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Abstract: Using keyhole plasma arc welding, welded joints of a Ti,AINb-based alloy, VTI-4, were obtained, and their structure and me-
chanical properties were studied. It has been established that the dynamic effect of a keyhole arc had a positive effect on the quality of the
welded joint; namely, lack of penetration, porosity, and microcracks were eliminated. The welded joint consisted of a fusion zone (FZ),
a heat-affected zone (HAZ), and a base metal (BM). Depending on the phase composition and morphology of the obtained phases, the HAZ
can be divided into four zones: HAZ1 with large B-phase grains near the melting line, HAZ2 with large B-phase grains + o,, HAZ3 with
more fragmented B-phase grains retaining more o,-phase, and HAZ4 with the phase composition § + o, + O. Subsequent heat treatment
(HT: quenching at 920 °C for 2 h, cooling in air, followed by aging at 800 °C for 6 h, cooling in air) preserved the zone structure of the weld
but led to the formation of the O-phase within B-grains. The microhardness of the weld in the zone corresponds to 360£15 HV,, ,, but after
HT, it increased to 382+20 HV,) ,. The strength properties of the welded joint after HT were above 90 % of the base metal (6,., = 1120 MPa,
Gy, = 1090 MPa), while elongation to failure is close to the initial condition (5 = 2.1 %).
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Aunnotanmusa: MeToIOM MJIa3MEHHOU cBapK¥W MPOHUKAIOIIEH Ayroil 3aroToBok u3 crniaBa BTH-4 Ha ocHOBE OpPTOPOMOMYECKOTO aTiOMU-
Huzaa tutaHa Ti,AINb noay4yeHsl cBapHble COEIUHEHUS M UCCIIEIOBAHbI X CTPYKTYPa U MEXaHUYECKUE CBOICTBA. YCTAHOBJECHO, YTO AU~
HaMUYeCKOoe BO3ACICTBUE MPOHUKAIOUIEH 1yTY OKa3bIBaeT MOJIOXHUTEIbHOE BIUSHHUE Ha KAYeCTBO CBAPHOTO COENMHEH M S: UCKTIOUaIOTCs
HenpoBap, BO3HUKHOBEHUE MOPUCTOCTU U MUKPOTPEILMH, a TaKke hopmupyetcs daaronpusiTHas popma KopHs 1Ba. O6HapyKeHO, 4TO
CBapHOE COeIMHEHNE COCTOUT U3 30HbI MaBiaeHus (3I1), 3oHbl Tepmuveckoro BausHus (3TB) u ocHoBHoro Merasia (OM). B 3aBucu-
MocTH OT (hazoBoro coctaBa U Mopdoioruu dasz 3TB mMoxxHO paznenuts Ha 4 obnactu: 3TBI u3 KpymHbIX 3epeH B-da3bl BOIU3M TUHUT
crnasyenusi, 3TB2 u3 kpynHbix 3epeH B-dasbl + oy, 3TB3 ¢ 6osiee pparmMeHTHPOBaHHBIMYU 3epHaMU B-Da3bl ¢ coxpaHeHUEM O0JIbLIEro
KosnuecTBa o, -dasel u 3TB4, nmerouteit hasoselii cocras B + o, + O. [Tocnenyowas repmuyeckas oopadorka (TO: 3akasnka npu Temre-
patype 920 °C ¢ BeIAEpKKOM 2 4 ¥ OXJIaXKJACHUEM Ha BO3AyXe C Mocjieayomueii Boiaepkkoi 6 4 mpu 800 °C u majibHEN MM OXJIaX ICHUEM
Ha BO3/lyXe) o0ecreynBaeT COXpaHeH e 30HHOM CTPYKTYPbI CBAPHOTO 11Ba, HO MPUBOAUT K GOPMUPOBAHUIO BO BCEX 30HaX BHYTpH [-3e-
pen yactun O-¢dasbl. MUKPOTBEPIOCTH CBAPHOTO 11BA B 30HE MIABJIEHUS COOTBETCTBYET 36015 HV) 5, a nocsie TO ona Bospactaet 10
382420 HV ,. [IpouHocTHbIE cBOliCTBA cBapHOro coennHenus nociue TO HaxoasTca Ha ypoBHe Boiue 90 % oT nokasaresieil UCXOAHOM
KOBaHOM 3aroToBku (o, = 1120 MIla, 6, , = 1090 MTla), a nnactuyHoCTh 6113Ka K MCXOAHOMY cocTosiHuIo (8= 2,1 %).

