (200) crystallites, and
increases the fraction of (220) ones (Fig. 17, c1). The appropriate histograms of grain
boundary misorientation angle characterize the grain structure in the initial state and
formed after UIT carried out in different temperature regimes. Interesting that the
applied deformation scheme results in a significant predominance of the low-angle
grain boundaries (2° < LAGBs < 15°) in comparison with the high-angle grain
boundaries (HAGBs > 15¢). This observation can be explained by the influence of
ultrasonic vibrations emitted during the UIT process (the so-called acoustoplastic effect
first reported for Zn by Blaha and Langenecker [115]) and will be addressed below.
However, the microstructure of the air-UIT-ed specimen contains double HAGBs as
compared to that of the cryo-UlT-ed specimen. This should be accounted in the
estimation of the grain/subgrain hardening. Analysis of the XRD peak broadening

registered for the UlT-processed specimens shows a similar trend regarding the
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grain/crystallite size. When compared to the crystallite size determined for the initial
specimen (D ~126 nm), the estimated crystallite size decreased by more than two-fold
(~54 nm) and slightly less (~104 nm) following cryo-UIT and air-UIT, respectively.
Notably, an increase in the UIT duration resulted in an even smaller crystallite size (for
instance, ~41 nm for air-UIT).

The trend observed in EBSD and XRD analyses is corroborated by TEM
observations (Fig. 18). The microstructures depicted in Fig. 18 for the investigated Cu-
37Zn plate specimens in their initial, air-UIT, and cryo-UIT processed states are
supplemented with their corresponding selected-area electron diffraction (SAED).
SAED from the bright-field TEM image of the air-UIT processed specimen reveals
numerous azimuthally dispersed spots, indicative of high misorientation among the
formed cells/crystallites (Fig. 18, d). In the case of cryo-UIT process for 20 s, stacking
faults (SFs) and deformation twins (TWs) frequently formed on the SFs intersections,
which enhance the material’s deformation ability [114], were observed, contributing to
the microstructural features of the cryo-UIT processed Cu-37Zn alloy.

The thickness of the twin lamella did not exceed approximately 50—60 nm.
Additionally, the intertwining regions exhibit a bimodal microstructure consisting of
relatively large (250-500 nm) low-dislocation areas and other regions containing
numerous nanoscale dislocation cells (< 1020 nm). As observed in the appropriate
SAED pattern, new spots from TWs and SFs confirm the appearance of the HCP
stacking (ABAB) within the FCC stacking (ABCABC) of the matrix material (Fig. 9b).
The obtained results are in good correlation with those literature data reported for the
cryogenically strained alloys possessing low SFE and thus prone to the formation of
stacking faults, deformation twinning, and shear banding additionally to or instead of
the dislocation activity [116-121]. The Cu-Zn alloys containing up to 38 wt% of Zn are
single-phase alpha-brasses with fcc lattice and low SFE which decreases with the
increase of Zn content [116, 121-123], and SFE of Cu37Zn alloy is lower than 7-14
mJ/m2 (reported for Cu30Zn [124-126] and Cu32Zn[116, 121] alloys). Thus, no phase
transformations were observed in this study conversely to the recently reported a—3

phase transition in the two-phase Cu-43Zn brass induced by high-strain rate
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compression [126]. Further enhancement in twinning can be achieved by using plastic
deformation processes applying high strain rates [114, 116-118, 121, 122, 127, 128].

Increasing the duration of the UIT process (60 s) results in a higher accumulated
effective strain (e = 1.04 for air-UIT and e = 1.41 for cryo-UIT) coupled with a
significant reduction in grain/crystallite size (Fig. 18, c, f). The microstructure of the
cryo-UIT-processed specimen contains a large number of nano-twins and shear bands
(SBs) facilitating significant grain/crystallite refinement (Fig. 18, ¢). A substantial
fraction of nanoscale and ultra-fine dislocation cells (25—150 nm) have already formed
in the air-UIT-processed specimen (Fig. 18, f). The ring-like SAED patterns are
registered for these microstructures formed in the top surface layers of the severely
deformed air-UIT and cryo-UlT-processed specimens (Fig. 18, c, f). These newly
formed nanograins/nanocells remain highly dislocated, demonstrating their potential
for further refinement through secondary subdivision under higher accumulated
strains. Formation of nanocrystalline surface layers due to severe plastic deformation
1s well documented in the literature including for the cases of low-rate straining (ECAP
[120]) or high-rate straining, such as dynamic-plastic-deformation [114], surface-
mechanical-attritiontreatment [123], sand-blasting [129], and the UIT [112, 114].
Moreover, a cryogenic temperature was shown to substantially inhibit the dislocation
cross-slip, dynamic recovery, and recrystallization. This naturally promotes grain
refinement owing to intersections of multi-system twins or shear bands (see, for
instance, the twins’ intersections in Fig. 9bcd and highly misoriented nano-scale grains
in Fig. 18, c, ).

Regarding the influence of ultrasonic vibrations at the UIT processing, they exert
significant effects on the sample together with the multiple high-frequency impact
loads. It was shown in [115, 130, 131] that depending on their intensity the ultrasonic
vibrations transmitted through the deformed material can result in either strengthening
or stress relaxation or both processes simultaneously, due to their effects on the
microstructure, 1.e., dislocations of both types, vacancies, and subgrain/grain
boundaries. Therefore, the UIT processing used in this study is believed to be able to

change the involved deformation mechanisms thus promoting the formation of the
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unusual copper-type texture in the specimen processed air-UIT for 60 s, i.e.,
experienced a relatively high strain extent (thickness reductions). Moreover, the air-
UIT process seems to result in quick hardening owing to dislocation activity in the top
surface layer, which then protects the deeper layers from straining. On the contrary, the
cryo-UIT process leads to sequential straining throughout the sample depth to produce
much higher overall thickness reduction owing to the involvement of deformation
twinning and shear banding, which both lead to formation of brass-type texture.
However, TEM observations of the cryo-UIT-ed specimens also confirm the formation

of dislocation tangles.
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Figure 17. XRD patterns (al-c1) and EBSD inverse pole figures and quality maps with
histograms of GB misorientation angle (a2-c2) of the microstructure of the studied Cu-
377n plate specimens in the initial state (al, a2), and after air-UIT for 20 sec (b1, b2)
and cryo-UIT for 20 sec (c1, c2)
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Figure 18. TEM observations supplemented with the SAED patterns of the
microstructure of the studied Cu-37Zn plate specimens in the initial state (a) and after

cryo-UIT for 20 s (b) and 60 s (c) and air-UIT for 20 s (d, e) and 60 s (f).

