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Abstract. Titanium as a structural material has
a good set of mechanical and operational
properties, allowing it to be used in various
industries. 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 a relatively
high cost of the raw materials used. The most
promising in terms of price-reducing 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. When producing welded joints of such 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. This
work presents a method of phase composition
prediction in the welded joint via finite element
modeling. As an example, we are using lowcost
titanium alloy Timetal LCB. The paper includes
the calculation of thermophysical properties, such
as specific heat. 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. Adequacy of the
developed model is confirmed by experimental
data. The depth and width of seam metal and HAZ,
cooling speeds and phase composition are
calculated.
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INTRODUCTION

Titanium as a structural material has a good
set of mechanical and operational properties;
allowing it to be used in various industries.
One of the factors constraining the widespread
use of titanium alloys is a high cost of titanium
parts; which is associated with the technology
of their manufacture and a relatively high cost
of the raw materials used. Reducing the cost of
products involves the development of alloys
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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
price reducing 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 [1-3].

RESEARCH METHODS

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) [4].

This alloy belongs to the class of high-strength
pseudo-beta titanium alloys and has the following
mechanical characteristics (Table 2)[5].

Table 1 Chemical composition of lowcost titanium
alloy Timetal LCB

[7i Mo |[Fe [AI |0 |

Base 6.8 45 1.5 0.15

Table 2 Mechanical properties of Timetal LCB

Ultimate | Yield
tensile strength;

strength; | MPa

MPa

1187 1166

When producing welded joints of pseudo-B-
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 [6].
The use of preheating is one of the methods of
influencing the cooling rate in a welded joint.

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.

Finite element modeling

For non-stationary thermal analysis with phase
transition; the dependence of enthalpy on
temperature 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).

VT1

Specific Heat, kJ/kg*°C

Timetal LCB

Temperature, °C

Fig. 1. Comparison of the specific heat of VT1
technical titanium and Timetal LCB
economically alloyed titanium alloy.

To calculate the effect of welding mode
parameters on the formation of a weld; a three-
dimensional mathematical model of thermal
processes [7-13] in titanium was built for welding
with a scanning heat source; which is based on the
differential heat equation:

ST © or 0 oT 5, or
|l —I=—| 4 —— I+ % s
st) ax\Feax ) v Ty ) & oz 1)

The simulation was performed on the 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 [14-18] (Fig. 2).

RESULTS AND DISCUSSIONS

This model was used to simulate welding
processes in titanium alloys VT23 and VT19 [19].
Comparison of the calculation results with
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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%.

ar = he(T~T,)
@ = SG(T"[ - Tc4)

_ (x=Vt)+y?
4n = qmexp{— N

t/‘lr =he(T-T.)

qr = he(T—T¢)

In = SU(T4 = 714)
ar = he(T = T,)

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

Fig. 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-
B-titanium alloy VT109.

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 4).

According to the calculation results; the
isotherms of maximum temperatures were const-
?ucted; 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 Ne2); the penetration
depth increased by 17% compared to the mode
without preheating (mode Nel). For the regime

with less heat input; the use of preheating incre-
?sed the penetration depth by 16% (modes Ne3 and
Ned),

Table 4 — Modes of argon-arc welding by
tungsten electrode of lowcost titanium alloy
Timetal LCB; for which modelling was performed

Welding
current;

Welding
voltage;

Welding
speed,;

A V m/h
240 12 10

240 12 10

320

At the same time; the width of the HAZ when
using preheating also increased (Table 5).

Fig. 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 Nel; b — mode Ne2; ¢ — mode Ne3; d
— mode Ne4,

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
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diagram of the distribution of cooling rates (Fig. 5)
shows that the cooling of the HAZ is more uniform
using preheating.

Table 5. Values of penetration depth of the
weld metal and the width of the heat-affected zone
Penetration Width of
depth; mm HAZ; mm

4.22 10.81

5.11 11.18
9.89
11.08

C
d
Fig. 5. Cooling speeds in temperature range 1200-

1000 ° C: a—mode Nel; b —mode Ne2; ¢ —
mode Ne3; d — mode Ne4.

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).

Analyzing the obtained cooling rates; a
comparative chart was drawn up (Fig. 7). The
lowest values of the cooling rates can be seen to be
fixed at mode 4 — using preheating during welding
with a lower heat input.

Fig. 6. Cooling speeds in temperature range 600-
500 ° C: a—mode Nel; b—mode Ne2; ¢ —
mode Ne3; d — mode Ne4.
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Fig. 7. Values of cooling rates in
differenttemperature ranges.

Using the  diagram  of  anisotropic
transformations obtained from the literature
sources (Fig. 8); one can say that in the modes
without preheating with high cooling rates; a larger
number of metastable phases will be fixed. With
decreasing cooling rates; a greater decomposition
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of the metastable B-phase will occur along the
entire length of the welded joint; resulting in a
more uniform two-phase (o + B) structure; which
should positively affect the mechanical properties
of the welded joints.
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Fig. 8. Diagram of anisotropic transformations
of lowcost titanium alloy Timetal LCB.

SUMMARY

1. A mathematical model of argon-arc welding
with tungsten electrode of an economically
alloyed titanium alloy Timetal LCB has been
developed; taking into account the preheating
of the welded joint to a temperature of 400 ° C.

