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WAYS TO INCREASE PLASTICITY IN DEFORMATION OF
TITANIUM ALLOYS WITH MINIMIZATION OF ENERGY COSTS
S. Polishko
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Annotation. This article dial with study, which was carried out to increase the ductility and deformability of
titanium alloys BT1-0 and BT6, as well as the formation of highly plastic B-phase emissions in the microvolumes
of the alloy. It was determined that the reason for the satisfactory combination of high plastic and impact
characteristics with significant strength (o> 800 MPa) were the following factors: the formation of a significant
amount of metastable B-phase, has high plasticity and favorable morphology of the structure in the form of quasi-
eutectoid, in which o -phase alternates with plastic B-layers. Research and experiments based on the new concept
have proven the prospects of microalloying titanium with a non-deficient effective alloying element, iron. It also
shows the real possibility of using much cheaper low-grade sponge-titanium (compared to high-purity sponge
titanium) in the smelting of ingots and their processing with a decrease in energy consumption of processing
processes and significant economy of titanium. Analysis of these experimental data allowed us to draw the
following conclusions. With an increase in the amount of iron in the alloys of the Ti-Fe system, the yield strength
and Brinell hardness naturally increased. As shown, iron "loosens™ the crystal lattice of titanium and can’t
increase the strength of the interatomic bond. Therefore, the nature of the strengthening of titanium iron is
different. It is due to the following: grinding of grain in cast and forged states under the influence of iron. It was
found that the size of cast grains decreased tenfold during doping titanium alloys by iron. Thus, with increasing
concentration of iron in the titanium alloys, the length of the grain boundaries, which were an obstacle to the
movement of dislocations, increased sharply.

Keywords: TITANIUM ALLOYS, CHEMICAL COMPOSITION, STRUCTURE, PHASES, MECHANICAL
CHARACTERISTICS.

CIIOCIBM ITIIIBUINEHHSA INIACTHYHOCTI ITPAU HECDOPMAIIIi
TUTAHOBIX CILJIABIB 3 MIHIMI3AIII€EKO EHEPI'OBUTPAT
C.O. Iomimko

Hninpoecekuti nayionanvnuti ynieepcumem imeni Onecsa 'onuapa, np. I'azapina, 72, J{ninpo,
Vkpaina

Anotauis. [IpoBegeHo K0ocaiaKeHHs 3 MiIBUILEHHS IIACTUYHOCTI i JedpopmoBaHocTi TUTAHOBHX ciuiaBiB BT1-0 i
BT6 Ta (popMyBaHHS BUCOKOIJIACTHYHMX BUALIeHb B-(a3u B Mikpoo6’emax ciiaBy. BusHaueno, o nNpu4HHOI0
320BiJIbHOTO MOETHAHHS BHCOKHX IJIACTHYHMX i yIapHHX BJacTHBOCTeil 3i 3HaYHOIO MinHicTIO (05>800 MIIa)
OyJau Taki paxropu: ¢popMyBaHHS 3HAYHOI KiJIbKOCTI MeTacTadlibHOI B-a3u, ika Mae BUCOKY IJIACTHYHICTh Ta
CHPHATIMBA MOP(OIOTisi CTPYKTYPH Y BHIJIsAAI KBa3ieBTeKToiNy, Npu fAKili a-¢da3a yepryerncest 3 IJIaCTHYHHMHU
p-npomapkamu. JlocailkeHHSIMH Ta eKcIepUMeHTaMH Ha 0a3i HOBOI KoHIenuii Jo0BeJeHO NepPCIEKTHBHICTH
MiKpoJIeryBaHHsl THTaHy HefeiUMTHUM e(eKTHBHHM JIETYIOUHM eJeMeHTOM — 3ajizom. Takoxk moka3aHo
peajibHY MOMKJIMBICTH BHKOPHUCTAHHS 3HAYHO JelIeBIIOr0 HU3bKOCOPTHOIO ryouacroro Tutany (y HopiBHSHHI 3
ry04acTMM THTAHOM BHMCOKOI YHCTOTH) NPH BUILIABII 3JIMBKIiB Ta o0poOui ix 3i 3HMKEHHSM eHeproeMHOCTI
TeXHOJIOTiYHMX NpoueciB 00pOOKM i 3HAYHOI0 €KOHOMI€I THTAHY. AHAJIi3 OTPUMAHHUX B CTATTi JaHUX 103BOJIUB
3poduTH HacTynHi BHcHOBKH. 3i 30labmIeHHSIM KiabkocTi skesle-3a B cmiaBax cucremu Ti-Fe npupogno
30i1bIIYIOThCA IpaHHUSA IVIMHHOCTI i TBepaicTh 3a Bpunenem. flk moka3aHo B cTaTTi, 3a71i30 «pPO3pHUXJIAE»
KPHUCTATIYHY PelliTKy THTaHY i He Mo:Ke 301IbIIUTH MillHICTh MiZkaTOMHOT0 3B's13KYy. TomMy XapakTep 3minHeHust
TUTAHOBOI'O 3aJ1i3a pi3HOMaHiTHHI. Lle MOB’A3aHO 3 HACTYNHUM: 3MilllyBaHHS 3ePHA y JIMTOMY i KOBAaHOMY CTaHi
nix aiero Fe. YcraHoBieHo, 0 NpH JieryBaHHI THTAHOBUX CILIABIB 3aJ1i30M Po3MipoM JINTHX 3epeH 3MeHUINBCS B
10 pasiB. Takum 4yuHOM, 3i 30iIbIIEHHSIM KOHIEHTPALIl 3a/1i3a B THTAHOBHX CIIABaX AOB:KHHH KOPIOHY 3€peH,
sIKi OyJIM MepelKoI0I0 ISl PyXy AMCI0KalLil, pi3Kko 30i1b1IyBaInCs.

