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Abstract: Ti,AINb-based alloys are promising materials for operation at high temperatures in aerospace industry. Meanwhile, the
existing difficulties of weldability restrict opportunities of their application. This work is devoted to studies of welded joints from
Ti,AINb-based VTI-4 alloy, obtained using pulsed laser welding (PLW). The optimum PLW modes have been determined providing
uniform faultless joint. The features of formation of external defects, internal pores, cracks and non-uniform penetration depth were
detected depending on welding conditions. The main PLW parameters influencing on formation of welded joint are voltage and duration
of laser pulse. It was demonstrated that at insufficient medium and high peak powers sawtooth seam roots and internal pores can be
formed. However, at higher rates of energy input thermal hydraulic processes in welding bathe are violated, accompanied by metal
splashing (spattering), heterogeneity of pulse imposition is observed. This leads to formation of cracks, higher porosity, heterogeneity
of melting zone, and as a consequence, poor mechanical properties. Microstructure analysis of the welded joints obtained by means
of PLW has demonstrated that the melting area is comprised of long dendritic grains of B phase, and the heat affected zone from two
regions of B + o, phases and B + a, + O phases. Herewith, the achieved joint strength equals to ~80 % of the base metal produced using
the optimum PLW mode.
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An”oTaunusa: lepopmupyemsbie criaBel Ha ocHOBE TioAIND ¢ MOBBIIIIEHHO! TEXHOJOTMYHOCTHIO 1151 U3TOTOBJICHU S TMCTOBBIX U3ICIN I SB-
JISTIOTCSI IEPCTIEKTUBHBIMU MaTepraiaMu 715 paboThl MPU BEICOKUX TEMIIEpaTypax B adpOKOCMUUECKON OTPACIIH, OAHAKO BOSHUKAIOIIHE
TPYIHOCTH CO CBAPUBAEMOCTbIO OFPAHUYMBAIOT BO3MOXHOCTH UX TPUMeHeHMs1. PaboTa mocBsiiieHa u3yYeH 0 CBAPHBIX COEAMHEH NI 13
criaBa BTHU-4 Ha ocHoBe Ti,AIND, mojiyueHHBIX ¢ UCMOJb30BAHUEM UMITYJIbCHOII 1aszepHoil cBapku (MJIC). Onpenenensl onTuMaib-
Hble pexkumbl MJIC, o6ecnieynBaloiiye paBHOMEPHBI 6e31e(eKTHBI II0B. BhIsSIBIIEeHbI 0COOEHHOCTH 00pa30BaHUsI BHEITHUX 1e(EeKTOB,
BHYTPEHHMX MOP, TPEIIMH U HEPABHOMEPHOCTH TTYOMHBI TPOILJIABJIEHU I B 3aBUCUMOCTH OT yCJIOBU A cBapkKu. OCHOBHBIMHU MapaMeTpaMu
WJIC, BnustiommMu Ha ¢ OpMUPOBAHUE CBAPHOTO IIBa, SIBJISIOTCSI HATIPSIKEHHWE U JUTUTEIbHOCTh UMITYJIbca la3epHoro usinydeHus. [1o-
Ka3aHo, YTO TPU HETOCTATOUYHBIX CPEIHEN W BBICOKOW MUKOBBIX MOIITHOCTSIX BOBMOXHO 00pa3oBaHMe MUJI000Pa3HOTO KOPHST CBAPHOTO
11Ba U BHYTPeHHUX 1op. OIHAKO MMPU YBEJIUYSHHBIX IIOTOHHBIX SHEPTUSIX HAPYIIAIOTCS TEPMOTUIPABIMYECKUE MTPOIIECCH B CBAPOYHOM
BaHHE, YTO BJICUET 3a COOOM BBITIIECK MeTasia (pa3bpbIl3ruBaHue), HabII0IaeTCs] HEPABHOMEPHOCTh HAJIOKEHU ST UMITYJIbCOB. DTO TpH-
BOJIMT K 00Pa30BaHMUIO TPEIIMH, MTOBBIIICHHO TOPUCTOCTHU, HEOMHOPOAHOCTH 30HBI TUIABJIICHUS U, KaK CJACICTBUE, K HU3KUM MeXaHUUYe-
CKUM CBOiicTBaM. MUKPOCTPYKTYPHOE MCCIIeIOBAaHKE CBAPHbBIX coerHeHn it n3 criaBa BTU-4, nonydeHHbix ¢ ucnosib3oanuem UJIC,
10Ka3aJio, YTO 30Ha MJIABJIEHUSI COCTOUT U3 KPYITHBIX ACHIPUTHBIX 3epeH B-dasbl, a 30Ha TEPMUUYECKOTO BIUSIHUS — U3 ABYX obiacTeit
B+ ay-daz u B + o, + O-da3s. [Ipu 5ToM KOCTUTHYTA TPOUYHOCTb ~80 % OT MPOYHOCTU OCHOBHOT'O MeTaJlljla CBAPHOTO COCAMHEHUS U3
cnnaBa BTU-4, nonyyeHHoro no ontumaibHoMy pexumy UJIC.