Kuroyesbie ciioBa: criiaB BTH-4 Ha ocHoBe opTopomMbuueckoro ajmoMuHuaa tutana, TioAINb, miasmMeHHas cBapka MpoHUKaloLIei ay-
roi, ceapHoii mos, BSE-ananus, EBSD-aHanus, MexaHuuyeckue cBOMCTBa, MUKPOTBEPIOCTb.

Baarogapuoctu: Pabora BeinosHeHa npu puHaHcoBoit mogaepxke PH® (Cornamenune Ne 19-79-30066) ¢ ucrmonb3oBaHueM 000pynoBa-
Hus LleHTpa KoIIeKTUBHOrO Mojib3oBaHus «TexHonoruu u Marepuanst HUY “Benl’y”».
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Introduction

Titanium alloys based on orthorhombic titanium
aluminide (Ti,AIND alloys) are considered as a poten-
tial replacement for Ni-based superalloys in the aero-
space industry [1]. The interest in these materials is
due to their high creep resistance and burn resistance
compared to conventional titanium alloys, allowing
their use at temperatures up to 650 °C [2]. Addition-
ally, they have higher ductility and crack resistance
compared to y-TiAl- and o,-TisAl-based alloys and
lower density (p = 5+6 gm/cm’) compared to Ni-based
superalloys [3—6].

One of the main obstacles to the widespread use of
Ti,AIND alloys is the difficulty in obtaining high-qua-
lity weld joints due to low thermal conductivity, high
residual stresses, and a cascade of phase transforma-
tions during cooling. These characteristics require the
selection of welding parameters to achieve the optimal
structure of the weld joint for the desired mechani-
cal properties. Technologies for creating non-dis-
mountable joints have been proposed to manufacture
high-quality structures, expanding the application
range of Ti,AIND alloys [7]: tungsten inert gas weld-
ing (TIG) [8; 9], diffusion bonding [10; 11], friction stir
welding [12; 13], laser beam welding [14—16], electron
beam welding [17—19], etc. Among the welding me-
thods for titanium alloys, TIG welding is the most
widely used in the industry [20].

Common problems when using TIG welding with
Ti,AIND alloys include low productivity, porosity of the
weld joint, and the formation of a coarse dendritic struc-
ture of the B-phase in the fusion zone. Additionally, when
welding thick (>4 mm) products, it is necessary to use
filler material with a corresponding chemical composi-
tion, which requires the manufacturing of such consum-
ables [21]. Moreover, multi-pass welding leads to repeat-
ed overheating of the weld joint, resulting in significant
grain growth and consequently low ductility. On the oth-
er hand, keyhole plasma arc welding (K-PAW) can serve
as the most technologically advanced alternative among
arc welding methods for obtaining non-dismountable
joints, allowing for defect-free welds of titanium alloys
over a wide range of thicknesses. This method has not
been used to obtain non-dismountable joints from Ti,Al-
Nb alloys, requiring research on the influence of welding
parameters on the quality of the weld joint, its structure,
and mechanical properties.

Thus, the aim of this study was to develop K-PAW
parameters and determine the influence of the optimal
welding regime and subsequent heat treatment on the
structure and properties of welded joints made from the
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VTi-4 alloy based on orthorhombic titanium alumini-
de (Ti,AINb).

Materials and research methods

The study utilized plates made from the VTi-4 alloy,
the chemical composition of which is provided below,
in at.%:

Tt Base
Al e 23
D e 23
Ve 1.4
ZT ettt 0.8
MO e 0.4
St 0.4

The investigated alloy in its initial forged state pos-
sesses the following mechanical properties: ultimate
tensile strength (6,,.5) = 1230 M Pa, yield strength (o) =
= 1190 MPa, elongation to failure (8) = 3.5 %, micro-
hardness 42015 HV) ,.

