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Hucepraiiiina poboTa HpPUCBSYEHA  KOMIUIEKCHOMY  JOCIIIKEHHIO
3aKOHOMIPHOCTEH CTPYKTYpOYTBOPEHHS ¥ (OpMyBaHHS KOMIUIEKCY MEXaHIYHHUX
BJIACTUBOCTEH OYHTOBOTO MpOKaTy 3 HU3bKoByTJIeneBux Cr-Mo-V craneit, a Takox
HAyKOBOMY OOTPYHTYBaHHIO Ta pO3pOOJIEHHIO TEXHOJIOT1i HOro 3HEMIIIHIOBAJILHOTO
TEPMOMEXAHIYHOTO  OOpOOJEeHHS Uil  MOAAJIBLIOTO  €HEProeeKTUBHOIO
BUTOTOBJICHHS 3BapIOBAIbHUX MaTepiaiB.

Y poOoTi mpoaHani3oBaHO Cy4yacHI TEHJEHINT Ta mpobiieMu BUPOOHUIITBA
npokaty 1 napoty 3 Hu3bkoByrieneBux Cr-Mo-V craneld 3BaproBaJIbHOTO
npusHayeHHs. [lokazaHo, 1110 OJTHUM 13 HaWOLIBIT aKTyaIbHUX 3aBJaHb, IKE Hapasl
CTOITh Mepea BUPOOHHKAMHU OYHTOBOTO MPOKATy 3BApIOBAILHOTO MPHU3HAYCHHS Y
BCbOMY CBITI, € MaKCHMMallbHa IUTacTU(ikalisi MeTady B CTaHl [OCTayaHHS
METaJOBUPOOHUM MIAMPUEMCTBAM, MPH I[LOMY PalliOHATLHUN MIKPOCTPYKTYpPHUN
JM3aiiH BIJAICPa€e KIIOYOBY pOJib IMiJI Yac BUTOTOBJIEHHS BHUCOKOILJIACTUYHOIO
npokaTy. POopMyBaHHS TBEPAUX CKIAJHHUKIB (MapTeHCHUTY, OCiHITY a00 iXHBOI
CyMIllll) Yy CTPYKTypi METaly € HeOaXaHWM 4Yepe3 BUCOKUU PU3HK PyHHYBaHHS
JPOTY B MPOIIEC] IHTEHCUBHOTO XOJIOAHOTO Ae(POPMYBaHHS BOJIOYIHHSAM, BOJHOYAC
BIJIOMOCTI MPO YTBOPEHHSI TaKUX CTPYKTYp Ha €Talll BUTOTOBJICHHS MPOKATy B
YyMOBaX METAIYPriiHUX TIANPUEMCTB BKpail oOMexXeHi, a JesKl acleKTH
MIKPOCTPYKTYPHOI €BOJIIOIIT Ta OCOOMMBOCTEW yTBOpPIOBaHUX (pa3 Hapasi

S3AJIMIITA0OTBCA HEAOCTATHBO BUBYCHUMMU.



3a pe3ynbTaTaMy TEOPETUYHUX JOCTIIKEHb PO3BUHYTO MOAJIbIII YSBICHHS
moa0  (QyHIAMEHTAJIbHUX  3acaJl  3HEMIIHIOBAJbHOIO  TEPMOMEXAaHIYHOTO
00po0JIeHHs1 OYHTOBOIO MPOKATy 3 HU3BKOBYIJIELIEBUX CTale y MOTOLI CYy4aCHUX
TEXHOJOTTYHHUX JIIHIN, 10 TPYHTYETHCS HAa CTBOPEHHI CIENU(PIUHOTO CTPYKTYPHOTO
CTaHy rapsueneOpMOBAaHOIO ayCTEHITY IMepes MOYaTKOM HOro posmnany, SKHi
XapaKTepU3YEThCs APIOHUM PO3MIPOM 3€pHa 3a PAXyHOK PO3BUTKY JWHAMIYHOI
pekpucTamizaii ¥ 3HIKEHOI TYCTHHOIO NUCJIOKAlli Ta iX YHNOpPSIKyBaHHSIM
3aBJIKM HACTYIIHOMY IepeOiry CTaTUYHOTO IOBEPHEHHS Ta METaJuHaMI4HO1
pekpucTamizauii 3  OJHOYACHUM  MPUTHIYEHHSM  PO3BUTKY  CTaTUYHOI
pekpuctanizanii. Taka KOHIENIsl € TOJOBHOK MEPEAYMOBOIO i (POpMYyBaHHS
OUIbIIOT 00'€eMHOT YAaCTKH TOJIEAPUYHOTO (PepuTy 1 3HMIKEHHS BIPOTIIHOCTI
YTBOPEHHSI CTPYKTYp OCHHITHOrO i MapTEHCUTHOI'O THUIIIB 1] YaC YIMOBUIBHEHOTO
OXOJIOJIKEHHS METAJTy 3 IPOKATHOI'O HAarpiIBaHHS.