KuroueBbie cioBa: crijiaB Ha OCHOBe opTopombunyeckoro antomuuuaa tutana, BTHU-4, Ti,AINb, koBka, UMITyJIbcHas Ja3epHas cBapka
(WUJIC), cBapnotii mos (CL), BSE ananus, EBSD ananus, MexaHu4eckune CBOiicTBa

Baaroxapuoctu: PaGoTa BeinosiHeHa npu duHaHcoBoii noaaepxke PH® (Cornamenue Ne 19-79-30066) ¢ ucnosib3oBaHueM 060pyaoBa-
Hus LleHTpa KoJIeKTUBHOTO Nosib30BaHUs «TexHonoruu u marepuaibl HUY “benl’V”»).

Jna nuruposanusa: Haymos C.B., TlanoB [1.0., Yepnuuenko P.C., Coxkonosckuii B.C., Bonokutuna E.W., Crenanos H.J., Kepe©6-
o C.B., AnekceeB E.B., HouoBnas H.A., Canumes IA. CTpykTypa U MeXxaHM4YeCKHE CBOMCTBA CBAapHBIX COCIMHEHWI M3 CrlJlaBa
Ha OCHOBE OpTOpoMOMYecKoro ajroMuHuaa TutaHa BTU-4, nonydyeHHBIX UMITYJIbCHOM J1a3epHOI CBapKoil. M3gecmus y306. Lleemnas me-
mannypeus. 2023;29(2):57—73. https://doi.org/10.17073/0021-3438-2023-2-57-73

Introduction

Ti,AINb-based alloys, for instance, Grade VTI-4, and creeping [1, 2]. In addition, they can run at higher
are characterized by low weight and are promising mate- temperatures in comparison with titanium alloys and
rials for operation at higher temperatures in aircraft and their density is by ~40 % lower than that of superalloys
aerospace industry due to their low density, high speci- based on Ni (5.1 g/cm3 against 7.7—9.0 g/cm3) [3—5].
fic strength and superior resistance against oxidation At the same time, the technological properties of these
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alloys (for instance, weldability) restrict opportunities of
their application.

The strength of a welded joint of the Ti,AINb-based
alloys exposed to argon arc welding barely achieves
80 % of that of the base metal [6]. Herewith, the plas-
ticity of a welded joint (WJ) decreases, coarse dendrit-
ic structure is formed, and the action of electric arc of
argon welding forms wide melting area (MA) and heat
affected zone (HAZ) [7, 8], which leads to a deterio-
ration of mechanical properties. The highly concen-
trated heating sources applied upon laser beam welding
(LBW) or electron beam welding (EBW) with opti-
mum technological parameters and subsequent ther-
mal treatment can provide production of faultless high-
strength WJ [9—12]. This is related with the fact that
the heat input and its resulting influence on a micro-
structure of the base metal can be reduced to minimum
during these processes [13].

LBW of titanium alloys, including Ti,AINb-based
alloys [3, 14, 15], with repetitively pulsed laser Nd:-YAG
(PLW) produces WJ with good surface quality, mini-
mum defects and superior comprehensive mechanical
properties. WJ quality depends on such PLW parame-
ters as traveling speed and average power of laser, en-
ergy and duration of pulse, average peak power densi-
ty, laser spot surface area, and others. The numerous
performances of PLW make it possible to control heat
release with the accuracy unavailable previously for
continuous LBW, and also allow a wide range of exper-
imental conditions to be applied. This can influence on
the size of MA dendritic structure, as well as the grain
size of various areas of welded joint in general [16, 17].
On the other hand, controlling such high number of
parameters complicates the PLW processing [17]. Fi-
nally, the violation of the processing can lead to crack-
ing or pores formation [18, 19].