The microstructure of the initial billet in the form of a
hot-rolled plate is shown in Fig. 1. It exhibits large 3-grains
with a size of 300+50 pm, with globular a,-phase grains
of 10+5 pm located along the grain boundaries. Addi-
tionally, uniformly distributed within the volume of the
[-grains, there are needle-like w-phase precipitates with
a length of 8+3 um and a thickness of 1—3 pm.

K-PAW was performed using the PMI-350 AC/
DC TL power source (SBI, Austria) on an automated
gantry-type console [22]. Fixing plates were weld-
ed to the welding locations to secure the workpieces

300 Lm
i | UL S|

Fig. 1. Microstructure of forged plate of the VTI-4 alloy

Puc. 1. MukpocTpyKTypa ropssyeKOBaHOM TJIUThI
u3 cruiaBa BTU-4



13BecTng By30B. LiBeTHOS MeETAAAYPrng o 2024 o T.30 o N22 e C. 16-29

Haymos C.B., laHos A.O., YepHu4eHko P.C. n pp. CTRYKTYPQ 1 MEXAHUYECKNe CBONCTBA CBAPHbLIX COEANHEHWI 13 CMTAQBO HO OCHOBE...

in the fixture, allowing for the delivery of shielding
gas to the root of the weld joint and ensuring uni-
form movement of the plasma torch with the shield-
ing block. Samples for K-PAW with dimensions of
50 x 25 x4 mm were cut from the forged plate. Pri-
or to welding, the entire surface of the samples was
ground with abrasive paper with a grain size of 68 pm
FEPA P Ne 220, and the mating surface at the joint
was ground with grinding wheels with a grain size of
18 um FEPA P Ne 1000.

Welding of 4 mm thick plates made from the VTi-4
alloy was performed end-to-end without gaps or filler
material. The melting current required to form a hole
at the root of the weld (keyhole) was set at 150—160 A
and applied for 0.5 sec. As a result of the melting, the
welding process transitions to the keyhole mode, and
part of the arc energy is dissipated. The main weld-
ing current in this process is reduced to 140—150 A,
the arc voltage is 21—22 V, welding speed is 20 m/h,
and the current at the end of welding (at the moment
of exiting the fixating plates) drops to 15—20 A. Since
non-consumable (copper) fixating plates were used,
the welding process was completed at minimal cur-
rents. The plasma-forming gas flow rate was 3 L/min,
the shielding gas flow rate was 3 L/min, and the ad-
ditional shielding gas flow rate for the shielding block
was 8 L/min. Argon grade 5.0 (99.999 % Ar) was used
as the plasma-forming gas.

The interaction of the compressed arc with the weld
pool occurs in the formed crater cavity.

The magnitude and nature of the distribution of the
compressive arc’s force impact in the weld pool largely
determine the characteristics of the melting front abla-
tion process, molten metal movement, bath retention,
and the quality of weld root formation.

Welded joints underwent heat treatment in a split-
type folding tube furnace RS80/300/13 (“Nabertherm”,
Germany) according to the quenching + aging: quench-
ing at a temperature of 920 °C for 2 h followed by air
cooling and subsequent aging for 6 h at 800 °C with fur-
ther air cooling. Prior to loading the samples into the
furnace, they were subjected to a 3-cycle argon purging
and vacuum evacuation. Heating was performed in an
argon atmosphere with excess pressure.

Samples for mechanical testing and microstructural
analysis were cut using a Sodick VL400Q wire EDM ma-
chine (China). The surfaces of the samples were ground
using Struers SiC FEPA P Ne 220-2000 abrasive mate-
rials (from 68 to 10 pm) on Metrotest (Russia), Baipol
Metco (India), and LaboPol-5 (“Struers”, Denmark)
equipment. Subsequent surface polishing was carried
out using Struers MD Chem suspension with OP-S
NonDry suspension. Samples for further microstructu-
ral analysis were cleaned of organic matter, suspension
particles, or abrasive in an ultrasonic bath model 3404
(“Sapphire”, Russia) with acetone for 15 minutes.

