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Titanium and its alloys have been widely used in varied industries such as aerospace,
automobile, marine, chemical, medical due to their high strength, corrosion resistance and
toughness. One of the factors constraining the widespread use of titanium alloys is the high
cost of titanium parts, which is associated with the technology of their manufacture and the
relatively high cost of the raw materials used. Reducing the cost of products involves the
development of alloys using cheap raw materials and such technological processes that
provide higher efficiency in the use of consumed energy and materials. The most promising in
terms of reducing the price is the creation of economically alloyed alloys with improved
processability, since for titanium the cost of manufacture accounts for most of the total cost of
parts. In recent years, lowcost alloyed titanium alloys are becoming more common, in which
expensive alloying elements are replaced by inexpensive and accessible elements, such as
iron, carbon, oxygen and nitrogen, but their weldability is still under heavy investigation.

In this study a mathematical model of argon-arc welding with tungsten electrode of an
economically alloyed titanium alloy Timetal LCB has been developed. To calculate the effect
of welding mode parameters on the formation of a weld, a three-dimensional mathematical
model of thermal processes in titanium was built for welding with a scanning heat source,
which is based on the differential heat equation. Comparison of the calculation results with
experimental data confirmed the adequacy of the developed mathematical model. Based on
this model, the thermal fields in the welded joint are determined.

Nowadays the finite element method (FEM) is a suitable method for simulation of the
welding process phenomena. It is possible the prediction of weld geometry through the
optimization of the welding parameters, FEM simulation can calculate the weld pool shape,
thermal distortion, residual stress and metallurgical change for various combinations of
welding parameters. In FEM simulation, one of the topics is the choice of the heat source
parameters, which is paramount for a satisfactory representation of welding process.

Keywords: model; thermal process; titanium alloy;, methods of mathematical
simulation; welding parameters.
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HarmionanbHMi TeXHIYHAN YHIBEPCUTET Y KpaiHU
«KuiBchkmii mosiTexHIYHUH iHCTUTYT iMeHi [ropst CikopchKOT0Y

AHAJII3 TEMIIEPATYPHHUX ITOJIIB I ®A30BOI'O CKUIAY
TUTAHOBHUX CINIABIB, OTPUMAHUX TI1G 3BAPIOBAHHSM,
METOAOM CKIHYEHHUX EJIEMEHTIB

Tuman ma 1020 cniau WUPOKO BUKOPUCIOBYIOMbCA 6  DIZHUX — 2ANY3AX
NPOMUCTOBOCMI, MAKUX 5K AePOKOCMIUHA, ABMOMOOIIbHA, MOPCObKA, XIMIUHA, MeOUudHd
3a805KU BUCOKIN MIYHOCMI, KOPO3iuHil cmitkocmi ma @'a3xocmi. OOHum i3 axkmopis, wo
CMPUMYIOMb WUPOKE BUKOPUCTNAHHA MUMAHOBUX CNIABI8, € BUCOKA 8apmicmb MUMAHOBUX
Ooemadeti, Wo NO8'A3aHO 3 MEXHONIOZIEI0 IX U2OMOBNIEHHA MA GIOHOCHO BUCOKOIO 8APMICMIO
BUKOPUCMOBYBAHOI CUPOBUHU. 3HUJICEHHs cobieapmocmi npooyKyii nepedbavac po3pooOKy
CNIaBi6 3 BUKOPUCMAHHAM O0€uesoi CUPOGUHU MA MAKUX MeXHONOIYHUX Npoyecis, o
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3abe3neyyroms OilbUl BUCOKY e@eKmMUBHICMb GUKOPUCMAHHA CHOMICUBAHOI eHepeii ma
mamepianie. Hatlbinobw nepcnekmugHuM 3 MOYKU 30pY 3HUNCEHHS YIHU € CMBOPEHHs
EeKOHOMHO J1e208AHUX CNIAGI6 3 NOKPAWEHOI MEXHOJNO2IYHICIO, OCKILIbKU 6apmicmb
BUCOMOGNIEHH MUMAHY CMAHO8UMb OLIbWY YaACMUHYy 3a2albHOI  eapmocmi Oemanel.
OcmanHimu poxamu ce yacmiuie GUKOPUCMOBYIOMbC HU3LKO 3AMPAmHi MUmaHosi cniasu,
8 AKUX 00pO2i N1e2yloui enemMeHmu 3aMIHIOIOMbCsl HeOOPO2UMU MA OOCMYNHUMU eJleMeHmamu,
MaxKumMu sK 3a1i30, @yeleysb, KUCeHb ma a3om, ane iX 36aplo8aHicmyv uje 3a1Uuaemscs nio
SHAYHUM OOCTIONCEHHSM.