Despite the advantages of LBW and EBW, weld-
ing involving highly concentrated heating sources are
accompanied by metal melting and formation of co-
lumnar B2 structure [13]. In addition, one of the main
problems of PLW of titanium alloys is porosity [20].
It has been reported [21] that its formation during PLW
is related with the dynamics of welding bath. This is
influenced by welding process variables, destruction
of keyhole, and solidification processes [22]. In addi-
tion, at a high temperature gradient in a liquid bath the
protection has cannot escape after rapid solidification
and forms a cavity in the seam root. The influence of a
plasma channel is also known. Upon violation of weld-
ing this can lead to formation of vacuum pore in WJ
[23]. In addition, formation of porosity in WJ is influ-
enced by hydrogen [23—26] and evaporation of alumi-

num during welding [27]. Therefore, the production of
faultless WJ from Ti,AINb-based alloys on is a com-
plicated problem which requires for selection process
variables of PLW. Thus, this work is devoted to deter-
mination of the influence of PLW process variables on
geometrical sizes and defect structure of welded joints,
structure and mechanical properties of WJ from a
Ti,AINb-based alloy.

Experimental

The material for forging operations and subsequent
welding procedures was presented from a plate of the
Ti,AINb-based VTI-4 alloy (its chemical composition,
at.%: Ti—23A1—23Nb—1.4V—0.8Zr—0.4Mo—0.4Si)
obtained by triple remelting in a vacuum arc skull fur-
nace. The multiaxial deformation of workpieces cut
out from this plate with the sizes of 40x30x60 mm was
achieved using a DEVR 1000 modified press (Russia)
equipped with a Mikrolnstrument Miterm T3 heat-
ing furnace (Russia). During forging, the temperature
of dies was 965 £ 5 °C. The preheating of workpiece
to 970 °C was carried out in a Nabertherm furnace,
mod. No. 321 400v3/N/PE (Germany) in 30 min. The
multiaxial forging was comprised of abc deformation
(Fig. 1, a) at the speed of <0.1 mm/s, i.e. consecutively
in the directions of axes a, b and ¢ with the deforma-
tion degree of 50 % in each case. In order to obtain
hexagonal profile, at the last stage the obtained rec-
tangle was drawn at the edges by 7 = 2 mm. The forged
workpiece was subsequently cooled in air. The external
view of the workpiece after deformation is illustrated
in Fig. 1, b.

The PLW was carried out using a LAT-S-300 la-
ser facility (Russia) with repetitively pulsed impact of
Nd:YAG laser (1.064 pm) equipped with an L-5010-A
automated coordinate table and a L-101-ChPU con-
troller. Samples in the form of plates with the sizes of
24 x 12.5x 1.5 mm from the VTI-4 alloy were exposed to
single side butt welding. The welding joints were selected
in the voltage ranges of 280—320 V and pulse duration
of 3—6 ms:

— rectangular pulse with the step between pulses of

0.25 mm;
— flow rate of protecting gas Q, = 2.5 bar (ar-
gon 4.8);

— axial gas supply along the direction of laser radi-

ation with holding of 5 s before start of welding;

— water flow rate Q,, = 0.5 m’/h;

— focal distance: 0.0 mm (on the surface of welded

workpieces);

— welding speed: 0.3 m/min.
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Fig. 1. Multiaxial forging of the VT1-4 alloy on a DEVR 1000 modified press
a — forging sequence; b — appearance of the forging obtained in the range # = 950+975 °C

Puc. 1. Mynsruoceas koBka criaBa BTU-4 na mogudunuposannom npecce DEVR 1000

a — cxeMa KOBKU; b — BHEIHUI BUII TTOKOBKU, TIOJYYeHHOI B uHTepBaje ¢ = 950+975 °C

Depending on the welding mode (see Table) the
peak power (Ppe,i) Was varied from 2.17 to 3,21 kW,
the average power was P, = 32+90 W (Fig. 2). The
PLW modes underwent preliminary testing on plates
of the VTI-4 alloy. Herewith, the welding parameters
were varied in a wider range. In addition, welding volt-
age and speed were selected on the basis of previous
results [3, 14].

Samples for welding and subsequent mechanical
tests were cut out using a Sodick VL400Q electric ero-
sion machine (China) in accordance with the layout
illustrated in Fig. 3, a. The surfaces of cutout plates
before welding (24 x 12.5 x 1.5 mm) were polished using
Struers SiC FEPA emery paper with a grain size of
P220 (68 um), and the surfaces of welded edges were
polished using emery paper with the grain size P1000
(18 um).