It is well-known that texture has a huge influence on the elastic and mechanical
properties of the material. Now it will be demonstrated on the investigated Cu-37Zn
alloy specimens, both massive and plates.

In order to better understanding the elastic behavior of polycrystalline material
and it’s dependence of texture state, is important to know the orientation surfaces of
the elastic moduli for a single-crystal of this material. The orientation surfaces of the
Young modulus (E) and shear modulus (G) of the Cu-37Zn single crystal was
reconstructed in this study based on the literature data [132] and shown in Fig. 19.

It is evident that the Young’s modulus (E) and shear modulus (G) exhibit
extreme opposite values in the [100] and [111] crystallographic directions, while the
[110] direction presents intermediate values for E, G. The elastic anisotropy of a

polycrystalline aggregate and its changes following directional plastic deformation,
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such as UIT, are directly influenced by this aforementioned fact. In this context, the
values of elastic parameters and other physical-mechanical characteristics are
influenced by the orientation of the entire set of crystallites in the chosen geometric
direction. Information about such texture features can be obtained through EBSD and
XRD methods. The results obtained using these methods are presented in Figs. 6 and
8. XRD pattern (Fig. 17, bl) and EBSD inverse pole figure and image quality maps
(Fig. 17, b2) indicate that air-UIT for 20 s increases the fraction of (111) crystallites
and reduces those of (200) and (220) in the ND, which expectedly leads to an increase
in E-values in this direction. Meanwhile, a similar cryo-UIT regime leads to decrease
the fractions of (111) and (200) crystallites, and increase the fraction of (220) ones
(Fig. 17, c1), which also leads to the increase in E, but less then in case of air-UIT-ed
specimens.

Regarding other elastic and mechanical properties of investigated brass plates
(Fig. 20, b), bulk modulus (B), Poisson’s ratio (1), and plasticity characteristic ()
decrease, while G-modulus, and hardness (HV), G/B ratio experience an increase after
air-UIT. In a similar UIT-duration, the cryo-UIT process brings an increase in B
modulus, although 1 and 6y remain largely unaffected. The influence of cryo-UIT on
other elastic and mechanical properties is qualitatively similar to air-UIT, albeit slightly
weaker (as depicted in Figs. 20 and 21). The impact of air-UIT becomes significantly
more pronounced after 60 s of treatment.

At the same time, in case of massive specimens (Fig. 20, a), the E-values
increased after air-UIT, and decreased after cryo-UIT (for these specimens the state
after HESC is considered now as initial, and in the Fig. 20, a the values for the ND are
presented in order to proper comparison with plates-specimens, where it is the only
investigated direction). This difference is attributed to the different initial state of
massive and plates (textured and isotropic, respectively), and also to the difference in
the maximum stresses developed by the ‘cumulative impact’ and alternating
components of the UIT depending specimen’s thickness. Considering that £-modulus
of massive specimens experiences reorientation after cryo-UIT (Fig. 23, f), namely, the

shift of the E-maximum away from the ND direction and its decrease in the RD and
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TD directions, its ND-value given in the Fig. 20 is expectedly lower since it is not

maximum one any more.
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Figure 19. Surfaces of the Young modulus E (a) and shear modulus G (b) for the Cu-
37Zn single crystal in the initial state reconstructed based on the literature data
regarding the elastic constants [132]: Cy; = 131.1 GPa; Ci, = 101.5 GPa;

Css=73.8 GPa, B=112.03GPa. The magnitudes of E and G in each direction is
illustrated not only by color-coding according to each color scale but also by the

distance from the center of the three-dimensional space.
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Figure 20. The elastic properties E, G, B, n of Cu-37Zn alloy massive specimens (a)
and plates (b)

The effect of the UIT on mechanical properties of massive and plates brass
specimens is qualitatively similar (Fig. 21), despite that it differs in case of elastic
properties. The behavior of both EP and mechanical properties of massive specimens
is more complex because of thickness, but as well this is the clear sign, that the
mechanical properties depend not only on £ modulus, but on the whole complex of EP
pf the material. It should be noted that in terms of hardening of the investigated Cu-
377n alloy specimens, the obtained results do not demonstrate any advantages of cryo-
UIT at the applied regimes as compared to the air-UIT.

Various hardening mechanisms can be suggested to give a more precise
explanation of the hardness behavior and to compose some kind of a general expression
describing the hardening process [99]. First of all, Taylor’s term of hardening should
be included in a general hardening law. In the well-known expression based on the
reciprocal square root of dislocation density p, other parameters (constant o = 0.2—1,
Taylor constant M, shear modulus G, and Burgers’ vector b) should be chosen

accordingly for y and o’ phases: Ac = aMGbp 2. Further, a couple of terms of the
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Hall-Petch type should be taken into account. Firstly, this well-known law of the
reciprocal square root of the grain size Dg: Ac = o + K;Dy 2. Additionally, the
dislocation cells (subgrains) are also an effective hardening factor, which should be
taken into account for the argon-UIT processed specimens by applying the term with
the reciprocal cell size Dc: Ac = K;D. !. Considering the EBSD data indicating the
predominance of the LAGBs in the formed microstructure (Fig. 8c1-c3), it would be
more appropriate to use the reciprocal grain size to make the estimations of the
hardening instead of the standard Hall-Petch relation. The contribution of deformation
twins to yield stress should be supplemented with a similar term corresponding to the
inter-twin spacings: Ac = K,A™"2. Then, using the appropriate material’s constants and
the well-known Tabor’s relation connecting the yield stress and hardness of the
material (H = 3oy) a general expression describing hardness can be written by

aggregation of the appropriate terms from the above-described list.