The microstructure was examined usinga Q600 3D
electron microscope (FEI, Czech Republic) equipped
with a standard Everhart-Thornley secondary and
scattered electron (SEM) and detector of backscat-

e i T
l SIS SIS IS SSS D]

SIS B TS IS SIS

a 20
A
Weld
RS
j | .
Al oy @ Q[T
/22 Y 1

\ /
CIIIIIIIITIIIIIS

A
on
o
I r =
5

|1 [ -
BTe543 2116123
W

| |
| -
2673

m

j
m

Distance from the weld,

Fig. 2. Samples for uniaxial tensile tests: from VTI-4 plates after K-PAW (a); area for measuring microhardness in the cross

section of a welded joint of the VTI-4 alloy (b)

The dimensions are specified in millimeters

Puc. 2. OGpa3subl 4151 UCIIBITAHWI HA OMHOOCHOE pacTsixkeHue u3 miactud BTH-4 mocJie mia3MeHHOR cBapKu (@)
M 00J1aCTh U3MEPEHM I MUKPOTBEPIOCTH B ITONEPEUHOM CEUEHHM U CBAPHOTO coeTuHeH U (b)

Pa3Mep1>1 YKa3aHbl B MM
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tered electron (BSE) at an accelerating voltage of
20—30 kV. EBSD analysis was performed in backs-
cattered electron diffraction mode with grain orien-
tation mapping. Samples for BSE analysis were fixed
on an instrument table with a 45° tilt using carbon
conductive adhesive 502 (EMS, USA) or clamps,
while NEM TAPE carbon tape (“Nisshin”, Japan)
was used for ETD analysis. The sample, additionally
tilted at a 25° angle (total angle of 70° to the horizon-
tal), was scanned with a 3 um step. Data processing
and analysis were carried out using OIM Analysis 9
software (EDAX, USA).

Tensile tests on welded joints were conducted using
a “5882 testing machine” (Instron, UK) at room tem-
perature with a deformation rate of 10~* s~'. Control
and data collection were performed using “Bluehill 2”
software (Instron, UK). The scheme and dimensions of
the samples for tensile testing are shown in Fig. 2, a. For
testing, at least two samples of the base material, welded
joints before and after heat treatment, were used.

Microhardness was determined on microgrinds
in the cross-section of welded joints using a Vickers
402MVD microhardness tester (Netherlands) with a
load of 200 g and an indentation time of 10 sec (HV,),)
with a 0.2 mm step. Microhardness in the cross-section
of the weld joint was evaluated at 3 points: in the area
closer to the weld bead, in the middle of the weld joint,
and closer to the weld root (Fig. 2, ). Control and da-
ta collection were performed using “Hardtest Wolpert
Group” software (Netherlands).

Research results

The results of the study are presented in Table 1,
which shows the tested parameters of keyhole plasma
arc welding (K-PAW) for 4 mm thick plates made of the
VTI-4 alloy. The selection of optimal K-PAW condi-
tions was carried out on a control sample. It was found
that at low currents, a melting channel is not formed,
leading to disruption of the keyhole plasma arc weld-

ing process. Preliminary investigations showed that a
high-quality welded joint was obtained with K-PAW in
mode 4 (Table 2): the melting current of the keyhole
was set at 160 A, the main welding current was 150 A,
and the current at the end of welding was 20 A. In this
case, the width of the weld bead is 6.0 mm, and the
root of the weld is 3.0 mm. No external defects such as
pores and cracks were observed in the resulting welded
joints (Fig. 3). Thus, welded joints obtained in mode 4
were used for subsequent research.

Technological plates used for fixture fixation leave
traces on the edges of the welded joint (Fig. 3). At the be-
ginning of the weld, there is a zone with a buildup where
through melting is formed, and at its end, a zone with
edge melting is detected, formed as a result of the dis-
placement of liquid metal to the newly melted weld pool.
All detected defects are of a technological nature, which
can be eliminated using fixating plates at the beginning
and end of welding.

The cross-sectional structure of the welded joint, as
determined by BSE-SEM analysis, is shown in Fig. 4.
It exhibits an hourglass shape. Interestingly, the bound-
ary of the fusion zone is less curved compared to weld-
ed joints after laser and electron beam welding (Fig. 4).
This difference can be attributed to the plasma arc pass-
ing from top to bottom, resulting in a more evenly dis-
tributed heat across the cross-section of the central and
root parts of the weld.

