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Abstract: Currently, one of the effective 3D printing methods is wire-feed electron-beam additive manufacturing
(EBAM), which allows producing large-sized commercial billets from Ti—6Al-4V titanium alloy. However, Ti—-6A1-4V
alloy produced by this method demonstrates reduced strength properties. It is known that it is possible to increase
the strength properties of metallic materials by refining their grain structure by high-pressure torsion (HPT). This work is
aimed at studying the influence of high-pressure torsion on the microstructure, and mechanical strength of a structural Ti—
6A1-4V titanium alloy produced by the wire-feed electron-beam additive manufacturing method. The microstructure of
a 3D-printed Ti—-6Al1-4V alloy in the initial state, and after high-pressure torsion, was studied using optical, scanning and
transmission electron microscopy. An EBSD analysis of the material in its original state was carried out. The microhard-
ness of the material in the initial and deformed states was measured. Using the dependence of the yield strength on micro-
hardness, the estimated mechanical strength of the material after processing by the high-pressure torsion method was de-
termined. The microstructural features of the 3D-printed Ti-6Al-4V alloy after high-pressure torsion, which provide in-
creased strength of this material, are discussed. The research results demonstrate that 3D printing, using the electron-beam
additive manufacturing method, allows producing a Ti—6A1-4V titanium alloy with a microstructure unusual for this mate-
rial, which consists of columnar primary -grains with a transverse size of 1-2 mm, inside of which martensitic o’-Ti needles
are located. Thin B-Ti layers with a thickness of about 200 nm are observed between the o'-Ti needles. Further deformation
treatment of the alloy, using the high-pressure torsion method, allowed forming an ultrafine-grained structure in its vo-
lume, presumably consisting of a-grains with an average size of (25+£10) nm. High-pressure torsion of the 3D-printed alloy
allowed achieving rather high microhardness values of (448+5) HV,,;, which, according to the HV=2.8-30, ratio, corre-
sponds to the estimated yield strength of approximately 1460 MPa.
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INTRODUCTION

High-pressure torsion (HPT) is one of the most well-
known methods of severe plastic deformation, which allows
refining effectively, the microstructure in metal materials

served. In the work [5], the authors subjected Ti—6Al-4V
titanium alloy with a plate structure to high-pressure tor-
sion treatment. The research results showed, that 10 revo-
lutions of high-pressure torsion at a pressure of 7.5 GPa

and providing an ultrafine-grained (UFG) structure, with
dimensions less than 100 nm, and accordingly, an increase
in their strength properties [1-3]. There are a number of
works on the use of high-pressure torsion for processing
the Ti-6Al-4V titanium alloy (Russian name — VT6),
which is popular in industry. In this work [4], the authors
applied HPT treatment on Ti—6Al-4V titanium alloy pro-
duced by hot rolling. As a result, a significant grain struc-
ture refinement to 100200 nm, and as a consequence,
a strong increase in strength up to ¢,=1740 MPa were ob-

allows forming a nanostructured state in the Ti-6Al-4V
alloy with an average grain size of 52.7 nm and a micro-
hardness of 432 HV. At the same time, a significant in-
crease in tribological properties, such as friction and wear
resistance, was observed. Works [6—8] show that the for-
mation of a UFG structure in the Ti—6A1-4V alloy ensures
the manifestation of superplasticity under relatively low
temperatures (550-650 °C).

In recent years, it has been demonstrated that the Ti—
6Al-4V alloy, and products made from it, can be success-
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fully manufactured by 3D additive technologies [9—11].
Moreover, works [12—14] show that the method of wire-
feed electron-beam additive manufacturing (EBAM) is one
of the most promising and opens broad prospects for
the production of large-sized complex-shaped parts from
titanium alloys. The main advantages of this technology are
high productivity (up to 2500 cm’/h), and almost 100 %
efficiency of raw material consumption. Moreover, wire is
much cheaper than powder raw materials, and its products
are available for sale in a much wider range.