Kmouosi ciosa: TUTAHOBI CILUIABHA, XIMIYHMIA CKJAJ, CTPYKTYPA, ®A3H, MEXAHIYHI
BJIACTHUBOCTI
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CIIOCOBBI HOBBIHIEHUSA IVNIACTHYHOCTU IIPU JE®@OPMAILINA
TUTAHOBBIX CIIJIABOB C MI/IHI/IMI/I3AHI/IEﬁ SHEPI'O3ATPAT
C.A. Iloaumxko

Hnenposckuii Hayuonanvuwili yrusepcumem umenu Onecs I'onuapa, np. I azapuna, 72,
Lnunpo, Yxpauna

AnHoranus. IIpoBeneHo ucciieoBaHHe MO TNOBBLIIEHHI0 IJIACTHYHOCTH M JeOPMHUPYEMOCTH THTAHOBBIX
ciiasoB BT1-0 u BT6, a takike ¢opMHpPOBaHHS BBICOKOMJIACTHYHBIX BblAeTeHHH P-¢pa3bl B MHKpPo0oOBEMaX
cmiaBa. OnpesesieHo, YTO NMPUYHHONH YIOBJIETBOPHTEJbHOI0 COYETAHHSI BBICOKHX IIACTHYECKHX H YIAPHBIX
CBOICTB €O 3HAYUTeJbHOH mNpouHocThI0 (6B> 800 MIla) Oblim caenyromue ¢axkrTopbl: (opMHpOBaHHe
3HAYUTEIBHOI0 KOJUYeCTBA MeTacTa0mibHON [f-¢a3bl, KoTopasti o00/1aJaeT BBICOKOH MIACTHYHOCTBIO H
osaronpusitHoii Mopdosorneil CTPYKTypbl B BHIe KBa3HeBTEKTOHIa, NMPH KOTOpOil a-¢a3a depeayercs ¢
niaacTuueckumMu B-ciosimu. MccienoBaHMsIMH M JKCIIEPUMEHTAMH Ha 0a3e HOBOW KOHIENIHMH J0Ka3aHa
NepPCIeKTHBHOCThL MHKPOJETHPOBAHHS THTAHA HeJe(HUUTHBIM 3((PeKTHBHBLIM JIETHPYIOUIUM 3JIEMEHTOM —
:kesie3oM. Taxske moka3aHa peajbHas BO3MOXKHOCTbH HCIOJb30BAHUS 3HAYMTE]LHO 0ojlee JelIeBOro
HH3KOCOPTHOI0 ryd4aToro THTaHa (0 CPAaBHEHHIO ¢ Iy0YaThIM THTAHOM BBICOKOI YHCTOTHI) MPH BBHIMJIABKe
CIHTKOB H 00padoTke HX €O CHHKEHHEM DHHEProeMKOCTH TeXHOJIOTHYeCKHX NpoleccoB 00padoTku u
3HAYUTEIbHOI IJKOHOMMEH THTaHA. AHAJIM3 NOJYYeHHBIX B CTaThe NAHHBIX MO3BOJMJ CAEJIATH CJedylouiue
BbIBO/IBI. C yBe/IMUeHHeM KOJIM4YecTBa ikeje3a B cmiiaBax cucremMbl Ti-Fe ectecTBeHHO yBemumBaoTces mpeses
TeKy4YecTH W TBepaocTh mo bpunemmo. Kak mokazano B craThbe, iKeje30 «pa3pbIXisieT» KPHCTAIHYECKYIO
peleTKy THTAHA U He MOJKeT YBeJIMYUTh NPOYHOCTh MeKaTOMHOIi cBsi3H. [lo3TOMy XapakTep ynpoyHeHHsI THTaHA
JKeJIe30M pasinyeH. JTO CBSI3AHO CO CJEIYIOIMM: H3Melb4YeHHe 3epHAa B JUTOM H KOBAHOM COCTOSIHMM MNOJ
JeiicTBHEM :Kesie3a. YCTaHOBJIEHO, YTO MPH JerHPOBAHNN THTAHOBBIX CIUIABOB ’KeJIe30M pa3Mep JIHTBIX 3epeH
yMenbmnics B 10 pa3. Takum o0pa3om, ¢ yBeJHYeHHeM KOHIEHTPAILUH Kejle3a B THTAHOBBIX CILIABAX JJIMHA
rpaHuUI 3epeH, KOTOpbIe ObLIN NpensiTCTBHEM ISl IBHKEHHUSI TUCJIOKALUH, Pe3K0 YBeJIHYHBAJIACD.