In the welded joint, three main zones can be dis-
tinguished: the weld zone or fusion zone (FZ), the
heat-affected zone (HAZ), and the base metal (BM)
(see Fig. 4—6). The fusion zone consists of large co-
lumnar P-phase dendrites oriented perpendicular
to the fusion line (FL), with an average length of ap-
proximately ~750 pym (Fig. 6, a). According to EBSD
analysis, large equiaxed crystals with a diameter of
350450 um were found in the middle of the weld, attri-
buted to the larger volume of the liquid pool and reduced
heat dissipation rate from the central part of the weld
[23]. Due to the increased cooling rate, no formation of

Table 1. The modes of keyhole plasma arc welding of the VTI-4 alloy plates with a thickness of 4 mm

Tabauua 1. Pexxumbl 1j1a3MeHHOM CBapKU NpoHMKarolei ayroi miaactuH u3 cruiaba BTU-4 tonmuHoit 4 Mmm

Melting point Main welding Current Consumption
Mode . .
number of the lock bore, current, at the end of plasma-forming/protective gases,
A A of welding, A L/min
1 150 140 15 3/3
2 160 140 15 3/3
3 150 150 20 3/3
4 160 150 20 3/3
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Welding direction

Fig. 3. Appearance of a welded joint of the VTI-4 alloy produced by K-PAW according to mode 4

a — weld bead; b — root of the weld

Puc. 3. BHenrHmit Bua cBapHoro coeanHeHus u3 crjiaBa BTU-4, moydyeHHOTo M1a3MeHHOM CBapKOii MPOHUKAIOIIEH TyToi
o pexumy 4

a — BaJIMK CBApHOI'O 1IBa; b— KOPEHb CBAPHOTI'O 1IBa

HAZI

BSEIBM/HAZASHAZ2/HAZ:1
o

Fig. 4. Cross-section of a weld of the VTI-4 alloy produced by K-PAW with marking of areas for BSE and EBSD
microstructural analysis, which are presented in Fig. 5 and 6, respectively

Puc. 4. IToniepeuHoe cedyeHune cBapHoro miBa ciiaBa BTU-4, moyuyeHHOTO MI1a3MeHHOI CBapKOii TPOHUKAIOIIEe T1yToi,
¢ pa3meTkoii obaacteit cbemkn BSE- u EBSD-aHanu308B (cM. puc. 5 u 6)

Table 2. Phase composition of the zones of the welded O- or ay-phases occurs in the FZ [24]. Additionally, the

joint of the VTI-4 alloy obtained by K-PAW high Nb content also contributes to the stabilization of
with subsequent heat treatment the B-phase [25]. Internal pores were not detected in
Ta6nuua 2. Da30Bblii COCTaB 30H CBAPHOTO COEAMHEHMUS both the FZ and at the fusion line boundary (Fig. 5,
n3 crtaBa BTU-4, moyd4eHHOTO MIa3MeHHO# cBapKoit a, b). In the near-fusion zone, large globular B-grains
MPOHMKAIOIIEH AYTOii ¢ MOCIeNYIOLIeH TePMUIECKOi with an average size of ~160+100 um are formed
06paboTKoii along the fusion line. In the HAZ at a distance of

3.54£0.5 mm from the center of the weld, smaller equia-

Clomtemtimnat, 72 xed grains with an average size of ~100£40 um are ob-

Phases
FZ | HAZ1 | HAZ2 | HAZ3 | HAZ4 | BM served (zone HAZ3, Fig. 6, b).
B 6 The structure of the HAZ after K-PAW can be di-
% B ! = 78 90 10.3 vided into 4 zones depending on the phase composi-

o) 46.0  43.0 440 440 450  46.0 tion and morphology. In the HAZ1 zone, close to the
fusion line, large B-phase grains with diameters of

40 570 45 482 460 437 60—260 pm are observed (Fig. 5, ¢). Here, o,- and

21
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O-phases completely dissolved during the heating temperatures are required to complete the o,—f trans-
process of welding, and no reverse transformation oc- formation [25]. At the same time, large 3-phase grains
curred during cooling. Inthe HAZ2 and HAZ3 zones, have sizes ranging from 40—160 um (Fig. 5, d, e).
the globular o,-phase is partially preserved, as higher HAZ4 consists of B-, O-, and a,-phases (Fig. 5, f).