T T - o'“ T T T
a
0.90 H. ]
| (L)
o 085
1 o.w ‘3 1
= & :
o 088 |
(L)
1 & 0.4 J
(o} ; v g
% Es@ X . 0.80| | | ; | 3 | I
T T 0.87 T T
J!o: 0.86 i
] 0.85 1
' - - 0.84 - - l
© 27+ ]
0
5 26 H Z5
5 i .,0‘:3::0:
S I 1 PO
QRN i
i P N 1 ‘ | .
Initial Amb Cryo Amb Initial HESC uIT uIT
20s 20s 60s Amb Cryo
(a) (b)

Figure 21. The main mechanical properties, namely Vicker’s hardness Hv, plasticity
parameter 0H, yield (op2) and strength (os) stresses of Cu-37Zn alloy massive

specimens (a) and plates (b)

For the massive specimens USTA allows to analyze elastic and related
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mechanical properties layer-by-layer in different geometric directions, which is of
significant importance for production purposes. Such analysis for Cu-37Zn alloy
massive specimens is given below.

In the Fig. 22, the 3D-surface of Young’s modulus (Fig. 22, a), its values in
orthogonal directions (Fig. 22, b), its extreme values (Fig. 22, c) and the anisotropy of
Young’s modulus (Fig. 22, d) after HESC are shown. As it is clear (Fig. 22, a) Young
modulus is strongly anisotropic and its maximum is in the TD (Fig. 22, b). All of
directional Young’s moduli decrease after the first step of HESC and after the second
step, E| 1s still almost the same as the initial state, but £, and E5 increase significantly.
It 1s probably caused by the establishment of crystallographic directions of maximum
Young's modulus parallel to TD and ND indicated by increasing of the intensity
maximums in PF (111) (Fig. 10) along with the increase of 4111 (Fig. 11).

(a) (b)

mr
110

1058
1032
100.6
- 98.01
95.40

Young modulus E, GPa

Initial 11,02% 18,8%

18; @

-
s o

- - -
o N

HESC
95

Anisotropy of E, %

An.E = 6,99%

o ©

90 1
Initial  11.02%  18.8% Initial ~ 11.02%  18.8%

Figure 22. Young modulus of Cu-37Zn alloy after HESC: (a) the 3D-surface for HESC-
processed (18.8%) specimen, (b) the values in the orthogonal directions ND, TD, RD,

(c) the extreme values, (d) the anisotropy of Young’s modulus.

In the Fig. 23 the 3d-surface of Young’s modulus, its values in orthogonal

directions and the extreme ones, and the anisotropy of E after air-UIT (Fig. 23, a-d)
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and cryo-UIT (Fig. 23, e-h) are shown. In the first column of each graph the values
after HESC to ¢ = 18.8% are shown.

Young’s modulus after air-UIT is still anisotropic (Fig. 23, a) and its values in
RD are also still smaller than the other for all examined sections (Fig. 23, b). We can
also observe a gradual decrease in E-values in all orthogonal directions from TS to BS.
The anisotropy of Young’s modulus decreases twice after both cryo- and air-UIT (Fig.
23, ¢, g). However, after cryo-UIT there are no texture changes, in contrast to the air-
UIT. So, this difference cannot be associated with texture transitions, but is probably
caused by the increase in the grain boundary fraction as a result of grain refinement

[133] which is usual in the case of high rate and/or cryogenic deformation [98, 114,

116, 122, 134].
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Figure 23. 3D-surfaces of Young’s modulus £ (a, e), its values in orthogonal directions
(b, f) and the extreme ones (¢, g), and the anisotropy of £ (d, h) for various sections of
specimens after air-UIT (a—d) and cryo-UIT (e-h) in comparison with those after

HESC.

In the Fig. 24 the values of shear modulus and Poisson ratio in the orthogonal
planes TD-ND (G, 3 and 7,3), RD-ND (G5 and #,3) and RD-TD (G, and 7, ) after
all steps of treatment are shown.

Shear modulus after final step of HESC decreases the most significantly in the
TD-ND plane (Fig. 24, a) and Poisson ratio correspondingly increases in similar plane

(Fig. 24, b). There are no significant changes in the other orthogonal planes.
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Considering that after air-UIT (Fig.24, c, d) G,3 and 7,3 return practically to the
level of their initial state, it can be assumed that this is associated, respectively, with
the direct copper-brass and reverse of brass-copper texture transitions.

After cryo-UIT (Fig.24, e, f), in return, changes are in the RD-TD plane, which
possibly indicates partly transition to a new deformation mechanism. This can be
confirmed by drastic changes in Young modulus extreme values and deviation of its
maximum from ND. While setting the directions as <111> || ND, the <112> directions
are set into the rolling plane, and the {111} plane is set parallel to it. Such reorientation
is usual for FCC-metals during compressive deformation, including multiple shock
compression during UIT [96]. Taking this into account, twinning {111}<112> seems
to be a possible new deformation mechanism because this twinning system is
characteristic of FCC-alloys [135].

In the Fig. 25 the calculated Vickers Hardness HV (Fig.25, a-c) and Milman’s
plasticity characteristic oy (Fig.25, d-f) of the specimens after each step of treatment
are shown.

As seen, there is a slight decrease in HV values in all orthogonal directions after
the first step of HESC (11.2%) and a return to the initial level (the RD-value) and even
additional hardening (ND- and TD) compared to the initial level after the second HESC
step. This result correlates well with the observed changes in the crystallographic
texture type and intensity (Fig.3, Fig.4). The following UlT-induced changes are
observed to vary greatly depending on the applied temperature (Fig. 11, c, e, d, f), as
like as in the case of elastic properties (Fig.9, Fig.10).

After air-UIT, the HV values appear close to that observed after the second
HESC step, especially for the ND and TD directions. However, it achieves its
maximum in the RD direction, increasing gradually from TS to CS and BS. In contrast,
after cryoUIT, the HV values become significantly lower than those after HESC.
Additionally, they become equal across the ND, RD, and TD directions, i.e.,
demonstrating a negligible anisotropy. Since HV is mathematically dependent on
elastic moduli (Eq. 14), these changes can be attributed to the shift of the E-maximum

away from the ND direction and its decrease in the RD and TD directions (see Fig. 9f).
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The corresponding changes in the Milman’s plasticity characteristic, 0H, exhibit the

opposite trend according to Eq. 15.