3 orysay Ha BUMOTHU JIIF0YOi HOPMATHMBHOI JOKYMEHTAIlll Ta crienuQikaiiii
Kpalux CBITOBUX 1 BITYM3HSHUX BHUPOOHUKIB OYHTOBOTO TMpPOKaTy 3
HU3bKOBYIJICLIEBUX JIETOBAaHUX CTajed BU3HAYEHO L1IbOBI MOKA3HUKH SIKOCTI
BIJIMOBITHOT ~ METAJNOMPOAYKIi 3  ypaxXyBaHHAM  XapaKTEPUCTUK  CaAMHUX
3BaprOBAJILHUX MaTepialliB.

BuBYeHO 3aKOHOMIPHOCTI KIHETHKM po3naay aycreHity crtam CrMoV1Si
(anasior CB-08XI'CM®A) mig yac Oe3nepepBHOTO OXOJIOMKEHHS Y HIMPOKOMY
inrepBami  mBuakocret  (116-0,05°C/c) Ta  moOynoBaHO  BIAMOBIAHY
TEPMOKIHETUYHY Jiarpamy. [ OJOBHOIO OCOONMBICTIO (Pa30BO-CTPYKTYPHHUX
NEPETBOPEHb B JOCIIIKYBaHIN CTall € Te, 110 3@ YINOBUILHEHOTO OXOJIOKEHHS Y
iarepBami  mBuakoctert 1,1-0,05 °C/c  peamizyerbess  cknaaauii  audysiitHo-
MPOMIXKHO-3CYBHUI MeEXaHi3M, SIKHl 00yMoBitoe ¢GopmyBaHHs OaratodazHol
CTPYKTYpH, IO CKJIQJa€Thcsl 3 (GepuTy, MepiiTy, OCHHITY Ta BHCOKOTBEPOTO
MapTEHCUTY B PI3HUX CHIBBIAHOIIEHHAX, MPUYOMY O0'€MHA YacTKa MapTEHCUTY
3pOoCTa€ MO Mipl 3HMKEHHS IIBUAKOCTI OXOJIODKEHHS 3a PAaXyHOK OiIbIIOro
pO3BUTKY AM(Y31HHOTO HACUYCHHS TIISTHOK 3aJUIIKOBOTO AyCTEHITY BYTJICIEM 1

MaprasiieM A0 MOMEHTY MOYaTKy MOTo 3CYBHOIO MEPETBOPEHHS. 3a pe3yJbTaTaMu



MeTtajgorpadiyHOTO aHami3y OTpPUMaHi JaHl CHCTEMAaTH30BAaHO y  BUTJIISIL
CTPYKTYPHOI JllarpamH.

Meronamu pacTpoBOi €NEKTPOHHOI MIKPOCKOTMIi, PEHTT€HOCHEKTPAIBLHOTO
MikpoaHamizy 1 Oxe-eleKTPOHHOT CHEKTPOCKOIii BCTaHOBICHO ()aKT YTBOPEHHS
BHCOKOBYTJIenieBoro MmapreHcuty (Bmict C > 1 % Bar.) 3 BUCOKOIO TBepAicTIO (722—
897 HVop) mig dYac ymoBUIBHEHOTO  O€3MEpPEepBHOTO  OXOJIOKEHHS
HusbkoByrneneoi Cr-Mo-V  crami 3 aycTeHITHOI o00macTi 10 KIMHAaTHO1
TeMriepaTypu. Takuii MapTEeHCUT (QOPMYEThCS Y BUIJISAL BIAHOCHO PIBHOMIPHO
PO3MOIIEHUX APIOHKUX 3epeH chepono1i0HOI (hopMu, K1 pO3TAIIOBAHI TEPEBAKHO
Ha TpaHUIKX QEpUTHUX 3€peH 1 B JEAKUX BHUIAJKaX BCEpPEAUHI HHUX.
ExcriepuMeHTanbHUMU JTaHUMH  MIATBEPIXKEHO, 10 Taka MIKPOCTPYKTypHA
€BOJIIONIS JOCHI)KYBaHOT CTaji OOyMOBJIEHAa JWHAMIYHOK 3MIHOKO XIMIYHOTO
CKJIaJy OKPEMHX CTPYKTYPHHX CKJIQJHHUKIB y TPOIIECI 3HMXKEHHS TEeMIIepaTypH,
Hacamnepea Tudy31iHUM epepo3noIiJIoM BYTJICII0, MAPTaHIlIO0 Ta KPEMHII0 MIX o
Ta v dhazamu.