SVAVZIVARID

fo X

B

300) jtm 300 v 300} vm
1] I ]

Fig. 5. BSE analysis of the microstructure in the cross section of the welded joint of the VTI-4 alloy produced
by K-PAW
a — fusion zone (FZ); b — fusion line (FL); ¢ — HAZ1; d — HAZ2; e — HAZ3; f— HAZ4 and base material (BM)

Puc. 5. Pesynbratsl BSE-aHann3za MUKpPOCTPYKTYPBI B TIONIEPEYHOM CEUYEHU UM CBAPHOTO coelMHeHUs 13 crtaBa BTU-4,
MOJIYYEHHOTIO IJIa3MEHHOI CBapKOI MPOHUKAaIOIIE 1yroi

a — 30Ha utasienust (3I1); b — munus crasnenus (JIC); ¢ — 3TB1; d — 3TB2; e — 3TB3; f— 3TB4 u ocHoBHoIt MaTepuan (OM)

Fig. 6. EBSD analysis of a welded joint of VTI-4 alloy in the cross section of the weld obtained by K-PAW

a — center of the weld; b — from the fusion zone to the base metal

Puc. 6. EBSD-kapT1sl cBapHOTO coeinHeH s U3 crijiaBa BTH-4 B momepeyHOM ceYeHUM CBapHOTO 1IBa,
MOJYYEHHOTO MJIa3MEHHOUN CBAPKOUW MPOHUKAIOWIEN AyTrOn

a — 1ICHTP CBApHOTIO 111Ba; b— Y4aCTOK OT 30HbI IJIaBJICHUs 10 OCHOBHOIO ME€TaJl1a
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Unlike the BM, in HAZ4, during heating, the O-pha-
se partially transforms into the B-phase, while the
0,-phase mainly remains.

The transition from HAZ2 to HAZ3 and HAZ4
is gradual and accompanied by the appearance of the
0,-phase and an increase in its proportion in the struc-
ture. During the transition from HAZ4 to BM, an in-
crease in the O-phase content is observed. Zones of
thermal influence with phase composition, morphology,
and size similar to those described above were also ob-
served in previous studies [25—27].

During the heat treatment process, within the fu-
sion zone (FZ), needle-like O-phase particles with
lengths ranging from 1.1—2.9 pum and thicknesses
of 0.21£0.15 um were precipitated (Fig. 7, a). In the
HAZ]1, precipitations of o,-phase with sizes of 0.6+
+0.2 pm formed along the boundaries of large [3-grains,
with an overall volume fraction not exceeding 1 %. In-
side the B-grains, particles of the O-phase with lengths
ranging from 0.8—2.1 um were observed (Fig. 7, b). In
the HAZ2, needle-like O-phase and o,-phase precipi-
tations were observed inside and along the boundaries of
B-grains, respectively. Additionally, globular o,-phase

8O

10 um * 10 pum

300 pm

2 ©

\

10 pm

300 pm

particles were found inside the B-grains (Fig. 7, ¢, d).
In the HAZA4, particles of o,-phase close to equiaxed
shape with diameters of 0.7—3.5 pm, located along the
boundaries of B-grains, and needle-like particles of the
O-phase with lengths of 1.1—2.4 pum inside the B-grains
were also observed (Fig. 7, e). In the base metal (BM)
zone, a large number of globular a,-phase particles
with sizes ranging from 1.2—4.5 um were present, pre-
dominantly along the boundaries of primary B-grains
(Fig. 7, f). The BM zone differs from HAZ4 in its low-
er content of B-phase and higher content of O- and
op-phases: 43.7 %, 46.0 %, and 10.3 %, respectively,
compared to 46.0 %, 45.0 %, and 9.0 % in HAZA4.

The distribution of microhardness across the trans-
verse section of the weld is shown in Fig. 8. The width
of the fusion zone (FZ) ranges from 3 to 6 mm and is
within the range of —3 to 3 mm on the graphs, with a
microhardness of 360£15 HV) ,. The heat-affected zone
(HAZ) extends several millimeters on both sides, and
the microhardness approaches the values of the base
metal (BM) (420£15 HV,,). Thus, the width of the
HAZ is 4—5 mm.