2. 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%.

3. 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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IMpoekuis dhazoBoro ckiaaay 3BapHux 3'€¢IHAHD
3 HU3bKOCOPTHUX THTAHOBHUX CILIABIB
METOI0M MATEMATHYHOT0 MO/IETIOBAHHS
CKiHYEHHMX eJIeMeHTIB

Onena I'ymen, Ipuna Cenina, Poman Cenin

Anotanist. [IutaHHAIM 31aTHOCTI 10 3BaprOBaH-
HSl THTAHOBUX CILIaBiB MPUCBAYEHO Oarato poOiT. Y
3B’SI3Ky 31 3HAYHOIO TPYIOMICTKICTIO EKCIIepUMEH-
TaTbHAX JOCHIJIB € aKTyaJlbHUM 3aCTOCYBaHHS
MaTeMaTUYHUX METOZIB JJIsl OL[HKM BIUIMBY TMapa-
METPIiB TEPMIYHOTO LUKy 3BapIOBAaHHS Ha CTPYK-
TYpPHI MEPETBOPEHHS B METaJli IIBa Ta 30HI TepMid-
HOTO BIUTUBY

B mocmimkeHHl aBTOpaMy pO3TIISIAETHCS HOBHI
TUN (YHKIIOHATBHAX MaTepiajiB — eKOHOMHOIIETO-
BaHi TUTAaHOBI CIUIaBH; B SIKUX Yepe3 BHCOKUIA BMiCT
JIETYFOUUX €JIE€MEHTIB TIiJl Yac 3BapIOBaHHS YTBOPIO-
€TbCsl MeTacTabuTpbHa [-(haza; Mo MPU3BOIUTH JO
XiMigHOI Ta (hI3MIHOT HEOTHOPITHOCTI Y METaJIi 1IBa
Ta 30HI TEPMIYHOTO BIUIHBY.

B naniii po0OTI OmHCYyeTbCS METOJ MPOTHO3Y-
BaHHS (ha30BOr0 CKJIAAy Y 3BapHOMY 3’€JHaHHI
METOJIOM MaTeMaTHYHOTO MOJIEIIOBAHHS Ha TPHUK-
naJli eKOHOMHOJIETOBAaHUX TUTAHOBUX CIUIaBiB. Llum
METOZIOM PO3paxoBaHi TeIIO(i3uYHI BIACTUBOCTI
Marepiany; po3paxoBaHO BIUIMB MapaMeTpiB pexku-
MiB 3BapIOBaHHS Ha IIUPUHY Ta POpMY 30HH CILIAB-
JICHHSI; 30HH TEPMIYHOTO LMKy 3BapPHOTO 3’ €JaHHs;
Ta Ha LIBUIKOCTI OXOJNODKEHHA. MeTon po3paxyH-
Ky TOOy/IOBaHO Ha OCHOBI TPUBHUMIPHOI MaTeMaTH-
YHOT MOJIENI TeIJIOBUX MPOIIECiB B TUTAHI TP 3Ba-
pIOBaHHI; OCHOBY SIKOTO CKlaiae maudepeHiiiie
PIBHSHHS TeIUIONPOBigHOCTI. Po3paxyHOK mpoBo-
JMBCS 13 3aCTOCYBaHHSIM IPOrPaMHOro 3abe3neyeH-
HS Ha OCHOBI METOJIy KiHIIEBUX €JICMCHTIB. AJICKBa-
THICTh PO3PaxXyHKIB MiJTBEP/KEHA EKCIIEPUMEHTa-
JTLHAUMH JTaHAMH.

B xo7i poboTH NOpiBHIOBABCS BIUIMB IOTIEPE/I-
HBOTO MiJirpiBy Ha (a3oBuil ckiajg 3BapHOTO
3’€qHaHHA. BCcTaHOBIICHO; 1110 BUKOPUCTAHHS TOTIe-
PEHBOTO MiAIrpiBYy Tiepe]] 3BapIOBAHHIM 301IIbIIY€E
ITUOWHY TPOIUIABIEHHS Ta IUPUHY 30HU TEpMid-
Horo BIuBy. [lonepeHiil migirpiB Takox 3MEHIITY€e
LIBUAKOCTI OXOJIOIDKEHHS B METajli IIBa Ta 30HI
TEPMIYHOTO LHUKIY; II0; B CBOIO YEpPry; 3MEHIIUTbH
KUTBKICTh ~ MeTacTaOlmbHUX (a3 y 3BapHOMY
3’eqnanHi. lle mo3BonMMTH OTpUMaTH  3BapHi
3’€IHaHHA 3 TOKPAlIeHUMH MEXaHIYHUMH BIACTHU-
BOCTSIMH; Ha BiIMiHY BiJl p&KHUMIB 3BapIoBaHHs Oe3
MOTIEPETHHOTO TIJIITPIBY 3BaAPHUX 3’ €/IHAHb.

Ki1r04oBi c10Ba: MOZEIIOBaHHS KIHIEBUX €JIe-
MEHTIB; TEIIOBI MTPOIIECH; 3BAPIOBAHHSI.
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