[pYHTYIOUHCH Ha MOJOKEHHIX HEPIBHOBAKHOI TEPMOAUHAMIKM PO3POOIIEHO
PO3paxyHKOBY MOJENIb TEPEepO3MOiTy JIeTYBaJIbHUX €JEMEHTIB Yy TMpoleci
dbopmyBanHs cTpykTypu ctami CrMoV1Si 3a ymnoBUIBHEHOTO OXOJIOMKCHHS.
Bu3HaueHO BETMYMHU TEPMOAMHAMIYHOL CUJIM AJi AUQY31i BYIJIEL0, KIHETHYHHUX
KOe(DILIEHTIB Ta MOTOKIB TEPMOJMHAMIYHOI CHCTEMH, SIKI OMUCYIOTh KIHETHUKY
CTPYKTYpPOYTBOPEHHS  JOCIIDKYBaHOI  CTai y  MPOIECT  OXOJO/KCHHS.
3anponoHOBaHO BUPA3W ISl PO3PaXyHKY JIHIMHUX PO3MIPIB ayCTEHITHHX 1
MapTEHCUTHUX AUISTHOK, 10 (hOPMYIOTHCS Y pe3yJbTaTi MPOTiKaHHS AU y31iHHIX
MOTOKIB BYTJIEL}O, MAPTaHIIO 1 KPEMHIIO.

Ha 3acagax y3arajbHEHHS pe3yJIbTaTiB €KCIIEPUMEHTAIBLHUX 1 TEOPETUUHUX
JOCTIPKEHb 3alpONOHOBAHO HAYKOBO OOTPYHTOBaHMN MexaHi3M (opMyBaHHSA
JUJISHOK ~ BHCOKOBYIJICLIEBOTO ~ MApTEHCHUTY B OyHTOBOMY  MpOKaTi 3
HU3BKOBYTJICIIEBUX JIETOBAHUX CTajJed MiJ 4Yac YHOBLIBHEHOrO Oe3mepepBHOIO

OXOJIO/KCHHS 3 ayCTEHITHOI 00JIacTi 0 KIMHATHOT TEMIIEPaTyPH.
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JlocimkeHo BIUIMB TeMIepaTypHO-IehopMaliiHUX yMOB OOpOOJeHHS Ha
CTpYKTYypy 1 MexaHiuHi BiactuBocTi ctaii CrMoV1Si. Otpumani 3alieKHOCTI
TBEPJIOCTI, TPaHUIIl TUIMHHOCTI Ta TPaHUIl MIITHOCTI BiJ MapaMeTpiB 0OpoOIeHHS
JIO3BOJIMJIM BU3HAYUTH ONTUMAJbHUN TeMIEpaTypHUN [lama3oH 3aKiHYECHHS
rapsigoro aedopMyBaHHs MpoKary 3 Hu3bKoByTaereBux Cr-Mo-V craneit (1050-
1100 °C) 3 TOYKM 30py MAaKCHMAaJbHOTO 3HEMIIHIOBAHHS METaly 3a YMOBH
CTAIIOHAPHOTO PEKUMY HOTO OXOJIOIKEHHSI.