It is noteworthy that the microhardness profile at dif-

: :IJ\ ()\ n

300 pm

300 pm

Fig. 7. The results of the BSE analysis of the microstructure in the cross-section of the welded joint of the VT1-4 alloy,

obtained by K-PAW followed by heat treatment

a — fusion zone (FZ); b — HAZ1; ¢ — HAZ2; d — HAZ3; e — HAZ4; f— base metal (BM)

Puc. 7. Pesynbrarel BSE-aHanu3za MUKPOCTPYKTYPHI B ITOMEPEYHOM CEYEHU M CBApHOTO coelnHeHus u3 criaa BTU-4,
MOJIYYEHHOTO TJIa3MEeHHOM ¢cBapKOil MpOHMKAlOIIEH AYyTroli ¢ moclieayolIei TepMuUecKoil 00padboTKo

a — 3oHa masnenus (311); b — 3TBI1; ¢ — 3TB2; d — 3TB3; e — 3TB4; f— ocHoBHoI1 MeTa/u1 (OM)
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Fig. 8. Microhardness of the initial plate (HV,, , BM) and welded joints of the VTI-4 alloy in the cross section
of the weld obtained by K-PAW (HV,, , K-PAW) with subsequent heat treatment (HV,, , K-PAW + HT)

| K-PAW — keyhole plasma arc welding, HT — heat treatment]|

Puc. 8. YcpenHeHHbIe 3HaUEHU I MUKPOTBEPAOCTU UCXOIHOM 3aroToBKu (OM) u cBapHbIX coearHeHu# us criasa BTU-4
B [IONEPEYHOM CEUEHU U CBAPHOTO 111Ba, MOJYUYEHHBIX MJIa3MEHHOI cBapKoii npoHukauiei nyroi (I1C)

¢ TIocJieAyIolei TepMmudeckoii oopadorkoii (ITC + TO)

ferent levels of the weld remains nearly the same. It is
known [28] that for Ti,AINb alloys, dispersion strength-
ening of the O-phase is the main strengthening mecha-
nism. Therefore, due to the absence of the O-phase, the
microhardness is lowest in the FZ and HAZ1 immedi-
ately after welding. However, as the transition from the
FZ to the BM occurs, it increases [29].

After heat treatment (quenching + aging), the micro-
hardness level slightly increases in the FZ and HAZ1 to
382120 HV,, (Fig. 8). At the same time, a decrease in
microhardness to 310—380 HV,) , is observed in HAZ3
and the BM. The hardness profile is closely related to
the structural state in each zone. The increase in micro-
hardness in the FZ is primarily associated with the pre-
cipitation of fine O-phase during heat treatment [24; 28].
However, a noticeable decrease in microhardness was
observed in the BM and HAZ4, which can be explained
by the softening effect of static recovery and recrystalli-
zation [30].

The tensile test diagrams of samples cut from the
original forged blank, as well as the welded joint be-
fore and after heat treatment (HT), are presented in
Fig. 9. The mechanical properties of the welded joint
without HT are at a level higher than 80 % of the pa-
rameters of the original blank (6, = 1020 MPa, 6., =
= 1010 MPa); however, elongation to failure of the
weld is substantially lower (0.5 %), which may be at-
tributed to the formation of large dendrites of the
B-phase in the fusion zone (FZ) [31]. The mechanical
properties of the welded joint after HT reach a level
exceeding 90 % of the initial state (6., = 1120 MPa,
Oy, = 1090 MPa). Thus, heat treatment contributes to
an increase in mechanical properties by approximately
10 % compared to welded joints obtained under plas-
ma welding conditions without subsequent heat treat-

24

ment. At the same time, elongation to failure of the
welded joint reached 2.1 %.

Fracture of the base metal after tensile testing mostly
exhibits a ductile relief, however, zones of ductile failure
with the formation of dimples and quasi-brittle cleavage
facets are identified, explaining the higher ductility of
the material (Fig. 10, ¢, d). In the welded joint, failure
occurs through the FZ, and a ductile relief is observed
on the fracture surface (Fig. 10, a, b). Microcracks and
pores, which could have opened up or become place of
failure, were not detected.

The observed fracture is characteristic of welds
with a B-phase structure [24; 25], where fracture in-
volves the splitting of the crack at the base of the duc-
tile pattern. In this case, transgranular brittle fracture
explains the low ductility of the material [31]. Weld-
ed joints after HT fail through a mixed mechanism
of inter- and transgranular fracture (Fig. 10, e—Ah).