Modes of pulsed laser welding of VTI-4 alloy

PexxrMbl UMNyJIbCHOI JTa3epHOI CBapKU
criaBa BTU-4

PLW Voltage U, Pulse duration T,
mode No. A\ ms
1 280 3
2 300 3
3 320 3
4 280 6
5 300 6
6 320 6

60

P W

peak>

100

3500

80

- 60

- 40

20
uv

1500

280 290 300 310

Fig. 2. Energy parameters of pulsed laser beam welding
modes

T =3 ms (solid lines), T = 6 ms (dashed lines)

Puc. 2. DHepreTuueckue napameTpbl pexkumon UJIC

T = 3 Mc (CILIOLIHBIE TUHUU), T = 6 MC (IUTPUXOBHIE)

The surfaces of samples for mechanical tests
and microstructural studies were prepared also us-
ing emery paper with a grain size of P220 to P2000
(5—7 pum) at Baipol Metco (India) and Struers
LaboPol-5 (Denmark) machines. The surface was
polished using Struers MD Chem (Denmark) cloth
polishing wheel with OP-S NonDry (SiC) suspen-
sion.

Before operation using an electron microscope, the
polished surfaces were cleaned from impurities in a Sap-
phire ultrasound bath (35 kHz) in acetone in 15—30 min
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Fig. 3. Layout of sample preparation and microhardness measurement

a — cutting out of a sample from a forged workpiece for welding and subsequent uniaxial tensile testing;
b —measurement of microhardness in the cross section of the welded joint (0 — welded joint center)

Puc. 3. CxeMbl TOATOTOBKY 00Pa3I0B U U3MEPEHU ST MUKPOTBEPAOCTHU

a — pe3ka 00pasioB U3 MOKOBKM U3 ciiaBa BT -4 st cBapKu 1 MOCIENYIONIMX MEXaHUIECKUX UCTTBITAHUI Ha OMHOOCHOE PACTsSKEHUE;
b — u3MepeHne MUKPOTBEPAOCTU B MTOTIEPEYHOM CEYeHHM CBApHOTO 111Ba (0 — IIEHTp CBApHOTO 111Ba)

with subsequent cleaning using a Plasma Cleaner Fis-
chione machine (USA) in 30 min. The uniaxial tensile
tests were performed using an Instron 5882 test machine
(Great Britain) at ambient temperature at the loading
rate of 1073571,

Microhardness was determined on polished sam-
ples in transversal cross section of welded joints ac-
cording to ISO 22826. The measurements were carried
out with a step of 0.15 mm at a distance of 1/3 and 1/4
of the plate thickness depending on the depth of pen-
etration (Fig. 3, ). The measurements were carried
out using a Vickers 402M VD hardness meter (the Ne-
therlands) with a load of 0.2 kg and an indentation
time of 10 s (HV, ,). Control and data acquisition were
carried out using Hardtest Wolpert Group software
(the Netherlands).

Microstructural studies were carried out using a
Nova NanoSEM 450, FEI Q200 and Q600 3D mi-
croscopes (Czech Republic) equipped with backs-
cattered electron detector (BSED) at accelerating
voltage of 20—30 kV. Identification of geometrical
patterns of structural areas of welded joints, data
processing of phase and microtextural analyses were
carried out using ImageJ and TSL OIM Analysis
9 software (USA). EBSD analysis was carried out
in backscattered electron diffraction including re-
cording of grain misorientation map. A sample for
EBSD analysis was fixed at test table using carbon
adhesive No. 502. A sample inclined at the angle of
70° to horizontal was scanned with the step of 1—3
um by electron beam with the accelerating voltage of
20—30 kV.

Results and discussion

Description of initial material

The initial structure after multiaxial deformation
of workpieces from the VTI-4 alloy is illustrated in
Fig. 4. The microstructural studies in the transversal
cross section of a sample processed by multiaxial forg-
ing revealed the homogeneous structure comprised
of globular particles of a,-phase with the diameter of
2—5 um, laminar O-phase and fine grain B-matrix.
The coarse primary grains of B-phase extended in
the direction of final deformation are observed (see
Fig. 4, b). They are fragmented into finer subgrains
with the size of 152 um (see Fig. 4, a). Along the
boundaries of the latter, the globular particles of
o,-phase are located uniformly distributed over the
volume. The plates of O-phase are present inside the
subgrains of B-phase (see Fig. 4, b).