3a pe3ynbraTaMu JIaDOpaTOPHOIO MOJEIIOBAHHS 3allpOIIOHOBAHO Ta
BUNPOOYBAHO Yy  NPOMMCIOBUX  YMOBax  IHHOBAI[IHHY  TEXHOJIOTIIO
3HEMIITHIOBAJILHOTO TEPMOMEXaHIYHOTO OOpOOJIEHHSI OYHTOBOTO MPOKATY MaJIOro
miametpy (5,5 mMm) 3 HusbkoByrieneBux Cr-Mo-V craneil 3BaproBaJIbHOTO
npu3HayeHHs Ha JdiHli CTenamop, sKa BKIIOYAE CTall0 BOASHOTO OXOJOJKEHHS
MeTajy BiJl TeMIepaTypu 3aBepiieHHs rapsdoro nepopmysanus 1050 °C no 950 °C
Ta Tmnojanblie Ju(depeHUIOBaHEe TpUETAIIHE IOBITPSAHE OXOJIOJKEHHS 3
BU3HAYCHUMH HIBUIKOCTSMHU Yy PI3HUX TemreparypHux iHTepBaiax: 950-850 °C 31
mBukicTio ~ 10 °C/c; 850-570 °C —13 cepennnoro mBuakictio 0,4 °C/c; Big 570 °C
710 KIMHATHO1 TEMIIEPATYpPH — y CIOKIHHOMY TMOBITPI.

[Tokazano, 1m0 peamizaiis po3pPOOJICEHOTO TeMIepPaTypPHO-IIIBUIKICHOTO
perjiaMeHTy TMOCTAePOPMAIIIHOTO OXOJIOJIKEHHSI CIPUS€ 3HUKEHHIO MOKAa3HUKIB
MILIHOCTI Ta M1JBUIIEHHIO IIACTUYHOCTI MPOKATY, a TAKOX YTBOPEHHIO 330BUIBHOI
KUJIBKOCT1 TTOBEPXHEBOI OKAJIMHU. Taka peakilisi MEXaHIYHUX BJIACTUBOCTEH MeTay
€ HACJIIKOM 3MEHILIEHHS KIJILKOCTI Y (pepuTHIil MaTpuIli OCIHITY 1 MApTEHCUTY A0
5-10 % 00. KOKHOTO 3aJIeXHO BiA Mapku ctaii. [Ipu 1ipboMy 3HIDKEHHS y Mexax
MapoYHOTO CKJIaTy BMICTY BYTJICHIO 1 MAapTaHIO € JOJaTKOBUM (haKTOPOM, SIKUM
OOyMOBIIIOE 1HTEHCH(IKAIII0O Ta T[OBHOTY MNpPOTiKaHHA Judy3iiHOrO Y — o
NEPETBOPEHHS.

[TpomucnoBe nepepoOIeHHS JOCITHUX TapTiii OyHTOBOIO MPOKATY 31 CTaJIeH
CB-08XI'CM®A 1 Cp-08XI2CM®, BHUIOTOBIEHOrO 13 3aCTOCYBAHHIM
pPO3POOICHOTO PEXHUMY 3HEMIITHIOBAIILHOTO TEPMOMEXAHIYHOTO OOpOOJICHHS,

3aCBITUMJIO BHCOKHMM PIBEHb TEXHOJOTIYHOI IIJIaCTUYHOCTI Mmatepiany. Lle
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J03BOJIMJIO BUTOTOBUTH 3BaplOBAJIbHUNA JAPIT 3 YHOPMOBAaHMMH MEXaHIYHHUMHU
BJIACTUBOCTSIMU METOJIOM «IIPSMOTO» BOJIOYIHHA 0€3 MPOBEIEHHs orepallii
JOJJATKOBOTO IIOM'SIKIITYBaJbHOTO TEPMIYHOIO 00poOJIcHHS (peKpHCTali3aliiiHoro
BiJIMTaITy) JPOTSIHOT 3arOTOBKY HAa IPOMIKHUX JliaMeTpax i3 CyMapHUM OOTHCHEHHSIM
]l Yac XOJOJHOIo muiacTuyHoro aedopmyBaHHs 10 95 %. Peamizaris mporiecy
BOJIOWIHHSI 32 TaKMX YMOB XapaKTEPU3YEThCS IMiJIBUIIEHOIO €HEProe(eKTUBHICTIO,
EKOJIOTIYHOI0 O€3MEYHICTIO, TOCTaTHIM pPIBHEM MPOMYKTUBHOCTI Ta CTaOLIBHO
BHUCOKMMHU MOKa3HUKAaMU SIKOCTI TOTOBOT'O JAPOTY.