YV oaniti pobomi po3pobrena mamemamuuna M0O0enb aAP2OHO0Y208020 38APIOEAHHS
801bPPAMOBUM €N1EKMPOOOM EKOHOMHO Jle208ano2o mumanogozo cniagy Timetal LCB. /[na
PO3PAXYHKY 6NIUSY NAPAMEMPIE PEeNCUMY 36APIOBAHHS HA hopMYysanHs wea Oyia no6yoosana
MPUBUMIDHA MAMEMAMUYHA MOOeb Menjiosux npoyecié y mumaui O 38apIOGAHHA
CKAHYIOUUM  0dJicepeioM — menid,  OCHO8aHAd  Ha  OugepeHyianbHOMy  pI6HAHHI
menaonpogionocmi. IlopiensanHs pe3yibmamie po3paxyHKy 3 eKCnepumMenmanibHUMu OaHUMU
niomeepouso adekeamuicmos po3pooienoi mamemamuunoi moodeni. Ha ocnosi yiei mooeni
BUZHAYAIOMBCSL MENTO06I NOJSL 8 36APHOMY UUBI.

Ha cvoeooni memoo cxinuennux enemenmie (MCE) € nioxooswum memooom Oist
MOOeN08aH A ABUWY 36API0BATLHO20 npoyecy. Modcaueo npoeHo3yeants ceomempii 36apHO20
wea 3a paxyHoxk onmumizayii napamempis 3eapiosanns, mooenroganua MCE 0ozeonse
obuuciumu Gopmy 36apHo20 wiea, HANPYl’CceHHs, Oedhopmayii ma mMemanypeiuui 3minu Os
pi3Hux KombOinayit napamempis 3eaproeanus. Y mooenrosanni MCE oouna 3 ocnognux mem —
ye 6ubip napamempis Odcepeia menid, w0 € NePUOPAOHUM Ol 3A008INIbHO20 NOOAHHS
38apr06abHO20 NPoyecy.

Knwouoei  cnosa: moodenv;, mennosuii npoyec, Mumanosuil ChaA8, Memoou
MaAmMemMamuyHo20 MoOOeI08AHHS, NAPAMEemMpPU 36APIOEAHHL.
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HanuonaneHslil TEXHUYECKUH YHUBEPCUTET Y KPAUHEI
«KueBckuii monuTeXxHuuecKuid UHCTUTYT uMeHu Uropsi CUKOPCKOT0»

AHAJIN3 TEMIIEPATYPHBIX ITOJIEH 1 ®A30BOI'0O COCTABA
TUTAHOBBIX CILIABOB, TOJIYYEHHBIX TIG CBAPKOM,
METOAOM KOHEYHbBIX 3JIEMEHTOB