Kmouesbie ciosa: THUTAHOBBIE CILIABBI, XHUMHUYECKHI COCTAB, CTPYKTYPA, ®A3BI,
MEXAHUYECKHE CBOMCTBA.

Introduction to form the optimal volume in the structure of

The problem of increasing the ductility the alloy, composition and strength of the -

of titanium alloys is now more important in the phase. At the same time, as titanium and its
world practice of titanium products. This is due alloys are increasingly used in aerospace,
to the following reasons. a- Titanium has a rocketry, submarine engineering, mechanical
relatively low ductility. It is due to the fact that engineering, nuclear energy, medicine, and the
the a-phase has a hexagonal crystal lattice with oil industry, the study of its use will be relevant
a small number of sliding planes. It occurs in for along time. In this work, studies to increase
a-titanium in prismatic planes { } and only the ductility and deformability of titanium
partially along the pyramidal planes { } and on alloys VT1-0 and VT6 were performed in the
the plane of the base. The implementation of study of the formation of highly plastic f-phase
plastic deformation in o -titanium is also emissions in the microvolumes of the alloy;
possible by twinning. Another phase of Previous and last three years of research have
titanium, the B-phase, has a cubic volume- shown the possibility of forming a highly
centered lattice. It is ductile because it has a plastic B-phase in microvolumes of titanium
large number of sliding planes, like other alloy. The choice of elements of B-stabilizers
alloys with a cubic lattice. However, to form for micro- and titanium doping was based on
the structure of biphasic titanium alloys with a three aspects: - B-stabilizing effect of the
significant volume of B-phase, it is necessary alloying element; - influence on the
to alloy them with a significant number of - characteristics of strength and ductility; -
stabilizers, such as V, Mo, Mn, Fe, Si, Cr or a economic feasibility. It is known that iron is a
neutral element, Zr. However, as shown above, stronger B-stabilizer of titanium. This is caused
some of them have a noticeable solubility not not only by the large difference in the sizes of
only in the B but also in the o-phase, Ti and Fe atoms, but also by the electronic
significantly strengthening it. Therefore, it is configurations of both elements and the
necessary to find new solutions that would not electronic structure of the interacting atoms.
only strengthen the a-phase and alloys, but also Titanium and iron are ds-elements in which,
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when the d-shells are incompletely filled, the
s-shells are also filled. Stable configurations of
d-electrons are d0, d5, d10 [1, 2].