Engineering stress, MPa

1300
—— K-PAW
- —— K-PAW +HT
9004 — BM ’|
500~
100 T T T T T T T T T

0 1 2 3 4 5 6 7 8 9 10
Engineering strain, %

Fig. 9. Tensile diagram of the base metal (BM), welded joint
(K-PAW) of the VTI-4 alloy with subsequent heat treatment
(K-PAW + HT) obtained by K-PAW

Puc. 9. [lnarpaMmMbl pacTsikeHUsI OCHOBHOT'O MeTaJljia
(OM), cBapHoro coennHeHus (I1C) u3 crrtaBa BTU-4,
TMOJIYYEHHOTO TIJIa3MEHHOM CBApKOU C MOCJIeAYyoLIeH
Tepmuueckoit oopadotkoii (ITC + TO)
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The fracture occurs at the boundary (fusion line) be-
tween the weld and the HAZI1. Obviously, the preci-
pitation of the O-phase in the FZ contributed to the
strengthening of the weld, and failure occurred at the
FZ/HAZ]I interface. Cracks along the boundaries of
large B-phase grains are observed on the fracture sur-
face (Fig. 10, g, h), as well as facets of transgranular
fracture.

Thus, compared to TIG welding of Ti,AINb-based
alloys [8; 32], keyhole plasma arc welding maintains

2 mm
|

a large dendritic structure in the weld, but due to the
increased thickness of the welded metal and welding
speed, the productivity of the process for producing
non-detachable joints significantly increases. Further-
more, after heat treatment (HT), the mechanical prop-
erties of the welded joints reach levels close to those of
the base metal (>90 %).

In comparison to laser beam welding of VT1-4 ti-
tanium aluminide-based alloys, which are similar in
structure and properties to the original blanks [15],

Fig. 10. Morphology of fracture surface of samples after tensile tests: @ — general view of the fracture of the welded joint (WJ);
b — morphology of the fracture surface of the WJ; ¢ — general view of the fracture of the base metal (BM); d — morphology
of the fracture surface of the BM; e — general view of the fracture of the WJ after heat treatment (HT); f/~h— morphology

of the fracture surface of the WJ after HT

Puc. 10. TToBepxHOCTH pa3pylIeHUsT 00pa3IoB MOC/Ie UCTIBITAHWI Ha pacTSXKeHKE: OO BUI 1 MUKPOCTPOECHME
M3JI0MOB CBapHOTo coennHeHus (a, b), ocHoBHOro metaJsuia (¢, d) U CBapHOTro COeIMHEH U ST

rocie TepmMmoodpadboTku (e—h)
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K-PAW ensures the absence of porosity in the weld due
to the specific dynamic impact of the plasma arc dur-
ing welding. Despite the large dendritic structure of
the weld after K-PAW (~750 pum), the level of mechan-
ical properties of such dense, defect-free (no porosity)
welded joints is close to that of welds obtained by pulsed
laser beam welding [15].

Conclusion

Within the scope of this study, the keyhole plasma
arc welding (K-PAW) mode for 4 mm thick plates made
of VT1-4 alloy was determined to achieve defect-free
welded joints, consisting of the fusion zone, heat-af-
fected zone, and base metal. The HAZ structure af-
ter welding, depending on the phase composition and
morphology of the phases, can be divided into the fol-
lowing zones: HAZ1 — zone of large B-phase grains
near the fusion line; HAZ2 — zone of large B-phase
grains with o,-phase particles; HAZ3 — zone with
more fragmented B-phase grains with a large amount
of o,-phase preserved; HAZ4 — zone containing f3-,
0,-, and O-phases.

The microhardness of the weld in the FZ corre-
sponds to 36015 HV,,, and after heat treatment
(HT) (quenching at # = 920 °C, holding for 2 h, air
cooling, aging at 800 °C, T = 6 h, air cooling), it in-
creases to 382+20 HV0.2 due to strengthening from
the precipitation of fine O-phase particles. The me-
chanical properties of the welded joint after HT are
above 90 % of the parameters of the original forged
blank (6, = 1120 MPa, 6, = 1090 MPa), with elon-
gation to failure approaching the original state (5 =

=2.1%).
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