Tuman u e20 cniABbl WUPOKO UCHONL3YIOMCSA 6  PA3IUYHbIX — OMPACTAX
NPOMBIULIEHHOCU, MAKUX KAK a3POKOCMUYECKAs, d8MOMOOUNbHAS, MOPCKAs, XUMUYeCKas,
MeOuyuHcKkas 01a200aps 8blCOKOU NPOYHOCMU, KOPPOZUOHHOU CMOUKOCMU U GA3KOCMIU.
Oonum u3 haxkmopos, cOepHCUBAIOWUX WUPOKOE UCNONIb30GAHUE MUMAHOBLIX CHIABOS,
ABNAEMCS BbICOKASI CMOUMOCMb MUMAHOBLIX O0emainel, 4mo C8A3aHO C MeXHONO02Uel Ux
U320MOGIeHUs U OMHOCUMENLHO BbICOKOU CMOUMOCMbIO UCNONb3YeM0o20 cbipbs. CHudiceHue
cebecmoumocmu nNpoOyKyuu npedycmampueaem paspabomky cCHIAB08 C UCHOIb308AHUEM
0eueso2o Colpbsi U MAKUX MEXHON02ULeCKUX Npoyeccos, Komopuvle obecneuusaiom Oonee
8bICOKYIO  IDPEeKMUBHOCMb  UCNOIBL308AHUS  NOMPEONAEMOU  dHEpeuu U MAmepudaos.
Haubonee nepcnekmuguvimM ¢ mMOYKU 3pEHUS CHUMNCEHUS YeHbl SGIAemcs Co30anue
9KOHOMUYECKU NeCUPOBAHHLIX CHAABO8 C VIVUYULEHHOU MEXHOI02UYHOCMbIO, NOCKOIbKY
CMOUMOCMb U320MOBIEHUS MUMAHA COCMasisem Oo0IbWyl0 Yacms oowetl cmoumocmu
Ooemaneu. B nocneonue 200vl 6ce uawje uUCnonvb3yOMCcs HUZKO 3amMpamHvle MUmMaHoguvle
CHIasbl, 6 KOMOpPbIX Oopozue Jaecupyioujue d1eMeHmbl 3AMEHAIMCA He0opocUMU U
OOCMYNHbIMU DNIEMEHMAMU, MAKUMU KAK Jicene30, yaaepoo, KUCI0poO U da30m, HO Ux
C8apuUBaAEMOCmyb euje 0CMaemcs noo 3HAYUMENbHbIM UCCIEe008AHUEM.
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B oannoui pabome pazpabomana mamemamuveckas mMooeib apeoH00y2080U CEAPKU
B0bMOPAMOBLIM INEKMPOOOM IKOHOMHO Jlecuposannoco mumanosoeo cnaasa Timetal LCB.
s pacuema GnuAHUAL NAPAMEMPOS PEHCUMA CEAPKU HA (opmuposanue wea Oviia
NOCMpOeHa MpexmepHas MamemMamuieckds Mooeib MeniosvlX Npoyeccos 6 mumare O0Jis
CBAPKU CKAHUPYIOWUM UCMOYHUKOM MeNnd, OCHOBAHHAS HA OUdepeHyuatbHoM YpasHeHuu
menaonpogoonocmu. Cpasnenue pe3yibmamos paciema ¢ IKCNepUMeHmManbHbIMU OAHHbIMU
nOOmMEepoUno adeK8amHoCms pa3pabomanHou mamemamuyeckou mooenu. Ha ocnosanuu
9MO MOOeU ONPedesilOmMecs Meniossle NoJisl 8 CBAPHOM ULBe.

Ha cecoonss memoo xkoneunvix snemenmos (MKD) sensiemcs nooxoosuyum memooom
0N MOOeIuposanus AGNeHUll c8apoyHozco npoyecca. Bozmooicno npocnosuposanue
2eoMempuY C8ApHO20 WA 3A CHem ONMUMUZAYUU NAPAMEMPO8 CEAPKU, MOOeIUPOBAHUE
MKD nozeonsem evluuciumes Gopmy C6apHO20 wi8a, HanpsdiceHue, Oegopmayuu u
MEMANLYPSUYECKUX UBMEHEHUl Ol  PA3IUYHbIX KOMOUHAYUNl napamempos ceapku. B
mooenupoganuu MK3D o0Ha u3z 0cHOHbIX mem — IMo 8b100p NAPAMEMPO8 UCIOYHUKA MeNnd,
Umo ABAemcs NepeoCmeneHHbiM OJisl YOOBIeMEOPUMENbHO20 NPEeOCMABIeHUSL C8APOUHO2O
npoyecca.

Kniouesvie cnosa: modenv, mennogoi npoyecc;, MUMAaHoOBvlll CHIAB, Memoobl
MAmemMamuyecKo20 MooeIupoanusl;, napamempsl C8apKu.