As in the Cu-37Zn plates analyzed in the previous study [3], the massive samples

showed virtually no changes in all investigated mechanical characteristics after cryo-

UIT. Therefore, considering the material hardening, this cryogenic treatment has no

advantages over air-UIT.
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1)

2)

3)

Conclusions for this subsection are as following:

HESC of massive specimens of Cu-37Zn alloy leads to copper-brass
crystallographic transition even at € = 11,02%. At ¢ = 18,8% the brass-type
texture becomes sharper. This effect is typical in case of high-rate directional
compressive deformation of such alloys.

An unusual brass-copper texture transition was detected in the air-UIT processed
brass specimens with a HESC pre-formed texture. The absence of this texture
transition after cryo-UIT process of similar parameters is explained by the
difference in the mechanisms of plastic deformation, i.e., dislocation activity at
room temperature that was enhanced by the alternating component of UIT, and
twinning at cryogenic temperature.

There are no texture-type changes after cryo-UIT, which is explained by
suppressing the movement of defects, accumulation of defects and further
complication of dislocation slip and the enhanced twinning, which, in turn, leads

to the preservation of brass-type texture.
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4)

S)

6)

7)

8)

9)

After HESC the significant increasing in Young’s modulus anisotropy and its
ND- and TD-values were revealed. This is probably associated with
reorientation of crystallographic <111> directions corresponding to maximum E
values along ND and TD.

Combination of HESC+UIT both at ambient and cryogenic temperature leads to
almost twice decreasing of elastic anisotropy of the alloy. This is probably
caused by the increasing of grain boundary fraction as a result of grain
refinement which is usual in the case of high rate and/or cryogenic deformation.
There are changes of shear modulus G and Poisson ratio n after cryo-UIT in RD-
TD plane, while in the case of air-UIT these changes were observed in ND-TD
plane. This may indicate a partial transition to another deformation mechanism,
namely twinning.

The observed correlation between the texture and elastic properties of the studied
specimens indicates that the texture change is the main factor affecting the elastic
moduli variations in the Cu-37Zn brass specimens that underwent the applied
treatments.

Results show that the required texture and elasticity of the material state can be
obtained by choosing the proper combination of the above-mentioned high-rate
deformation methods.

As for plates, a greater texture scattering and the brass-type texture formation in
the case of cryo-UIT, attributed to a more substantial refinement of the grain
structure. Thus, the copper-type texture is formed after air-UIT and the brass-
type texture is formed after cryo-UIT. The cryo-UIT processed specimen was
confirmed to experience intensive twinning and further shear-banding, which are
known to promote the brass-type texture. On the contrary, the microstructure
registered after air-UIT contains mainly dislocation tangles and bundles that
transform into dislocation nano-cells with the increase in the thickness reduction

and facilitate the copper-type texture.

10) The difference between the influence of the UIT on the texture formation

process in massive specimens and plates is explained by the different the
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maximum stresses developed by the cumulative and alternating components in

those kinds of specimens.

3.2 The influence of chemical composition and ultrasonic impact treatment on
the elastic and the main mechanical properties of 51Ti31Zr10Nb8Ta,
31Ti51Zr10Nb8Ta, 51Ti31Zr18Nb, 31Ti51Zr18Nb medical alloys

In this subsection the influence of chemical composition and UIT on the elastic
and related mechanical properties of four medical 51Ti31Zr10ONb8Ta,
31Ti51Zr10Nb8Ta, 51Ti31Zr18Nb, 31Ti51Zr18Nb alloys in the initial state and after
UIT will be discussed. The Ti-Zr alloy specimens in the form of massive and plates
ones were studied.

In the table 2 the values of parameters characterizing the collective behavior of
the components of the investigated alloys are presented. These values were calculated
using expressions presented in [136]. The data for the equiatomic alloy TiZrNbTa are

provided for comparison in the rightmost column.

Table 2. the values of parameters characterizing the collective behavior of the components of the
investigated alloys

0 Atomic radius, Alloy
Element, % nm 1 2 3 |4ZINT| 5TZNT
Ti 0.1462 51 51 31 31 -
Zr 0.1603 31 31 51 51 -
Nb 0.1429 18 10 18 10 -
Ta 0.1430 0 8 0 8 -
Atomic incompability & - 4.68 4.68 5.06 5.06 4.8
Mixing enthalpy Ahmix - 1.63 1.36 1.92 1.65 2.5
Mixing entropy Asmix , - 8.44 9.47 8.44 9.47 -
Pauling electronegativity Ay - 0.14 0.13 0.17 0.16 -
Valent electron
cconcentration VEC - 4.18 4.18 4.18 4.18 4.5
Q(ASmix, AHmix) - 11.25 | 15.35 9.82 13.01 11.628

It is evident that the VEC for the investigated alloys is 4.18. This value is optimal
for minimizing the Young's modulus of multicomponent alloys [137]. Along with it,

according to study [54] the VEC = 4.18 corresponds to one of the highest values of
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universal anisotropy index (A,), and VEC of equiatomic alloy, in contrast, indicates
much lower anisotropy.

Increasing the concentration of Zr by replacing with Ti leads to an increase in
atomic incompatibility (8) from 4.68% to 5.06%, and the partial replacement of Ta
atoms with Nb reduces the enthalpy (Ahnix) and increases the entropy (Asmix) of mixing.

A higher Zr content leads to an increase in hardness, £- and G-moduli, the G/B
parameter, and reduced Poisson’s ratio and plasticity characteristics oy (see Table 2).
Collectively, this indicates that an increase in Zr content, along with the corresponding
rise in (J), leads to alloy strengthening. At the same time, the effect of Ta on these
properties depends on the initial Ti and Zr content. For instance, the Ta-containing
alloy 2TZNT has a lower Young’s modulus (and related parameters) compared to the
ITZN alloy, whereas the Young’s modulus of the 4ZTNT alloy is higher than that of
the corresponding ternary alloy 3ZTN. A corresponding increase in Debye
Temperature TD with increasing Zr-content and it’s decrease after Ta-addition
indicates, respectively, increase and decrease in interatomic interaction forces in the

investigated alloys, which correlates well with £-modulus changes.