Visual Dimensional Inspection
of Welded Joints

The external appearance of welded joint produced
in various PLW modes is illustrated in Fig. 5. Using
modes 7, 2 and 4, 5 (U = 280+300 V, T = 3+6 ms),
the WIJ of a silver color were formed without signif-
icant convexities and shrinkage craters. Visually the
welded points are of uniform round shape with fine
flakiness (0.22+0.02 mm), the seam width: ~1.1 mm
at pulse duration of 3 ms (see Fig. 5, a—c¢) and
~1.5 mm at 6 ms, respectively (see Fig. 5, d—f). How-
ever, upon a voltage increase to 320 V, on the WJ]
surface overlaps were detected as well as heterogene-
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Fig. 4. Microstructure of forged workpiece from the VTI-4 alloy before pulsed laser beam welding

a — inverse pole figure map; b — BSE-SEM images of the microstructure after multiaxial deformation (the last deformation during multiaxial
forging was vertical)

Puc. 4. MuxkpocTpyKTypa KoBaHoli 3arotroBku u3 criaBa BTU-4 no nposenenus MJIC

a — Kapra pacrpeeyeHs OpueHTUPOBOK; b — cHuMku BSE-SEM MUKpPOCTpYKTYpHI MOC/IE MYIBTHOCEBOU nedopmanivu (TIOCIeTHsIs
nedopmartiys mpu MyJIbTHOCEBOM KOBKE MPOXOIUIIA BEPTUKATBHO)

Welding
direction §

Fig. 5. Appearance of the welded joint from the VTI-4 alloy depending on the modes of laser welding, voltage and duration
of the laser radiation pulse

a—mode I,b—2,¢—3,d—4,e—5f—6

Puc. 5. BHemHuit Bua cBapHoro coenvHeHus u3 criaBa BTU-4 B 3aBucumoctu ot pexxumo MJIC, HanpsiskeHu st
U AJUTEIbHOCTU UMIYJIbCA JIA36PHOTO U3JyYEHU S

a—pexuM I,b—2,¢c—-3,d—4,e—5,f—06

ous flakiness at T = 3 ms (Fig. 5, ¢) and splashing at of keyhole formation, promoting formation of coarse
Tt = 6 ms (Fig. 5, /). pores [22, 28], thus impairing the quality of welded

High peak power and an increase in average pulse joint. In addition, the energy density increases with
power lead to violation of thermal hydraulic processes pulse peak energy, and as is known, the higher the en-
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ergy density, the more intensive is the collapse of bub-
bles, hence, the probability of formation of coarse pores
increases [20].

Studying microstructure
of welded joint

Transversal structure of welded joints produced in
various PLW modes according to BSE-SEM and EBSD
analyses is illustrated in Figs. 6 and 7. The transversal
WIJ was exposed from above to the impact of laser beam
in pulsed mode with laser focusing on the surface of
welded samples (focal distance is zero). The WJ shape is

Incomplete
penetration

Incomplete
penetration

100 pm
I

knife-like, characterized by the penetration depth and
width (Fig. 8). The welded joint in the mode of knife fu-
sion penetration is formed due to material evaporation
and plasma formation on the surface. High temperatures
on the surface and vapor pressure lead to expansion of
the top part of WJ in comparison with its bottom part,
thus forming a mushroom shape of the seam [29]. Fine
internal pores with the diameter of 20—35 um were de-
tected. They are located mainly in the root and center
of WJ (Fig. 6, a—e). First of all, occurrence of the pores
is related with chemical activity of titanium alloys with
respect to gases, which leads to formation of pores and

SOfm
e == =

Fig. 6. Comparative analysis of microstructure of the welded joint from the VTI-4 alloy depending on the modes of pulsed

laser beam welding
a—mode I,b—2,¢—-3,d—4,e—5f—6

el — melting zone; e2 — fusion line and first heat-affected zone; e3 — second heat-affected zone

Puc. 6. CpaBHUTEbHBIN aHAaTU3 MUKPOCTPYKTYPHBI CBAPHOTO coennHeHus u3 crutaBa BTU-4 B 3aBucumoct

ot pexxumon UJIC
a—pexuM I,b—2,¢c—3,d—4,e—5,f—6

el — 30Ha ruaBIeHus; €2 — JTMHUSI CIUIaBJIeHUST U nepBasd 30Ha TCPMUUYCCKOTO BJIMAHUA, e3 — BTOpad 30Ha TCPMUYECKOI'O BIIMAHUA
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cracks during welding [30]. Keyhole oscillations can
cause more intensive formation of bubbles and their col-
lapse will lead to formation of coarse pores and pores
which do not have time to float remaining in the WJ
central part [20].

When mode 6 is used (U = 320 V, T = 6 ms), the
number of transversal pores with a diameter of 40 +
+ 5 um increases (Fig. 6, f). In addition, incomplete
penetrations were detected in the seam root character-
istic for modes with fusion depth of less than 1.5 mm
(Fig. 6, a, b, d).