Formulation of the research problem

Conduct research on Development of
Methods of Increasing Plasticity During
Deformation of Titanium Alloys With
Minimization of Energy Costs Discussion
(Problem  solving). Titanium has a
configuration of valence electrons d2s2,
therefore stable configurations in the
condensed state are dO, d5, and under normal
conditions dO-states predominate. This is
confirmed by the fact of high electrical
resistance of titanium, which is due to the
emergence of strong interelectron interaction.
This is manifested in the loosening of the
lattice due to the transition in the formation of
do-states of part of the valence electrons to the
collectivized state. When iron atoms are
introduced into the alloy in addition to titanium
as a base, the energy stability of the system as
a whole decreases due to a significant increase
in the concentration of collectivized electrons,
although the statistical weight of stable d5 and
d10 states increases under the influence of
iron. That is why the introduction of iron into
titanium reduces the energy stability of the

Table 1 — Titanium alloys chemical composition

system of Ti-Fe alloys. In this case, Ti is the
donor and Fe is the acceptor.

Solution of the problem

As mentioned above, in addition to the p-
stabilizing effect, it was necessary to establish
the effect of iron on the structure and
mechanical characteristics of titanium. For this
purpose, a series of alloys of high-purity
spongy titanium having a Brinell hardness
from 900 HB to 950 HB with pure Fe powders,
which were pressed into a consumable
electrode (BE) in the following ratios (Tab. 1),
was smelted in a 1.5 kg VDLP furnace.

Since the state of the alloy (cast, forged,
rolled) can have a significant impact on the
formation  of  phases,  microstructure,
characteristics, all Ti-Fe alloys were forged on
bars with a diameter of 0.02 m, relieved stress
by annealing at 700 °C for 0.5 h. Then the alpha
layer 1 mm deep was removed, the rod was cut
into samples for the study of mechanical
characteristics (five samples for tensile tests
and three samples for toughness). Sections
were made from the heads of bursting samples,
the composition of the phases was also
determined on them.

Alloy Composition Fe, Impurities, %

(for charge) % 0 N C H
Ti-0,1 Fe 0,11 0,09 0,03 0,012 0,005
Ti-0,3 Fe 0,33 0,10 0,03 0,013 0,003
Ti-0,5 Fe 0,48 0,08 0,02 0,014 0,004
Ti-0,7 Fe 0,73 0,06 0,03 0,012 0,003
Ti-1,0 Fe 1,02 0,08 0,02 0,015 0,004
Ti-1,5 Fe 1,56 0,10 0,02 0,011 0,004
Ti-2,0 Fe 2,42 0,11 0,03 0,013 0,004
Ti-3,0 Fe 3,03 0,09 0,03 0,013 0,005
Ti-4,0 Fe 4,10 0,10 0,04 0,012 0,004
Ti-5,0 Fe 5,04 0,08 0,03 0,011 0,004
Ti-6,0 Fe 5,90 0,07 0,03 0,010 0,003

Dependencies are established:

- increase in the yield strength and Brinell
hardness of forged samples of Ti-Fe alloys
(Fig.1) with increasing iron content;

- changes in relative elongation, relative
narrowing and toughness with increasing
concentration of iron in Ti-Fe alloys (Fig.2);

increasing the amount of B-phase with
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increasing concentration of iron in cast and
forged samples of Ti-Fe alloys (Fig.3)

- increasing the tensile strength of Ti-Fe
alloys with increasing the amount of -phase in
them (Fig.4);

- the relationship between the relative
narrowing and the amount of B-phase in the
structure of Ti-Fe alloys (Fig.5).
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Figure 1 - Increasing the tensile strength and
hardness of forged samples of Ti-Fe alloys
depending on the concentration of Fe
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Table 2 presents data on the change in the
phase composition of Ti-Fe alloys with increasing
iron concentration according to the results of X-ray
phase analysis.