3 ypaxyBaHHSM KOHCTPYKTHBHHUX OCOOJMBOCTEH HAsBHOTO YCTAaTKyBaHHS
JUIsL BATOTOBJIEHHS! OYHTOBOI'O ITPOKATy BU3HAYEHO KOMILJIEKC PEKOMEH 1ALl 11010
aJlaliTyBaHHS Ta BIIPOBAKEHHS PO3pPOOJIEHOT TEXHOJIOTI] 3HEMILHIOBAJIILHOTO
TEPMOMEXAHIYHOTO  00poOsieHHs  Hu3bKOByrieueBux  Cr-Mo-V  craneit

3BapIOBAJILHOTO MPU3HAYCHHS HA JIF0YMX METaNypridHUX KOMOiHATaX YKpaiHu.

Kaw4oBi cioBa: HU3BKOBYIJICIICBAa JIETOBaHA CTajb, IPOKAT, TEPMIYHA
00poOKa, MIKpOCTPYKTYpa, (ha30Bi IIepETBOPEHHS, ayCTEHIT, MAPTCHCHUT, MEXaHIIH1

BJIACTUBOCTI, MOJIETIIOBAHHS, TEMIIepaTypa, Aedopmarlisi, TBEpAICTb, BOJOUIHHS.

ABSTRACT

Oliinyk E. V. Features of the formation of structure and properties of high-
deformability wire rod made of low-carbon Cr-Mo-V steels for welding wire
production. — Qualifying scientific work on manuscript rights.

Dissertation for the Doctor of Philosophy degree in specialty 132 — Materials
Science. — Iron and steel Institute of Z. I. Nekrasov of National Academy of Sciences
of Ukraine, Dnipro, 2026.

The dissertation is devoted to a comprehensive investigation of the regularities
governing microstructural evolution and the formation of mechanical properties in

low-carbon Cr-Mo-V steel wire rod, as well as to the scientific substantiation and
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development of a softening thermomechanical treatment technology for its
subsequent energy-efficient production of welding consumables.

The study analyzes current trends and challenges associated with the
production of wire rod and wire from low-carbon Cr-Mo-V welding steels. It is
demonstrated that one of the most pressing tasks currently facing manufacturers of
welding-grade wire rod worldwide is the maximization of metal ductility in the as-
supplied condition for hardware plants, while rational microstructural design plays
a key role in the production of highly ductile wire rod. The formation of hard
constituents (martensite, bainite, or their mixtures) within the steel microstructure is
undesirable due to the increased risk of wire fracture during intensive cold drawing
operations. At the same time, information concerning the formation of such
structures during wire rod production under industrial metallurgical conditions
remains extremely limited, whereas several aspects of microstructural evolution and
phase formation mechanisms have not yet been sufficiently investigated.

Based on the results of theoretical studies, the fundamental principles of
softening thermomechanical treatment of low-carbon steel wire rod within modern
continuous production lines have been further developed. The proposed concept is
based on creating a specific structural state of hot-deformed austenite prior to its
decomposition, characterized by a refined grain size resulting from dynamic
recrystallization and a reduced dislocation density with enhanced dislocation
ordering due to the subsequent development of static recovery and metadynamic
recrystallization, while simultaneously suppressing static recrystallization. This
approach constitutes the primary prerequisite for increasing the volume fraction of
polygonal ferrite and reducing the likelihood of bainitic and martensitic structure
formation during slow cooling from rolling temperatures.

Considering the requirements of current standards and specifications
established by leading domestic and international manufacturers of low-carbon
alloyed steel wire rod, target quality indicators for the corresponding steel products
were determined, taking into account the performance requirements of welding

consumables.
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The Kinetics of austenite decomposition in CrMoV1Si steel (an analogue of
Sv-08KhGSMFA welding steel) during continuous cooling over a wide cooling-rate
range (116-0.05 °C/s) were investigated, and the corresponding Continuous Cooling
Transformation (CCT) diagram was constructed. The principal feature of phase and
microstructural transformations in the investigated steel is that under slow cooling
conditions within the range of 1.1-0.05 °C/s, a complex diffusional-intermediate—
shear transformation mechanism is realized, resulting in the formation of a
multiphase microstructure consisting of ferrite, pearlite, bainite, and high-hardness
martensite in varying proportions. Moreover, the volume fraction of martensite
increases with decreasing cooling rate due to enhanced diffusional enrichment of
retained austenite regions with carbon and manganese prior to the onset of the
martensitic transformation. Based on metallographic investigations, the obtained
data were systematized and presented in the form of a structural diagram.