Figure 6 also illustrates that the welded joint has the
melting area (MA) (Fig. 6, el), the heat affected zone
(HAZ), separated by the fusion line (FL), and the area
of the base metal (BM) (Fig. 6, €2, e3).

It was established that the MA is comprised of
B-phase, at the MA—FL interface the grains of f-phase
have a more elongated shape, and with an increase in the
average power of laser beam up to ~80 W their length
increases from ~120 to ~190 um (Fig. 7, a—f). With a
further increase in the average power (mode 6) the size
of elongated grains of B-phase decreases to ~170 pum.
This is attributed to better heat removal upon forma-
tion of opposite beam of the WJ root (Fig. 7, f). At the
MA—FL interface o,- and O-phases were complete-

ly dissolved upon heating and no back transformation
took place upon cooling. At the boundary of the fusion
line and HAZI1, there are no coarse globular grains of
B-phase (Fig. 6, €2). Presumably, this is attributed to
high temperature gradients stipulated by the PLW pro-
cesses, when local impact of each pulse is accompanied
by rapid cooling [31].

In turn, the area of thermal impact in terns of re-
vealed structural constituents can be subdivided into
HAZ1, comprised of B + o, phases (Fig. 6, €2), and
HAZ2, structurally comprised of B + o, + O phases
(Fig. 6, €3). In the HAZI area, the globular o,-phase
was partially retained, since for completion of o, — B
transformation higher temperatures are required [32].
Contrary to the base metal, in HAZ?2 the O phase upon
heating is partially transformed into B phase, where-
as the o,-phase is actually retained. Transition from
HAZI1 to HAZ?2 is gradual and accompanied by an
increase in the fraction of the o,-phase. During tran-
sition from HAZ2 to BM the fraction of the O-phase
increases.

In center of the IPF EBSD maps cast, the structure
of MA welded joint is observed. It is comprised mainly of
elongated dendrites of B-phase, and in the FL region and
in the central part of MA — of globular grains of B-phase

Fig. 7. EBSD analysis of welded joints from the VTI-4 alloy depending on PLW modes

a—mode I,b—2,¢—-3,d—4,e—5f—6

Puc. 7. EBSD-ananu3 cBapHbIX coeqnHeHuii u3 ciaaBa BTH-4 B 3aBucumocTu ot pexkumon UJIC

a—pexuM I,b—2,¢—3,d—4,e—5,f—6
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Fig. 8. Parameters of microstructure of welded joints from the VT1-4 alloy (), their geometrical parameters (b)

and penetration depth (c¢) depending on the PLW modes

T =3 ms (solid lines), T = 6 ms (dashed lines)
a: L — length, B — width of dendrites at FL boundary, C — grain size
b: h — depth, b — width of the weld

Puc. 8. [TapaMeTpbl MUKPOCTPYKTYPHI CBapHBIX MBOB U3 ciutaBa BTU-4 (a), ux reomeTprueckue mapametpsl (b)
¥ TJIyOMHa TIpOIIaBiIeHMs (€) B 3aBUCUMOCTH OT pexkumoB UJIC

T = 3 Mc (CIUTOLIHBIE IUHUU), T = 6 MC (IITPUXOBBIC)

a: L — nnuHa, B — mvpuHa nenaputos Ha rpanuiie JIC, C — pa3mep 3epeH

b: h — ry6uHa, b — 1IMPUHA CBAPHOTO I1IBa

(Fig. 7). The length of dendrites and the penetra-
tion depth increase from 11920 to 192+15 um with
an increase in the laser power from 40 to 80 W. The
width of elongated dendrites nearly does not change and
retains in the range of 23—35 um (Fig. 8, a). In welding
mode 6 (U= 320V, T = 6 ms), the welding bath is de-
flected, the length of dendrites decreases to 167£15 pum,
and their width in the central region of MA increases to
13010 pum.

The peak power of laser beam influences not on-
ly on the penetration depth (Fig. 8, a), but also on the
external shape of the seam. Usually in the case of re-
petitively pulsed lasers, the energy density reaches F =
= 10°+10” W/cm? at the pulse duration of <1073 s. At
the peak power higher than 2.7 kW (Fig. 8, b) the en-
ergy density increases to >107, leading to violations in
WIJ formation, namely: splashing of liquid metal and
overlaps (Fig. 5, ¢, f).