The tensile strength indices o and HB
increased accordingly. Thus, the mechanism of
grain boundary strengthening was very significant;
increasing the dispersion of the structure under the
action of iron. Already in alloys containing 0.3%
Fe formed a quasi-eutectoid structure a +
metastab. We have proved that the decay of the -

phase during cooling of Ti-Fe alloys did not occur
in accordance with the equilibrium diagram of Ti-
Fe, according to which eutectoid decay must follow
the reaction: fevt — a + TiFe. In reality, the decay
of the p-phase developed by a different
mechanism: fevt — o + Pfmetastab. The peculiarity
of this decay is the fact that the quasi-eutectoid
appears at much lower concentrations of iron than
could be expected from the state diagram of Ti-Fe.
This is due to the difficulty of diffusion processes
at eutectoid temperature for the following reasons:

1) low temperature of eutectoid decay (590
°C);

2) low values of the parameters of diffusion
of iron in titanium, which occurs in a solid solution
of substitution;

3) significant micro-distortion of the crystal
lattice due to the size factor;

4) high density of valence electrons, which
increased under the influence of iron. The B-phase
layers, which were isolated as a quasi-eutectoid,
are a significant obstacle to the movement of
dislocations, strengthening the alloy by the
mechanism of "reinforcement";

5) a large difference in the sizes of Ti and Fe
atoms, which causes micro-distortion of the
titanium crystal lattice, which hinders the
movement of dislocations and increases the
strength of Ti-Fe alloys.

Table 2 - Phase composition and change in the amount of $-phase according to X-ray phase

analysis
Alloy Cast condition Forging + annealing 700 °C
phase B-phase phase B-phase
Ti+0,1 % Fe o, B 1,0 o, B 1,0
Ti+0,3 % Fe o, B 2,0 o, B 2.0
Ti+0,5 % Fe o, B 3,0 a, B 3,0
Ti+0,7 % Fe ) 4,0 a, B 4,0
Ti+1,0 % Fe o B 6,0 o B 5,0
Ti+1,5 % Fe o, B 10,0 o, B 6,0
Ti+2,0 % Fe o B 13,0 a, B 8,0
Ti+3,0 % Fe a, B 17,0 a, B 11,0
Ti+4,0 % Fe o, B 24,0 a, B 14,0
Ti+5,0 % Fe o, B 28,0 a, B 16,0
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At the same time, in terms of absolute
value, the characteristics of ductility (3, y) and
toughness, despite a significant increase in
strength and hardness, remained quite high -
elongation at 20% even at an iron content of
1.4%, relative narrowing was 30%, toughness
- 0.8 MJ / m2. This concentration of iron
corresponded to the values of strength 68> 800
MPa and hardness of 2100 HB, the amount of
B-phase from 10 to 12%. The reason for the
satisfactory combination of high plastic and
impact characteristics with significant strength
(oB> 800 MPa) were the following factors:

- formation of a significant amount of
metastable B-phase, which has high plasticity;

- favorable morphology of the structure
in the form of a quasi-eutectoid, in which the
a-phase alternates with plastic p-layers.

Therefore, it is possible to increase the
ductility of titanium alloys by forming highly
plastic B-layers in the metal structure. Since o-
titanium already at an iron content of 0.3%
may form them in a significant amount (>
0.2%), its introduction into titanium alloys and
the corresponding processing of such alloys
(deformation + heat processing) under the new
modes can increase the deformability of alloys.
Due to the high iron content, the titanium alloy
can be deformed at lower temperatures,
because iron significantly reduces the
temperature range of the B-phase (up to t <590
°C). We have made assumptions about the
possibility of using low-grade spongy titanium
as a charge in the smelting of titanium alloy
with high iron content with the addition of
substandard waste. Spongy titanium for
smelting an experimental ingot with a high iron
content was taken from the contaminated metal
of the bottoms of the titanium block. For this
purpose, the coarse laboratory ingot was first
smelted in a vacuum-arc method with double
remelting. Its chemical composition is given in
fig. 6.

The ingot was forged on a billet for
rolling and on a semi-industrial state duo "210"
was rolled from one heating (890 °C) with a
total compression of 80% when transferring
the roll manually through the upper roll. A
similar workpiece was deformed in the same
state by hot rolling (from 600 to 700 °C) with &
= 69% for six passes to a sheet thickness of 5
mm. After annealing in air at 700 °C for 0.5 h,
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the sheet was subjected to alkaline-acid
etching followed by short-term (0.5 h) vacuum
annealing. The mechanical characteristics of
titanium alloy with high iron and oxygen
content are given in fig.7.

Figure 6 — Chemical composition of the
experimental ingot

In the process of hot, warm and even
cold rolling (with a total deformation of 77.5%
for four passes with one intermediate
annealing at 700 °C for 0.5 h) the alloy showed
an excellent ability to deform due to the
presence in its structure from 4 to 5% highly
ductile B-phase in the form of layers between
a-plates.