Table 3. The volume-averaged values of E-, G-, B-moduli, the Poisson and G/B ratio, hardness HV
and plasticity parameter on of Ti-Zr-based HEAs
Alloy Debye E,GPa | G,GPa | B,GPa |n G/B HV, GPa | ou
temperature
TD
1TZN 283,17852 | 83,34 | 30,55 102,00 0,364 | 0,3 2,63 0,832
2TZNT 265,05467 | 80,60 | 29,41 103,44 0,370 | 0,28 2,413 0,848
3ZTN 292,05992 | 89,65 33,41 94,24 0,341 0,35 3,394 0,770
47ZTNT 282,25338 | 91,42 34,23 92,49 0,335 | 0,37 3,626 0,750

The same trend applies to the anisotropy of all investigated elastic and
mechanical properties, which, in their initial state, are significantly higher in Ta-
containing alloys. In particular, for alloy 2TZNT, AE/<E>, AG/<G>, and AB/<B> are
higher than for the 1TZN alloy, while the anisotropy of 4ZTNT is less than for 3ZTN

one. Note that this trend is applicable for different geometric directions (see Table 3).

82



The effect of partial Nb substitution for Ta may be associated with an increase
in o-martensite inclusions in the B-phase alloy [138] and changes in the distribution of

dendritic structures in the alloys [41].
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Table 4. Elastic parameters (E, G, B, 1, and G/B) and mechanical properties (HV, dn, 00.2,
os, ), there average values <x>, heterogeneity (AX/<X>, indicated as <Xj) and anisotropy
(An.i-j) for three directions of massive TiZrNb and TiZrNbTa alloys before UIT
Alloy Par:;net (fp)a GGP,a (g;a " G/B (I;III)/a OH, I.U. 00.2, GPa 05, GPa
<RD> 85.11 31.28 101.70 0.360 0.31 2,755 0,824 0,91 0,99
<TD> 80.79 29.51 102.83 0.369 0.29 2,444 0,845 0,81 0,87
<ND> 84.47 31.05 100.69 0.360 0.31 2,749 0,823 0,91 0,99
<X> 83.45 30.61 101.75 | 0.363 0.30 2,65 0,83 0,88 0,95
TZN <X3-2> | 82.63 3027 | 101.76 | 0.365 0.30 2,60 0,83 0,86 0,93
<X3-1> | 84.79 31.16 | 101.20 | 0.360 0.31 2,75 0,82 0,91 0,99
<X2-1> | 82.81 30.33 102.36 | 0.365 0.30 2,60 0,83 0,86 0,93
An3-2, | 445 5.09 2.10 2.47 6.67 | -1196 | 252 | -11,63 | -12,90
An.3-1, 0.75 0.74 1.00 0.00 0.00 -0,22 -0,12 0,00 0,00
An.2-1, 5.20 5.82 1.10 2.47 6.67 11,75 -2,64 11,63 12,90
<X1> 77.50 28.14 104.93 0.377 0.27 2,188 0,863 0,72 0,77
<X2> 83.26 30.52 102.05 0.364 0.30 2,624 0,833 0,87 0,94
<X3> 86.04 31.69 100.65 0.357 0.31 2,856 0,816 0,94 1,03
<X> 82.26 30.10 | 102.57 | 0.366 0.29 2,56 0,84 0,84 0,91
STANT <X3-2> | 84.65 31.10 | 101.35 | 0.361 0.31 2,41 0,85 0,80 0,86
<X3-1> | 81.74 29.89 | 102.82 | 0.367 0.29 2,52 0,84 0,83 0,90
<X2-1> | 80.37 2932 | 103.50 | 0.371 0.28 2,74 0,82 0,91 0,99
An3-2, | 328 3.76 1.38 1.94 3.28 18,12 | -354 | 1887 | 1988
An3-1, | 1044 | 1187 4.16 5.45 13.79 | 2649 | -560 | 2651 | 2889
An2-1, | 717 8.11 2.78 3.51 10.53 8,47 -2,06 7,73 9,14
<X1> 94.39 35.63 89.70 0.325 0.40 4,042 0,716 1,33 1,54
<X2> 87.10 32.25 97.03 0.350 0.33 3,075 0,796 1,01 1,13
<X3> 80.58 29.50 100.05 0.366 0.29 2,520 0,836 0,83 0,90
<X> 87.36 32.41 95.66 0.348 0.34 3,21 0,78 1,06 1,19
3TN <X3-2> | 83.83 30.86 98.56 0.358 0.31 3,56 0,76 1,17 1,34
<X3-1> | 87.49 32.49 94.97 0.346 0.34 3,28 0,78 1,08 1,22
<X2-1> | 90.77 33.92 93.39 0.338 0.36 2,80 0,82 0,92 1,02
An.3-2, 7.78 8.91 3.06 4.47 1290 | -27,17 10,58 | -27,35 | -30,71
An3-1, | 1579 18.82 10.91 11.87 31.88 | -46,39 1546 | -4630 | -52,46
An.2-1, 8.03 9.96 7.85 7.41 19.18 | -19,84 4,90 -19.57 | -22,66
<X1> 91.73 34.38 92.19 0.334 0.37 3,667 0,747 1,21 1,38
<X2> 92.00 34.45 93.11 0.335 0.37 3,640 0,751 1,20 1,37
<X3> 92.06 34.67 89.09 0.328 0.39 3,872 0,725 1,28 1,47
<X> 91.93 34.50 91.46 0.332 0.38 3,73 0,74 1,23 1,41
A7 INT <X3-2> | 92.03 34.56 91.09 0.332 0.38 3,65 0,75 1,21 1,38
<X3-1> | 91.90 34.52 90.64 0.331 0.38 3,77 0,74 1,25 1,43
<X2-1> | 91.86 34.41 92.65 0.335 0.37 3,76 0,74 1,24 1,42
An.3-2, 0.06 0.64 4.41 2.11 5.26 -0,74 0,53 -0,83 -0,73
An.3-1, 0.36 0.84 3.42 1.81 5.26 5,44 -2,99 5,62 6,32
Aun2-1, | 029 0.20 0.99 0.30 0.00 6,18 23,52 6,45 7,04