Problem statement

Titanium and its alloys have been widely used in varied industries such as aerospace,
automobile, marine, chemical, medical due to their high strength, corrosion resistance and
toughness. One of the factors constraining the widespread use of titanium alloys is the high
cost of titanium parts, which is associated with the technology of their manufacture and the
relatively high cost of the raw materials used.

Reducing the cost of products involves the development of alloys using cheap raw
materials and such technological processes that provide higher efficiency in the use of
consumed energy and materials. The most promising in terms of reducing the price is the
creation of economically alloyed alloys with improved processability, since for titanium the
cost of manufacture accounts for most of the total cost of parts.

Analysis of recent reports and publications

In recent years, lowcost alloyed titanium alloys are becoming more common, in which
expensive alloying elements are replaced by inexpensive and accessible elements, such as
iron, carbon, oxygen and nitrogen [1], but their weldability is still under heavy investigation.

The finite element method (FEM) is a suitable method for simulation of the welding
process phenomena. It is possible the prediction of weld geometry through the optimization of
the welding parameters, FEM simulation can calculate the weld pool shape, thermal
distortion, residual stress and metallurgical change for various combinations of welding
parameters. In FEM simulation, one of the topics is the choice of the heat source parameters,
which is paramount for a satisfactory representation of welding process.

For this research, an economically alloyed Timetal LCB alloy doped with cheap
eutectoid-forming elements (i.e. iron in an amount of 4.5%) was chosen (Table 1).

Table 1
Chemical composition of lowcost titanium alloy Timetal LCB
Ti Mo Fe Al (0]
Base 6,8 4,5 1,5 0,15
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This alloy belongs to the class of high-strength pseudo-beta titanium alloys and has the
following mechanical characteristics (Table 2).

Table 2
Mechanical characteristics of the alloy
Ultimate tensile | Yield strength, )
El, % RA, % KCV, Jicm
strength, MPa MPa
1187 1166 13 40 3

When producing welded joints of pseudo-p-alloys by fusion welding, there are due to
the high content of alloying elements in them, the crystalline structure of the B-phase of
titanium and the tendency to develop chemical and physical heterogeneity in the weld metal
and the HAZ. The specificity of phase and structural transformations in various parts of the
welded joint caused by the thermal welding cycle, which results in a large number of
metastable phases in the weld metal and HAZ, adversely affecting the mechanical properties
of the welded joint, has a negative effect on the weldability of B-alloys. To reduce the
formation of metastable phases, it is necessary to conduct welding with controlled cooling
rates [2]. The use of preheating is one of the methods of influencing the cooling rate in a
welded joint.

Purpose of the Study
Therefore, the purpose of this work is to study the effect of the thermal cycle of
welding when using preheating on the shape and size of the weld metal and the HAZ, as well
as on the cooling rate and phase composition of the cooling metal.

Description of Main Material of Research
The dependence of enthalpy on temperature for non-stationary thermal analysis with
phase transition was determined for the pseudo-f titanium alloy Timetal LCB according to the
Neumann-Kopp rule. In comparison with the technical titanium VT1-0, the heat capacity of
the alloy Timetal LCB is 2 — 6% less, mainly due to the low heat capacity of Fe and Mo

(Fig. 1).

Figure 1. Comparison of the specific heat of VT1 technical titanium and Timetal LCB
economically alloyed titanium alloy.
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To calculate the effect of welding mode parameters on the formation of a weld, a
three-dimensional mathematical model of thermal processes in titanium was built for welding
with a scanning heat source, which is based on the differential heat equation:

oT a( aTj o, or a( 8Tj
PRl iy L A [ Nl R i
ot ox\ "ox) oy Toy) oz "oz

The simulation was performed on a sample with dimensions 200x100x10mm, for
which a finite element model was constructed. The following boundary conditions are
formulated, describing the heat exchange of the product with the environment (Fig. 2).

Figure 2. Boundary conditions describing the heat exchange products with the environment.