The mechanical properties of the Ti-
0.7Fe alloy were at the level of doped Al and
Mn pseudo a-alloy OT4-1 (o8 - 680 MPa, or -
500 MPa, & - 15%).

One of the blanks was rolled first by
warm and then cold rolling with intermediate
heating to 700 °C for 0.5 h in foil 0.12 mm
thick.

Previous semi-industrial experiments
allowed to realize industrial smelting of ingots
weighing 0.7 tons by double vacuum-arc
remelting, forging and rolling by standard
technologies into rods with a diameter of 0.02,
0.04 and 0.06 m and sheets with a thickness of
5 mm. The chemical composition of ingots is
given in Fig 8.

The mechanical properties of rods with a
diameter of 0.02 mm in comparison with the
characteristics of technical titanium brand
VT1-0 mass production are if fig. 9.
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Figure 7 - Mechanical characteristics of
titanium alloy Ti-0.7Fe after hot rolling and
annealing
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Figure 8 - Chemical composition of the
industrial alloy Ti-0,7Fe

Rolling ingot from Ti-0,7Fe alloy was
performed at lower temperatures (beginning at
1000 °C instead of 1050 °C, ending at 700 °C
instead of 750 °C). The difference of 50 °C
when heated gives significant energy savings.
It is established that the high ductility of the
industrial alloy Ti-0.7Fe is due to the
formation of highly plastic B-layers enriched in
iron (Fig.10).

Ah .

o, MPa or, MPa orlon G,
Mechanical characteristics
B0, 7Fe mBTI-0

Figure 9 - Mechanical properties of bars of
alloys Ti-0,7Fe and VT1-0

Figure 10 - Microstructure of rolled industrial
sample ingot of Ti-0,7Fe alloy with p-layers
between a-plates, x2000

Numerical experiments with testing of
high ductility and deformability of alloys
doped with iron allowed to protect Ti-Fe alloys
with security documents [3]. To increase the
corrosion resistance of Ti-Fe alloys, they were
additionally microalloyed [4].

Research and experiments based on the
new concept have proven the viability of
titanium microalloying with a non-deficient
effective alloying element, iron. It also shows
the real possibility of using much cheaper low-
grade spongy titanium (compared to high-
purity spongy titanium) in the smelting of
ingots and their processing with reduced
energy consumption of processing processes
and significant savings of titanium [5].

Scientific novelty

The main scientific novelty of the
research results, technologies for production
and processing of titanium alloys VT1-0 and
VT6 (EPPE) was as follows:

- smelting of massive (2.2 and 1.1 tons)
EPPE ingots by the method of JSC "Electron
Beam Metallurgy Plant” from one remelting;

- obtaining high-purity alloys for
impurities with a homogeneous fine-grained
macrostructure and a microstructure of high
dispersion, with shifted critical points of phase
transitions towards lower temperatures;

- increase the ductility of both alloys by
24% and significantly improve the
deformability of alloys;



- creation of an original scheme of
pressure processing of large massive ingots of
alloys VT1-0 and VT6 on the existing
equipment for deformation of ferrous metals in
two different industries;

- development of energy- and resource-
saving temperature-time  regimes and
technologies of deformation and heat
processing, which provided higher mechanical
properties (o8, 8, W, KCU) of finished products
from two titanium alloys of electron beam
smelting in comparison with serial alloys of
vacuum-arc remelting.

Conclusions

Analysis of these experimental data
allowed us to draw the following conclusions.

With an increase in the amount of iron in
the alloys of the Ti-Fe system, the vyield
strength and Brinell hardness naturally
increased.

As shown above, iron "loosens" the
crystal lattice of titanium and can not increase
the strength of the interatomic bond.
Therefore, the nature of the strengthening of
titanium iron is different. It is due to the
following:

- grinding of grain in cast and forged
states under the influence of iron. It was found
that the size of cast grains decreased tenfold
during doping titanium iron. Thus, with
increasing concentration of iron in titanium,
the length of the grain boundaries, which were
an obstacle to the movement of dislocations,
increased sharply.

The development of modes of heating
under deformation and heat processing is
carried out taking into account comprehensive
research on gas saturation of compact titanium
and titanium powders of different production
methods.
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