The UIT of massive specimens in the applied regime primarily leads to only

slight residual compression (up to 0.1-0.14%) in the deformation direction, which can
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be explained by the unattainability of the yield strength (o) of the alloys during
processing due to the absence of macroscopic stresses (c4). However, due to the
alternating component of deformation during UIT, the moduli £, G, the G/B ratio, and
HYV decrease significantly, while the modulus B, Poisson's ratio, and plasticity
parameter Oy increase (see Table 4). The UIT in most cases is seen to decrease spatial
inhomogeneity (AX/<X>) and anisotropy (A4n.i;) of the specimens, including ones in
different geometric directions. It is clearly possible to choose the E-minimum direction
in order to fit the requirements for such alloys. Choosing between examined alloys, the
2TZNT alloy has lowest Young’s modulus in the ND after UIT (74,64 GPa). Along
with it, the 4TZNT alloy has the lowest anisotropy of E, but the E-values itself are a
little higher. So that it is necessary to choose more important parameter in each case.
The results demonstrate the potential of UIT for reducing the anisotropy and
heterogeneity of the elastic and mechanical properties of Ti-Zr-based biomedical

alloys, as well as for decreasing the absolute values of their Young’s modulus.
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Table 5. Elastic parameters (E, G, B, 1, and G/B) and mechanical properties (HV, dn, 002,
os,) there average values <X>, heterogeneity (AX/<X>, indicated as <Xj.j) and anisotropy
(An.i-j) for three directions of massive TiZrNb and TiZrNbTa alloys after UIT

E G B HV, GPa | On, r.u. | 002,GPa | 08 GPa
Alloy Parameter Gl;a GP’a GP’a n G/B

<X1> 79,18 28,86 103,00 | 0,372 | 0,280 2,341 0,851 0,77 0,83

<X2> 79,86 29,15 102,15 0,370 | 0,285 2,408 0,346 0,79 0,85

<X3> 83,41 30,55 102,96 | 0,365 | 0,297 2,602 0,836 0,86 0,93

<X> 80,82 29,52 102,70 0,37 0,29 2,45 0,84 0,81 0,87

\TZN <X3-2> 79,52 29,01 102,57 0,37 0,28 2,37 0,85 0,78 0,84
<X3-1> 81,30 29,71 102,98 0,37 0,29 2,47 0,84 0,32 0,88

<X2-1> 81,64 29,35 102,56 0,37 0,29 2,51 0,84 0,33 0,89

An.3-2, % 0,86 1,02 -0,83 -0,59 1,85 2,82 -0,62 2,32 3,23

An.3-1, % 5,20 5,70 -0,03 -1,87 5,74 10,55 -1,87 10,55 11,66

An.2-1, % 4,34 4,69 0,80 -1,28 3,89 7,74 -1,25 7,74 8,44

X1> 81,63 29,88 101,41 0,366 | 0,295 2,541 0,837 0,84 0,91

<X2> 79,64 29,01 104,44 | 0,373 | 0,278 2,326 0,354 0,77 0,82

<X3> 74,64 26,99 105,84 | 0,382 | 0,255 2,007 0,875 0,66 0,69

<X> 78,64 28,63 103,90 0,37 0,28 2,29 0,86 0,76 0,81

STZNT <X3-2> 80,64 29,44 102,93 0,37 0,29 2,43 0,85 0,80 0,86
<X3-1> 78,13 28,44 103,63 0,37 0,27 2,27 0,86 0,75 0,80

<X2-1> 77,14 28,00 105,14 0,38 0,27 2,17 0,86 0,71 0,76
An.3-2,% -2,47 -2,98 2,94 1,91 -5,93 -8,84 2,06 -8,84 | -10,17
An.3-1,% -8,95 -10,16 4,27 4,44 | -1441 -23,50 4,46 -23,50 | -26,47
An.2-1,% -6,49 -7,18 1,33 2,53 -8,51 -14,74 2,40 -14,74 | -16,41

<X1> 84,77 31,29 97,26 0,355 | 0,322 2,901 0,307 0,96 1,06

<X2> 85,08 31,48 95,26 0,351 | 0,330 3,004 0,797 0,99 1,10

<X3> 86,08 31,95 93,77 0,347 | 0,341 3,143 0,785 1,04 1,16

<X> 85,31 31,57 95,43 0,35 0,33 3,02 0,80 1,00 1,11

3ZTN <X3-2> 84,93 31,39 96,26 0,35 0,33 2,95 0,80 0,97 1,08
<X3-1> 85,43 31,62 95,52 0,35 0,33 3,02 0,80 1,00 1,11

<X2-1> 85,58 31,72 94,52 0,35 0,34 3,07 0,79 1,01 1,13

An.3-2, % 0,36 0,62 -2,08 -1,01 2,70 3,51 -1,31 3,51 4,18

An.3-1, % 1,17 1,48 -1,55 -1,18 3,09 4,59 -1,52 4,59 5,33

An.2-1, % -0,90 -1,19 1,75 1,13 -2,91 -4,13 1,46 -4,13 -4,81

X1> 85,24 31,72 85,24 0,344 | 0,349 3,216 0,773 1,06 1,20

<X2> 87,31 32,44 87,31 0,346 | 0,344 3,212 0,781 1,06 1,19

<X3> 87,58 32,51 87,58 | 0347 | 0341 | 3,079 | 0,786 | 1,05 1,17

<X> 86,71 32,22 86,71 0,35 0,34 3,20 0,78 1,06 1,19

AZTNT <X3-2> 86,27 32,08 86,27 0,34 0,35 3,21 0,78 1,06 1,19
<X3-1> 86,41 32,11 86,41 035 | 034 3.0 0,78 1,06 1,18

<X2-1> 87,44 32,47 8744 | 035 | 034 3.0 0,78 1,05 1,18

AH3-2,% | 2,40 2,24 2,40 061 | -1,51 0,13 107 | 013 | -0,68
An3-1,% | 2,71 2,45 2,71 1,02 | 254 | -1,15 1,66 | -1,15 | -1,99
An.2-1,% 0,31 0,20 0,31 0,41 -1,02 -1,02 0,59 -1,02 -1,31
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The volume-averaged spatial inhomogeneity (AX/<X>) and anisotropy (A4n.i.)
of elastic and related mechanical properties of "bulk" specimens of the investigated