The width of welded joint at equal focal distance
of laser depends on the duration of laser pulse impact:
on average at T = 3 ms it equals to 1.05+0.1 mm, at T =
= 6 ms to 1.45+0.1 mm (Fig. 8, b). The penetration
depth mostly depends on the laser energy density, at its
peak power of 2.1 kW (Fig. 8, ¢) the penetration is 27 %
of the thickness of welded plates; in welding mode 3

(U= 320V, 1= 3 ms with the peak power of 3.2 kW) —
80 %. At a pulse duration of 6 ms and the voltage
of 300 V and higher the complete penetration depth of
plates from the VT1-4 alloy with the thickness of 1.5 mm
is achieved (Fig. 8, ¢).

Studying mechanical properties
of welded joints

The plots of microhardness and mechanical proper-
ties upon uniaxial tension of welded joints are illustrat-
ed in Figs. 9 and 10. The microhardness of transversal
welded joints is about 340+20 HV) ,, and that of base
metal about 345+10 HV,. In the HAZ region, the
microhardness decreases to 3305 HV, ,. Generally,
for Ti,AINb-based alloys, the dispersion strengthening
of O-phase is the main mechanism of strengthening.
Therefore, due to the absence of O-phase in the re-
gion of HAZ1 and MA, the microhardness is the low-
est. While the extent of conversion of O-phase into
B2-phase decreases from the welding area to HAZ?2,
the hardness profile demonstrates a trend towards an
increase to the base metal [33, 34].

The variation of microhardness profiles in the
HAZI1-2 region in comparison with BM and MA
is related to changes in volumetric fraction and si-
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zes of equiaxial phase o,, which is mainly distribu-
ted along the boundaries of primary grains of B phase
[35]. With an increase in the average laser power, the
size of equiaxial o,-phase (o = 3.1£2.0 pym in BM)
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Fig. 9. Distribution of microhardness in the cross-section of welded joints from the VTI-4 alloy depending

on PLW modes
a—mode I,b—2,¢c—3,d—4,e—5f—06

Puc. 9. PactipenesieHne MUKPOTBEPIOCTH B MOTIEPEYHOM CEYSHU M CBApHBIX IIBOB U3 crijiaBa BTU-4 B 3aBucuMocT

ot pexumon NJIC
a—pexuM I,b—2,¢c—3,d—4,e—5,f—6
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o, phase), since in PLW modes /—3 and 5 the fraction
of o, in HAZ does not exceed 2.5 %, and in modes 4
and 6 — 3+5 %.

Therefore, minor changes in the sizes, phase com-
position, and distribution of a,-phase along the boun-
daries of primary grains of B-phase lead to variations
in microhardness profiles transversal to WJ in various
sites. Upon welding in mode 6 (U= 320V, 1= 6 ms) in
the MA region, a microhardness peak of 365 HV , can
be observed. This is related to partial saturation with
oxygen [36]. In this case gas was supplied along the la-
ser impact on the surface of welded plates which does
not eliminate completely the bath contact with ambient
air from the side of seam root.

Mechanical properties of initial VTI-4 alloy are as
follows: 6, = 1250 MPa, 6, , = 1200 MPa, & = 2.07 %.
The strength properties of welded joint are about
80 % of the strength of base metal are achieved at weld-
ing mode 5 (U= 300V, t = 6 ms). Further increase in
the voltage up to 320 V leads to violation of PLW pro-
cess and the occurrence of external defects, exerting
a negative influence on the strength properties. With
a decrease in the voltage to 280 V complete penetra-
tion (<70 % of the plate thickness) of welded joint is
not achieved, and the strength is ~40 % of that of the
base metal. The joint is not welded for full depth acts
as the stress concentrator, thus impairing the strength
properties.

The plasticity of welded joints in all cases decreases
(Fig. 10, b), since the PLW as well as other method of

fusion welding is accompanied by formation of coarse
columnar B2 structure [13]. Plasticity can be increased
by means of subsequent thermal treatment of welded
joints [32].

Studying porosity
in welded joint

Fractures after tensile tests are illustrated in Fig. 11.
The sample thickness in Fig. 11, a was decreased due
to localized heating on plate surface and its intensive
deformation, as a consequence a portion of metal was
removed as in Fig. 11, e, due to heterogeneity of welded
joint, undercutting and metal splashing.

The fracture of welded joint in all cases is in the MA
region closer to the FL boundary. On the fracture sur-
face, a river relief is observed. On the fracture surface,
the highest number of gaseous pores occurs (Fig. 11,
a—d) and extended secondary cracks (Fig. 11, al, el)
appear. Such microcracks are nucleated and propaga-
ted along the grain boundaries of f-phase due to the
absence of deformation inside the grains. The fractures
observed in this work are characteristic of the weld-
ed joints with the structure of B-phase, where during
breaking the crack in the foundation of river line is split
[13, 37].