3D-printed Ti—6A1-4V titanium alloy has a specific ini-
tial microstructure, which significantly differs from
the same alloy obtained by traditional production methods
(casting, stamping, etc.). In particular, the microstructure
after EBAM treatment consists of large columnar grains of
the initial B-phase containing a lamellar martensitic
a'-phase, which is formed due to the rapid solidification of
the melt pool, and multiple phase transformations caused by
repeated thermal cycles [10; 12]. However, such a structure
is characterised by lower strength properties, and is notice-
ably inferior to those in comparison with the hot-rolled state
[15; 16]. In this regard, an urgent task is to study the trans-
formation of the microstructure obtained by additive tech-
nologies to increase the strength properties of the alloy.
Of great interest is the study of the ultrafine-grained struc-
ture formation when exposed to severe plastic deformation
(SPD) methods. Recently, such work was carried out on
a Ti-6Al-4V alloy produced by the directed energy deposi-
tion (DED) technology, where the effect of equal channel
angular pressing (ECAP) on the microstructure and me-
chanical properties was studied [17]. It was found that
the alloy subjected to equal channel angular pressing exhi-
bited a noticeable increase in mechanical properties in
terms of strength and ductility.

High-pressure torsion treatment leads to a more signifi-
cant refinement of the structure, and the possible unique
properties that a 3D-printed Ti—6A1-4V alloy can acquire,
after this treatment, are of scientific interest. This work is
fundamental in nature. In the future, its results can become
the basis for research aimed at improving the mechanical
properties of 3D-printed parts of different geometries, using
the SPD friction stir method, which, as is known, can be
applied to treat the surface of various materials, including
titanium alloys [18].

The purpose of this research is to study the effect of
high-pressure torsion processing, on the microstructure
and mechanical strength, of 3D-printed Ti—6AI-4V tita-
nium alloy using wire-feed electron-beam additive ma-
nufacturing.

METHODS

As a material for research, the Ti—-6Al-4V titanium al-
loy was used produced at the Institute of Strength Physics
and Materials Science of the Siberian Branch of the Russian
Academy of Sciences, Tomsk, Russia, using a unique scien-
tific installation for wire-feed electron-beam additive manu-
facturing [12; 13]. As the raw material, a wire with a di-
ameter of 1.6 mm made of Ti—6Al-4V titanium alloy was
used, which was melted by an electron gun with a plasma
cathode in a vacuum of 1.3x10° Pa. The wire was fed at

a speed of 2 m/min at an angle of 35° to the base plate sur-
face. The base plate moved at a speed of 2.2 mm/s relative
to the electron beam along a meander path with layers de-
posited in an inversed manner. A rod of ©¥20 mm was
turned from the resulting blank. Then samples, with a di-
ameter of 20 mm and a height of 2 mm, were cut out of it
using an ARTA-120 electrical erosive machine for defor-
mation processing and further research.

Samples of titanium alloy produced by electron beam
melting of a wire, were subjected to high-pressure tor-
sion on a SKRUDZH-200 unique scientific device at the
Research Institute of Ufa University of Science and
Technology, Ufa, Russia, at a specific compressive pres-
sure of 6 GPa according to the mode: number of revolu-
tions — 10, striker rotation speed — 0.2 rpm. After defor-
mation, samples with a diameter of 20 mm and a height
of 0.9-1.0 mm were obtained. These processing modes
are described in detail in [2; 4].

The microstructure of the original and deformed sam-
ples was studied, using an Olympus GX51 optical micro-
scope, a TESCAN MIRA LM scanning electron micro-
scope, and a JEM-2100 transmission electron microscope
(JEOL, Japan) with an accelerating voltage of 200 kV.
Samples for TEM after high-pressure torsion were pro-
duced from an area 5 mm from the centre of the sample.