alloys before and after UIT are shown in the Figures 26 and 27.
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Figure 26. Spatial heterogeneity £, G, B, m, Vickers hardness HV, and plasticity
characteristics (0H) for massive samples of TiZrNb alloys (Ne 1, 3) and TiZrNbTa
alloys (Ne 2, 4) in the initial state and after UIT (left/right columns, respectively). UIT

predominantly reduces heterogeneity within the volume of the samples.
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Figure 27. Anisotropy E, G, B, n, Vickers hardness HV, and plasticity characteristics
(0n) for massive samples of TiZrNb and TiZrNbTa alloys in the initial state and after
UIT (left/right columns, respectively). UIT predominantly reduces anisotropy within

the volume of the samples by relaxing the fixators of texture elements.

In contrast to massive specimens, UIT of plates (Fig. 28) made of quaternary
alloys with Ta additives (samples 2TZNT and 4ZTNT) strengthens the alloys
(increasing E, G, and HV) due to the reduction in size in the deformation direction. The

strengthening of Ta-containing alloys with decreasing thickness may be attributed to

the onset of B-phase instability.
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Figure 28. The elastic properties E, G, B, and n (a) and G/B, Hv and 6H (b) of
the TiZrNb and TiZrNbTa alloys in the initial state (the leftmost column), in the form
of massive specimens after UIT (the middle column), and in the form of plates (the

rightmost column).

Fig. 29 illustrates the relationship between n and G/B coefficient according to
the work scheme [96], based on the results of our own US investigations of anisotropic
and spatially inhomogeneous materials after averaging. The green markers represent
data for TiZrNb and TiZrNbTa alloy specimens. It can be observed that the EP obtained
in this study fit well on the n(G/B) relationship, indicating that the averaging process
is qualitative. This suggests that the applied method allows obtaining quantitative data
on isotropic EP of anisotropic and elastic heterogeneous materials, which can be used
for comparison with theoretical calculations. Comparison of the obtained results with
literature data shows that isotropic values of moduli (£ = 77.1-95.34 GPa; G =27.99-
35.92 GPa; B=91.81-104.63 GPa), Poisson's ratio n =0.327-0.377, and HV = 2.504-
3.996 GPa are typical for multicomponent Ti-Zr-based alloys, so that they have
potential applications in the medical field with further improvement, particularly by

influencing the elastic anisotropy of directed deformations [139].
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Figure 29. Dependence of the Poisson's ratio (1) on the G/B ratio according to the

scheme proposed in [20] based on the results of our own ultrasonic (US) investigations

of anisotropic and spatially heterogeneous materials after averaging. Green markers

indicate data for samples made of TiZrNb and TiZrNbTa alloys.

1)

2)

3)

A list of conclusions that can be drawn for this part is as following:

Increasing in Zr concentration by replacing Ti with Zr leads to an increase in
Debye temperature 7p, E-, G-, B-moduli the G/B ratio, HV, and the oy parameter.
These observations indicate strengthening of the alloy by increasing atomic
incompatibility 8. These observations indicate alloy strengthening due to an
increase in atomic size mismatch 6. The effect of Ta on the mentioned
characteristics depends on the concentrations of Ti and Zr.

The UIT predominantly reduces the non-uniformity and anisotropy of all
investigated alloys due to the effect of its alternating component. The change in
specimens’ thickness leads to the opposite results, which may be an indication
of the onset of B-phase instability.

Reference data were obtained on the elastic parameters of inhomogeneous and
anisotropic Ti- and Zr-based polycrystals, which are essential for comparison
with corresponding theoretical calculations. A comparison of the obtained
results with available literature data revealed that the studied multicomponent

Ti-Zr-based alloys possess potential for biomedical applications, provided that
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further optimization is undertaken—particularly through the control of elastic

anisotropy and inhomogeneity under conditions of directional deformation.

3.3 The influence of ultrasonic impact treatment on the elastic and mechanical
properties, and on susceptibility to hydrogen embrittlement of Inconel 718 alloy

thin wires

In the Fig. 30 the results of mechanical tensile tests of Inconel 718 alloy after
various thermo-mechanical treatments and hydrogenation are shown.

The UIT causes an increase in all studied characteristics, including €, which
indicates an increase in both strength and ductility of the alloy. Hydrogenation, as
expected, reduces all characteristics, the subsequent UIT slightly restores ay», but
further reduces os and €. At the same time, hydrogenation after UIT maintains the
characteristics at a level higher than after WQ + annealing, and o5 is higher even than
that obtained after UIT. Therefore, the applied combination of hydrogenation + UIT is
advantageous for this alloy. However, it should be noted that this result cannot be

generalized without deeper investigations.
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Figure 30. The stress-strain curves of Inconel 718 alloy wires after WQ, subsequent

annealing at 870°C and further hydrogenation and UIT in different sequences

In the Fig. 31 the PF (111), relative changes in E- and G-moduli, and in the
Fig. 32 the changes in E-, G-moduli, and HV hardness for the axial direction of the wire
obtained by USTA results are shown. A decrease in (111) texture sharpness in the axial
direction i1s observed after UIT, and an even greater decrease after subsequent
hydrogenation. The anisotropy of Young’s and shear moduli, as well as Young’s
modulus in the direction of the wire axis, decrease, while the shear modulus increases.
This leads to an increase in the hardness of the material, which always depends on the
complex of elastic characteristics.