The size and distribution of pores decrease with an
increase in the laser power. At low heat input the coarse
pores are concentrated on seam root. This is attributed
to the violation of keyhole. With an increase in the ener-
gy the pore size decreases, the pores are distributed over
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Fig. 11. Morphology of fracture surface of tensile specimens depending on PLW modes
a—mode I,b—2,¢c—3,d—4,e—5, f—6 (impact of laser pulsed radiation from above)

Puc. 11. Mopdosiornu noBepXHOCTHU U3Ji0Ma 00pa3lioB Ha pacTsixKeHHe B 3aBUCUMOCTHU OT pexkumoB UJIC
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the entire volume providing more favorable conditions
for floating of gas bubbles.

At the fracture of samples welded in mode 3 (U =
= 320 V, T = 3 ms), a sawtooth WJ root was detect-
ed, providing for complete penetration in some places
(Fig. 11, b). Coarse pores are distributed non-uniformly
over the fracture. In the WJ root and center, the high val-
ues of peak laser power with regard to its average exerts
a negative impact on formation of keyhole. This leads
to formation of coarse (Fig. 11, b) and fine (Fig. 11, bl)
pores in the seam cross section [27].

Therefore, it can be seen (Fig. 11, a, b) that in the
transversal cross section of a welded joint under the
impact of short pulse and high voltages, the sawtooth
seam root is more pronounced with the formation of
coarser spherical pores with the sizes of 150—200 um
(modes 2 and 3). With a twofold increase in the duration
of the laser radiation pulse the sawtooth seam root is less
pronounced (Fig. 11, ¢), and finer pores are formed: up
to ~100 um (mode 4). Due to the stabilization of key-
hole in mode 5 (U = 300V, T = 6 ms), maximum pore
content is achieved using optimized welding parame-
ters [38]. However, in mode 5, fine spherical pores with
the sizes of 10—30 um are concentrated in the bottom
part of the welded joint, which can be attributed to lo-
cal incomplete penetration (Fig. 11, d1). The rare oc-
currence of single spherical pores with the size up to
~100 um in the central part of transversal cross section
of welded joint can be attributed to local incomplete
penetration (Fig. 11, d).

Porosity decreases the effective surface area of
welded joint cross section, makes it loose, decreases
plasticity, and also acts as a stress concentrator [24].
This can be attributed to crack nucleation and its
propagation to the WJ root in the welding mode 2 (U=
=300V, t = 3 ms) (Fig. 11, al). Existence of coarse
pores in welded joint cross section in modes 2 (~11.5 %)
and 3 (~3.8 %) increases the volume of their total frac-
tion in respect of fracture cross section (Fig. 11, a, b).
With an increase in laser power and pulse duration, the
fraction of pores in the transversal cross section de-
creases, equaling for mode 4 (U = 280 V, T = 6 ms)
to <2 % (average power: 60.8 W), and for the rest not
higher than 1 %.

Conclusions

Due to the preliminary preparation of the structural
state of material after multiaxial abc forging of a work-
piece with heating up to 970 °C at the rate of <0.1 mm/s
and deformation degree of 50 % in each case, as well
as the use of optimum pulsed mode of laser welding, a

faultless high quality welded joint was obtained from the
Ti,AINb-based VTI-4 alloy with the strength properties
at the level of ~80 % of the base metal.

In the case of the LAT-S-300 laser facility the opti-
mum PLW conditions for sheet material from the VT1-4
alloy with the thickness of 1.5 mm, where the volumetric
portion of pores does not exceed 1 % of the cross section
of the welded joint, are as follows:

— pulse voltage: 300 V;

— pulse duration: 6 ms;

— step between pulses: 0.25 mm;

— flow rate of protecting gas: 2.5 bar;

— focal distance on the surface of workpieces is zero;

— welding speed: 0.3 m/min.

It was established that the melting area of the welded
joint during PLW is comprised of B-phase, while a,- and
O-phases were completely dissolved upon heating. Due
to the high temperature gradients stipulated by PLW
processes, the heat affected zone is comprised of the
of B+ oy and B + o, + O regions.

It was demonstrated that the reasons for the porosity
of the welded joint upon PLW of the VTI-4 alloy are as
follows:

— violations of thermal hydraulic processes;

— formation of sawtooth seam root with incomplete

penetration;

— no protecting gas backing from the side of seam

root;

— splashing of liquid metal,

— overlaps on seam surface;

— non-uniformity of pulse application.

All these factors lead to additional cracking, heter-
ogeneity of the melting area and, as a consequence, to
poorer mechanical properties.
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