Microhardness was assessed using the Vickers method
with a diamond pyramid at a load of 100 g for 15s on
a DuraScan 50 (EMCO-Test, Austria) device. To obtain an
average value for each structural state, measurements were
carried out at least 40 times.

RESULTS

Fig. 1 shows the microstructure of the Ti—-6Al-4V alloy
produced by the wire-feed electron-beam additive manufac-
turing method in the initial state. In the image obtained in
an optical microscope (Fig. 1 a), columnar primary p-grains
with a transverse size of 1-2 mm are observed in the vo-
lume, of which a-morphology grains were formed during
the surfacing process. Such grains consist of a combination
of lamellar and acicular martensitic o'-phase (dark contrast
in the image). Large B-phase plates, the dimensions of
which reach approximately (104+2) um (light contrast in the
image), are also observed. Detailed studies of the micro-
structure of the samples in SEM and TEM allowed deter-
mining the thickness of the o'-phase plates, which is ap-
proximately (1.5+£0.5) um, as well as thin interlayers, with
a thickness of about 200 nm (Fig. 1 b—d), which are repre-
sented by P-phase. In the wide a'-phase plates, individual
dislocations are visible.

Fig. 2 presents the results of EBSD analysis of a Ti—
6A1-4V alloy sample in the initial state. In EBSD images in
this state, a lamellar microstructure, united in large clusters
with predominantly low-angle misorientation of grain
boundaries, is observed. The length of the high-angle
boundaries was 17.6 cm, and the low-angle boundaries
were 1.16 cm.

Due to deformation treatment using the high-pressure
torsion method, it was possible to refine significantly
the structure in the Ti—6A1-4V alloy (Fig. 3). Inhomogene-
ous contrast is observed, because of the high level of internal
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Fig. 1. Microstructure of a 3D-printed Ti—-641-4V alloy:
a — in an optical microscope (OM); b — in a scanning electron microscope (SEM);
¢, d —in a transmission electron microscope (TEM)
Puc. 1. Muxpocmpyxmypa 3D-nanewamannozo cniasa Ti—6A1—4V:
a — 6 onmuueckom muxpockone (OM); b — 6 pacmposom snexkmponnom mukpockone (POM);
¢, d — 6 npoceeuusarowem nekmporHom mukpockone (IIOM)

stresses caused by the increased density of crystal lattice
defects. According to dark-field images, the structure
consists of equiaxial grains with an average size of
(25+10) nm. Electron diffraction patterns show nume-
rous reflections located around a circle, which indicates
the presence of grains with predominantly high-angle
boundaries. The blurring of diffraction reflections also
indicates high internal stresses and elastic distortions of
the crystal lattice.

Unfortunately, due to the small grain size and high in-
ternal stresses, it was not possible to obtain EBSD micro-
structure maps of Ti—6Al-4V alloy produced using EBAM
and subjected to HPT.

In the initial state, the average microhardness of
the EBAM-produced Ti—-6Al-4V sample is (308+4) HV,,
(Fig. 4 and Table 1). Subsequent HPT processing of
the 3D-printed Ti—6Al-4V alloy made it possible to in-
crease significantly the microhardness of the material. In
this case, a slight heterogeneity along the diameter of
the sample is observed, which is typical for torsional de-
formation. The best development in the HPT process is

observed in the region of the middle of the radius, where
the average microhardness is approximately (448+5) HV, ;.