It should be noted that Inconel 718 belongs to materials with a positive
anisotropy factor, therefore the dependence of E- and G-moduli on crystallographic
directions has the form shown in Fig. 33. The <111> directions correspond to the
maximum value of Young's modulus (and the minimum value of G-modulus,

respectively), and the <100> directions - vice versa. The <110> directions correspond
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to intermediate values of the moduli. Therefore, a decrease in the (111)

corelate well with a decrease in the E value in this direction.
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Figure 31. The PF (111), relative changes in E- and G-moduli of Inconel 718 alloy

wires after WQ (a), WQ + UIT (b), and WQ + UIT + hydrogenation (c)
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Figure 32. the changes in in E- (a), G-moduli (b), and HV hardness (c) after WQ, WQ

+ UIT, and WQ + UIT + hydrogenation
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Figure 33. Surfaces of the Young modulus £ (a) and shear modulus G (b) for the
Inconel 718 single crystal in the initial state reconstructed based on the literature data
regarding the elastic constants [132]: Cy; = 243.9 GPa; Ci, = 154.9 GPa;

Css = 110.8 GPa. The magnitudes of £ and G in each direction is illustrated not only
by color-coding according to each color scale but also by the distance from the center

of the three-dimensional space.

In the Fig. 34 the EBSD structure images of the specimens after WQ, WQ + UIT,
and WQ + UIT + hydrogenation (Fig. 34, a-d) are presented, and in the Fig.34 the
fraction of [100] crystallites for the central, edge and all areas of the cross-section of
the investigated specimens (Fig. 35, a), and the fraction of crystallites of all main
crystallographic orientations ([100], [110], and [111]) for the whole cross-section area
(Fig. 35, b) are shown.

The results indicate a decrease in the intensity of [111] in the axial direction of
the wire after UIT + hydrogenation, which correlate with those obtained using USTA
and confirm the possibility of determining the properties of the material with its help
in directions inaccessible for measurements, provided that the samples are axially
textured. Additionally, an increase in the intensity of [100] is observed, which along
with decreasing of E-value (indicated by decreasing of [111] intensity] means an
increase in G-modulus in the axial direction (according to Fig. 33). This result also
confirms the USTA data and leads to the conclusion, that the textural factor plays a key
role in the decrease in Young's modulus, the increase in the shear modulus and,
subsequently, the hardness of the alloy. The possibility of determining these

characteristics by the express USTA method is extremely promising for technical and
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production purposes, considering that methods that can directly determine textural and
elastic characteristics from the cross-sectional plane of the wire are quite cumbersome

and expensive, require careful preparation of samples, and do not allow for control

under operating conditions.
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Figure 34.Tthe EBSD structure images of the cross-section of Inconel 718 wires

specimens after WQ (a), WQ + UIT (b), WQ + H; (c), and WQ + H, + UIT (d)
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cross-section of Inconel 718 wire specimens (a), and the fraction of crystallites of all
main crystallographic orientations ([100], [110], and [111]) for the whole cross-section
area (b)

A list of conclusions that can be drawn for this part is as following:

1) The increase in the proportion of [100] crystallites in the axial direction after all
types of treatments gives grounds to assert that the decrease in Young's modulus
E, the increase in the shear modulus G, and the increase in Hv of the alloy are

due to the textural factor.
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2) The effectiveness of the used USTA method for studying wire samples from
Inconel 718 type alloys was confirmed, as well as the prospects for using UIT to

prevent hydrogen embrittlement of their surface.
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THE MAIN RESULTS AND CONCLUSIONS

1. An abnormal brass-to-copper texture transition in Cu-37Zn massive specimens
was observed for the first time using ultrasonic impact treatment (UIT) at the
ambient temperature (air-UIT). This effect is explained by the influence of the
alternating component of the UIT, which facilitates the movement of fixed
dislocation segments by breaking their fixation points. The absence of texture-
type changes after UIT at cryogenic temperature (cryo-UIT) is attributed to the
suppression of defect movement and the promotion of twinning, which results
in a brass-type texture. Corresponding changes in the elastic state, hardness, and
ductility of the alloys were also observed. This result demonstrates the
possibility of obtaining the desired texture and elastic state of the material by
selecting the appropriate combination of the aforementioned high-rate
deformation methods. In contrast, for plates of the same alloy, air-UIT led to the
formation of a copper-type texture, while cryo-UIT produced the expected brass-
type texture. This difference in the effect of UIT on massive and plate specimens
1s explained by the change in maximum stresses developed by the static and
alternating components of UIT as the specimens' thickness changes.

2. Reference data were obtained on the elastic and mechanical properties of the
alloys  51Ti31Zr10Nb8Ta, 31Ti51Zr1ONb8Ta, 51Ti31Zr18Nb, and
31Ti151Zr18ND, as well as on the individual effects of T1, Zr, Nb, and Ta on these
properties.

3. An increase in the Young’s modulus (E), shear modulus (G), and Vickers
hardness (HV) was observed in thin plates of Ta-containing alloys, which may
indicate the onset of B-phase instability after UIT.

4. The potential of high-energy dynamic treatments, such as ultrasonic impact
treatment (UIT), has been demonstrated for reducing the anisotropy and
heterogeneity of the elastic parameters of Ti-Zr-based biomedical B-alloys.

5. For the first time, the ultrasonic texture analysis method was applied to the
experimental investigation of the elastic, textural, and the main mechanical

properties of small-diameter (d = 1 mm) Inconel 718 superalloy wire subjected
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to combined hydrogen charging and ultrasonic impact treatment. The crucial
role of texture in mechanical properties changes after hydrogenation and/or
ultrasonic impact treatment was also established, along with the potential of UIT
for preventing hydrogen embrittlement of the surface of the investigated

material.
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LIST OF ABREVIATIONS

FCC —face-centered cubic (lattice)

BCC - body-centered cubic (lattice)

UIT — ultrasonic impact treatment

HESC — high-energy shock compression
USTA — ultrasonic texture analysis
Air-UIT — UIT at room temperature
Cryo-UIT — UIT at cryogenic temperature
HE — hydrogen embrittlement

VEC — valence electron concentration
HEDE — hydrogen enhanced decohesion
HELP — hydrogen enhanced localized plasticity
SEM — scanning electron microscop(y)
SAED - selected area electron diffraction
EBSD - electron backscattering diffraction

TEM — TpaHcMmiciiiHa eJIeKTPOHHA MIKPOCKOITIS
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