This model was used to simulate welding processes in titanium alloys VT23 and VT19
[3]. Comparison of the calculation results with experimental data confirmed the adequacy of
the developed mathematical model (Fig. 3). The difference in the width of the deposited bead
in the calculated and experimental sample was 3.1%, the width of the return bead was 2.4%.

Calculations of thermal fields were carried out for 4 welding modes, with lower and
higher heat input, as well as with and without using preheating (Table 3).

According to the calculation results, the isotherms of maximum temperatures were
constructed, with the help of which the depth and width of the weld metal and the heat-
affected zone were determined (Fig. 4).

Welding modes were chosen, in which the complete penetration of the weld metal was
absent. This is done to determine the effect of preheating on the forum and the dimensions of
the weld metal and HAZ. So, when using preheating in the mode with higher heat input
(mode # 2), the penetration depth increased by 17% compared to the mode without preheating
(mode # 1). For the regime with less heat input, the use of preheating increased the
penetration depth by 16% (modes # 3 and # 4). At the same time, the width of the HAZ when
using preheating also increased (Table 4).

The calculated cooling rates in the welded joint in different temperature ranges were
constructed. In the temperature range of 1200 ... 1100° C, high cooling rates above 200° C /s
are recorded. The diagram of the distribution of cooling rates (Fig. 5) shows that the cooling
of the HAZ is more uniform using preheating.
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b

Figure 3. Adequacy of the developed mathematical model:
a — using the example of TIG welding of a two-phase high-strength titanium alloy VT23;
b — using the example of the TIG welding of a pseudo-g-titanium alloy VT19.

Table 3
Modes of argon-arc welding by tungsten electrode of lowcost titanium alloy Timetal LCB,
for which modeling was performed

Welding current, | Welding voltage, | Welding speed, | Heat input, kJ /
No 2
A |4 m/h cm
1 240 12 10 17280
2 240 12 10 17280
3 320 12 16 14440
4 320 12 16 14440
a b
c d

Figure 4. The depth and width of the seam metal and heat-affected zone of welded joints of
lowcost titanium alloy Timetal LCB obtained in different welding modes:
a—-mode Ne 1, b — mode Ne 2, ¢ — mode Ne 3, d — mode Ne 4,
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Table 4
Values of penetration depth of the weld metal and the width of the heat-affected zone

No Penetration depth, mm Width of HAZ, mm
1 4,22 10,81
2 5,11 11,18
3 4,02 9,89
4 4,80 11,08

a b

c d

Figure 5. Cooling speeds in temperature range 1200-1000° C:
a—mode Ne 1, b — mode Ne 2, ¢ — mode Ne 3, d — mode Ne 4.

The same is observed in the temperature range of 1000 ... 900° C, where cooling rates
above 130° C /s are also recorded in all modes. Starting from the temperature range of 600 ...
500 C /s, the cooling rates are aligned in all modes, both with and without preheating (Fig. 6).

c d
Figure 6. Cooling speeds in temperature range 600-500 °C:
a—mode Ne 1, b — mode Ne 2, ¢ — mode Ne 3, d — mode Ne 4,

Analyzing the obtained cooling rates, a comparative chart was drawn up (Fig. 7), from
which it can be seen that the lowest values of the cooling rates are fixed at mode Ne 4 using
preheating during welding with a lower heat input.
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Figure 7. Values of cooling rates in different temperature ranges.

Conclusions

Taking into account the preheating of the welded joint to a temperature of 400° C, a
mathematical model of argon-arc welding with tungsten electrode of an economically alloyed
titanium alloy Timetal LCB has been developed. Based on this model, the thermal fields in
the welded joint are determined. It is shown that the use of preheating leads to an increase in
the depth of penetration by 16 ... 17%, and the width of the HAZ to 10%. The fields of
cooling rates of the welded joint were constructed, which made it possible to conclude that
with the use of preheating, the cooling rate is less than without using it. Based on this,
assumptions were made that when using preheating and welding in a mode with lower heat
input, there will be less metastable phases in the weld metal and HAZ, and accordingly, this
welded joint will have better mechanical characteristics.
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