DISCUSSION

In current work, the authors studied Ti—-6Al-4V titani-
um alloy produced by wire-feed electron-beam additive
manufacturing, and subjected to high-pressure torsion.
The microstructure of the initial state consists of columnar
primary B-grains, inside of which martensitic o'-Ti plates
with transverse dimensions of about (1.54+0.5) um are locat-
ed. Between the martensitic plates, thin B-phase interlayers
about 200 nm thick are also visible. A similar structure is
often observed in Ti—6Al-4V titanium alloy, produced
by additive technologies [12—14]. This structure is
caused by the fact that in the process of wire-feed elec-
tron-beam additive manufacturing, the action of an elec-
tron beam leads to the formation of a melt pool in
the near-surface volume of the substrate. Subsequently,
as a result of solidification of the pools and upper layers
of the grown metal, a columnar structure of f-grains is
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Fig. 2. EBSD image of a 3D-printed Ti—6A1-4V alloy sample
Puc. 2. EBSD-xapmuna 3D-nanevamannozo obpasya cniasa Ti—6A1-4V

b

Fig. 3. TEM images of the structure of a 3D-printed Ti—-641-4V alloy after high-pressure torsion (HPT):
a — bright-field image; b — dark-field image
Puc. 3. [IDM-uzo6pasxcenusi cmpyxmypul 3D-nanevamannozo cnnasa Ti—6A1-4V nocre KBJ]:
a — ceemaononvHoe uzobpaoicenue; b — memnononvroe uzobpadcenue

formed. During crystallisation of the deposited layer, epi-
taxial growth of columnar primary B-grains takes place,
the sizes of which are determined by the cooling rate of
the melt pool. After passing through the electron beam,
the material solidifies into B-grains, and then undergoes
rapid cooling, transforming into the martensitic a'-phase,
which occupies almost the entire volume of the B-grain.
The high cooling rate of the melt pool during 3D printing
leads to a low content of the B stabilising element (vana-
dium) in the B-phase, and its presence in the a-phase [19].

Subsequently, the sample with the initial structure was
subjected to high-pressure torsion in a mode of 10 revoluti-
ons, the rotation speed of the striker was 0.2 rpm, at a spe-

cific compressive pressure of 6 GPa, which allowed refin-
ing significantly the grain structure to (25+10) nm and in-
creasing considerably the level of internal stresses.
The resulting structure presumably consists entirely of
the a-phase, since it is known that during high-pressure
torsion of the Ti—6Al-4V alloy the B-phase dissolves [5-7].
The resulting microstructure differs from that observed
after high-pressure torsion in the Ti—-6Al—4V titanium alloy,
with an (a+p) structure characteristic of the hot-rolled state.
The difference in structures manifests itself primarily in
the sizes of deformed grains. Thus, in the hot-rolled Ti—
6Al-4V alloy after high-pressure torsion under various
modes, the average grain size ranges from 40 to 100 nm [4-6],
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Fig. 4. Microhardness distribution along the diameter of a 3D-printed Ti—6A1-4V alloy
in the initial state and after high-pressure torsion (HPT)
Puc. 4. Pacnpedenenue mukpomeepoocmu no ouamempy 3D-nanewamannozo cnnaga Ti—6A1-4V
8 UCXOOHOM COCTOAHUU U NOCTIe KpYUYeHUs noO 8blcokum oaeneruem (KB/)

Table 1. Average values of grain size and microstructure of a 3D-printed sample of the Ti—6A1-4V titanium alloy
Tabnuya 1. Cpednue sHavenus pasmepa sepet u muxkpomsepoocmu 3D-naneuamannozo obpaszya mumarnogozo cnaaga Ti—6A1-4V

State Average grain size Microhardness, HV ;
Initial state (1.5+0.5) um 308+4
High-pressure torsion (25+10) nm 448+5

while in the Ti-6Al-4V titanium alloy produced by elec-
tron-beam additive manufacturing, grain refinement to
(25+10) nm is observed. This difference in the structures
of the Ti-6Al1-4V titanium alloy after high-pressure tor-
sion is determined by different initial states. In 3D-printed
Ti—6Al1-4V, rapid cooling of the material during wire-feed
electron-beam additive manufacturing leads to the for-
mation of a predominantly martensitic a'-phase. Research
[6; 7] shows that such an initial Ti-6A1-4V microstructure
influences significantly the structure and properties of
the alloy after high-pressure torsion. The martensitic
structure contains a high level of residual stresses, disloca-
tions and stacking faults, as well as twins due to shear
transformation [6; 7]. Moreover, the initial microstructure
has a high volume fraction of martensitic a'-phase bounda-
ries, which likely act as nucleation sites for rapid grain
fragmentation, and subgrain formation during the initial
stages of HPT treatment.