Using scanning electron microscopy, energy-dispersive X-ray microanalysis,
and Auger electron spectroscopy, the formation of high-carbon martensite (content
C > 1 wt.%) possessing high hardness (722-897 HV, o,) was established during slow
continuous cooling of low-carbon Cr-Mo-V steel from the austenitic area to room
temperature. This martensite forms as relatively uniformly distributed fine spherical
regions located predominantly along ferrite grain boundaries and, in some cases,
within ferrite grains. Experimental evidence confirmed that such microstructural
evolution is governed by the dynamic variation of the chemical composition of
individual structural constituents during cooling, primarily due to the diffusional
partitioning of carbon, manganese, and silicon between the o and y phases.

Based on the principles of non-equilibrium thermodynamics, a computational
model describing the partitioning of alloying elements during microstructure
formation in CrMoV1Si steel under slow cooling conditions was developed. The
thermodynamic driving forces for carbon diffusion, kinetic coefficients, and
thermodynamic fluxes governing the kinetics of structural evolution during cooling

were determined. Analytical expressions were proposed for calculating the
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characteristic dimensions of austenitic and martensitic regions formed as a result of
carbon, manganese, and silicon diffusion fluxes.

Through the integration of experimental and theoretical findings, a
scientifically substantiated mechanism describing the formation of high-carbon
martensite regions in low-carbon alloyed steel wire rod during slow continuous
cooling from the austenitic region to room temperature was proposed.

The influence of thermomechanical treatment parameters on the
microstructure and mechanical properties of CrMoV1Si steel was investigated. The
obtained relationships between hardness, yield strength, ultimate tensile strength,
and processing conditions made it possible to determine the optimal finishing
temperature range for hot deformation of low-carbon Cr-Mo-V steel wire rod (1050—
1100 °C) from the standpoint of maximum softening under steady-state cooling
conditions.

Based on laboratory simulations, an innovative softening thermomechanical
treatment technology for small-diameter (5.5 mm) low-carbon Cr-Mo-V steel
welding-grade wire rod was developed and subsequently validated under industrial
conditions on a Stelmor cooling line. The technology includes water cooling from
the finishing deformation temperature of 1050 °C to 950 °C, followed by
differentiated three-stage air cooling at specified rates within different temperature
intervals: 950-850 °C at an average cooling rate of 10 °C/s; 850-570 °C at an
average cooling rate of 0.4 °C/s; and from 570 °C to room temperature in still air.

It was demonstrated that implementation of the developed temperature—
cooling-rate mode promotes a reduction in strength characteristics and an increase
in ductility, while simultaneously ensuring the formation of an acceptable amount
of surface scale. Such a response of the mechanical properties is attributed to a
decrease in the content of bainite and martensite within the ferritic matrix to
approximately 5-10 vol.% each, depending on steel grade. Furthermore, reductions
in carbon and manganese contents within the specified compositional range act as
additional factors enhancing both the intensity and completeness of the diffusional

vy — o transformation.
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Industrial processing of experimental wire rod batches produced from Sv-
08KhGSMFA and Sv-08KhG2SMF steels using the developed softening
thermomechanical treatment mode demonstrated a high level of technological
ductility. This enabled the production of welding wire possessing standardized
mechanical properties by means of direct drawing without the need for intermediate
softening heat treatment (recrystallization annealing) of the wire at intermediate
diameters, while achieving a cumulative cold deformation reduction of up to 95%.
Under such conditions, the drawing process is characterized by improved energy
efficiency, environmental sustainability, adequate productivity, and consistently
high product quality.

Taking into account the design features of existing wire rod production
equipment, a set of practical recommendations was developed for the adaptation and
implementation of the proposed softening thermomechanical treatment technology

for low-carbon Cr-Mo-V welding steels at operating metallurgical plants in Ukraine.

Keywords: low-carbon alloyed steel, rolled products, heat treatment,
microstructure, phase transformations, austenite, martensite, mechanical properties,

modeling, temperature, deformation, hardness, wire drawing.