The average value of microhardness of the 3D-printed
Ti—6A1-4V alloy in the initial state is (308+4) HV,;, which
is typical for the coarse-grained hot-rolled Ti-6Al-4V tita-
nium alloy [5-7]. High-pressure torsion treatment allowed
increasing significantly the values of the 3D-printed Ti—
6Al-4V alloy microhardness to a level of the order of

(448+5) HV, ;. The obtained microhardness values are quite
high for the Ti—-6Al-4V alloy subjected to high-pressure
torsion [5—7]. Using the known ratio of microhardness and
yield strength (HV=2.8-3c,), it is possible to determine
the expected mechanical strength of the Ti—-6Al-4V alloy
[20; 21]. Thus, one can assume that after high-pressure tor-
sion, the yield strength of the Ti—6Al-4V titanium alloy
3D-printed, using the electron-beam additive manufacturing
method, reaches 1460 MPa, which is a rather high value for
this material.

As is known, the high strength of metal materials with
a UFG structure, obtained by the methods of severe plastic
deformation can be caused by a number of factors [3; 22;
23] — grain structure refinement, the presence of a high den-
sity of dislocations, impurity atoms, dispersed particles of
second phases, twins, etc. Moreover, an important factor is
the structure and state of grain boundaries, which usually
have a nonequilibrium structure and contain a significant
amount of grain boundary segregations and insertions [22].
It is obvious that the nature of the high strength of
the 3D-printed Ti-6Al-4V titanium alloy, after high-
pressure torsion obtained in this work, is determined by
a number of structural features, including a highly refined
grain structure and a high density of crystal lattice defects.
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CONCLUSIONS

1. High-pressure torsion processing of a 3D-printed Ti—
6Al-4V alloy allows refining significantly the grain struc-
ture to dimensions of (25+10) nm. Such strong refinement
is not observed in the initial hot-rolled state of the alloy and
is associated with the initial martensitic structure of Ti—
6A1-4V.

2. High-pressure torsion of the 3D-printed Ti—6Al-4V
alloy allowed increasing significantly the microhardness of
the material to a level of approximately (448+5) HV,,
which, according to the HV=2.8-3c, ratio, corresponds to
6,~1460 MPa. Such a high strength is associated with the
strong refinement of the structure and the significant densi-
ty of crystal lattice defects.

3. The results of the study demonstrate, that the initial
state of the Ti—-6Al-4V alloy significantly affects the grain
refinement, and phase transformations caused by high-
pressure torsion, which consequently affects the strength
characteristics achieved during this treatment.
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Annomayus: B HacTosee BpeMst OHUM U3 3GPEKTUBHBIX MeTO 0B 3D-1ieqaTy sIBIsIeTCs] MPOBOJIOYHAS SIEKTPOHHO-
mydeBast agmutuBHasg TexHonorus (DJIAT), koTopast MO3BONISET U3TOTABINBATE KPYITHOTA0ApUTHBIC MPOMBIIUICHHBIE 3a-
TOTOBKHM M3 THTaHOBOTO ciutaBa Ti—6A1-4V. Onnako Ti—6Al-4V, nony4eHHbIi JaHHBIM METOJIOM, IEMOHCTPUPYET HOHU-
JKCHHbIE IIPOYHOCTHBIE CBOMCTBA. VI3BeCTHO, YTO MOBBICUTH MPOYHOCTHBIE CBOWCTBA METAJUIMYECKUX MATEPHAJIOB MOXKHO
MOCPE/ICTBOM M3MENBYCHUSI X 3E€PEHHON CTPYKTYpHI KpydeHueM nox BbicokuM nasinenuem (KBJI). Hacrosimast pabora
HalpaBiieHa Ha uccienoBanue BiImstHUA KBJ/[ Ha MUKpPOCTPYKTYpY U MEXaHMYECKYIO IPOYHOCTh KOHCTPYKIIMOHHOIO THTa-
HoBoro cmiaBa Ti—6Al-4V, nomydenHoro merozom DJIAT. TlocpencTBoM onTHYeckoid, pacTpOBOW M MPOCBEYMBAIOIIEH
3JIEKTPOHHONH MUKPOCKOIHMU H3ydeHa MHUKpPOCTpyKTypa 3D-HameuaranHoro cmiaBa Ti—6Al-4V B HCXOMHOM COCTOSHUH
u nocine KB/. IlpoBenen EBSD-ananus marepuana B MCXOAHOM COCTOSIHMM. M3MepeHa MUKpPOTBEPAOCTh Marepuaia
B FICXO/THOM H 1€()OPMHUPOBAHHOM cOCTOSHUSX. C HCIIOIb30BaHIEM 3aBUCHMOCTH IIPEAEIa TEKy4ECTH OT MUKPOTBEPAOCTH
oTpezierieHa MPEAIONIOKUTEIbHAs MEXaHUIeCKasi IPOYHOCTh MaTepHuaina rnocie oopadorku meronom KB/I. Ob6cyxnatoTes
MHUKPOCTPYKTYpHBIE 0coOeHHOCTH 3D-HaneuaTanHoro cmiaBa Ti—6Al-4V mocine KB/, 3a cdeT KOTOpBIX oOecneunBacTCs
TIOBBIIIEHHAs] MIPOYHOCTh IAHHOTO Marepuaia. Pe3ynbTaThl MCCIIEIOBAHUHM JIEMOHCTPUPYIOT, 9yTo 3D-meuyats mMeTonom
OJIAT no3BoisieT Moay4YuTh THTAHOBBIM cruiaB Ti—6Al-4V ¢ HeoObIUHOI Al JAHHOrO MaTepualla MUKPOCTPYKTYPOH,
KOTOpast COCTOMT M3 CTOJIOUATHIX MEPBUYHBIX -3€PEH C MONepeuHbIM pa3MepoM 1—2 MM, BHYTPH KOTOPBIX pacrojiararoTcst
MapTeHcuTHbIe uribl o'-Ti. Mexny uriaamu o-Ti HaGmoaarorest Tokue npociioiku B-Ti tomunoi okono 200 um. aib-
Helmas nedopmanuonHas 00padotka cruiaa metogoM KB/l mo3sosuia copMupoBaTh B ero 00beMe yiIbTpaMenKo3ep-
HHUCTYIO CTPYKTYPY, COCTOSIIYIO HPEANONIOKUTEIHHO U3 0-3¢peH co cpeaHuM pasmepoM (25+10) am. KB/[-o6paboTka
3D-HaneyaTaHHOTO CIUIaBa I03BOJIMJIA JOCTHYb JOBOJIBHO BBICOKMX 3Hau€HHMH MHUKpoTBepaoctu (448+5) HV,;, uro no
cootHoweHuto HV=2,8-3G, cOOTBETCTBYET NPEANOI0KUTEILHOMY NPEeIy TEKYYECTH, paBHOMY npuMepHo 1460 MI]a.

Knroueevie cnosa: 3D-HaneuaTaHHBI TUTaHOBBIN cimiaB Ti—6Al-4V; tutanoBbeiit crmaB Ti—6Al-4V; smekTpoHHO-
JydeBasi MPOBOJIOYHAS aJIUTHBHAs TeXHOJOTHs; 3D-neuaTs; KpyuyeHne 1oJ| BEICOKMM JIaBJICHUEM; MUKPOCTPYKTYypa; Me-
XaHUYECKHE CBOMCTBA.
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