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The empirical and semi-empirical models were used to analyze the phase-structural state of lightweight alloys of
the Ti-Cr-Al-V system. The composition of lightweight alloy Tig CrioAl;V,, (at.%) was selected for experimental
study. Ingots of this alloy were obtained by argon-arc melting method, and they were subjected to homogenization,
deformation by rolling and subsequent annealing at different temperatures. The influence of annealing temperature
on the phase-structural state of the alloys, hardness, and mechanical properties during tensile tests at room
temperature and 650 °C has been studied experimentally. In cast condition and after deforming and annealing at
700...900 °C the alloy has a single-phase state with bcc lattice. In the annealing state alloy has a high value of

strength characteristics and the elongation to fracture.
PACS:61.50.Ah,62.20.-x,68.37.-d

INTRODUCTION

The development of nuclear energy and its safety
depend significantly on the creation of new structural
materials that must have improved mechanical
properties and corrosion resistance in operation, as well
as high radiation resistance. In recent years, along with
the improvement of austenitic and ferritic-martensitic
reactor steels [1, 2], much attention has been paid to the
development and research of a fundamentally new class
of radiation-resistant materials — so-called high-entropy
or multi-component concentrated alloys [1, 3-6].

Titanium-based alloys are of considerable interest to
the nuclear power industry, as they are already used as
structural materials for the manufacture of capacitors,
steam turbine working blades, heat exchange
equipment, and in the production of power fasteners for
flange connections and connectors of various
technological systems of reactor equipment for nuclear
and fusion plants [7-9]. The advantages of titanium
alloys are high specific strength, corrosion resistance in
various environments, stability of mechanical
properties, processability, nuclear properties, and the
ability to weld with various types of welding. In recent
years, in connection with the development of the latest
nuclear power plants with fast neutron reactors, the
possibility of using titanium alloys for the manufacture
of fuel element cladding has been considered. Fast
neutron reactors operate with a liquid metal cooling
system. When melts of low-melting heavy metals are
used as cooling environment, the main problem is
corrosion compatibility and stability of mechanical
properties of structural materials in interaction
conditions with liquid metals [10, 11]. Lightweight
titanium-based multicomponent alloys typically contain
aluminum and vanadium in high concentrations, which
allows for low densities. Finding a balance between
density, mechanical properties, and corrosion resistance
of lightweight alloys is a critical issue. To achieve a
balance of these properties, it is reasonable to consider
four component titanium alloys containing, in addition
to aluminum and vanadium, a significant proportion of

chromium, which is a corrosion-resistant element. In
[12], the structure and mechanical properties of
multicomponent titanium alloys TigCri1Al;Nby, and
TigCri1Al;Nby V4, (at.%) were studied. In the cast
state, these alloys are single-phase and have a bcc
lattice. The same state is realized after deformation and
annealing at a temperature of 900 °C and above.
However, at lower annealing temperatures
(700...800 °C), precipitates of the brittle Laves phase
are formed in the alloys, which leads to a decrease in the
ductility of the alloys. The formation of the Laves phase
is observed in many alloys containing niobium [13, 14].
The goal of this work is to create a lightweight
titanium alloy based on a system Ti-Cr-Al-V that does
not contain niobium and does not lose ductility when
operating in the temperature range of 700...800 °C.

PREDICTION OF PHASE COMPOSITION
AND LATTICE STRUCTURE
OF Ti-Cr-Al-V ALLOYS

Since there are many possible variants of alloy
constituents with 4 components, the issue of the phase
structure formed in an alloy of a particular elemental
composition is extremely important. Typically, the
phase composition of alloys is determined by phase
diagrams,  which  are traditionally  obtained
experimentally. This approach is poorly implemented
for complex multicomponent systems. The prediction of
the phase composition of multicomponent alloys can be
made on the basis of a number of thermodynamic,
dimensional, and electronic parameters. Currently, a
significant number of empirical and semi-empirical
criteria have been proposed that allow us to “predict”
the structural state of a particular alloy with a certain
degree of reliability. These criteria are described below.

Main calculation formulas and criteria.
According to thermodynamics, in a multicomponent
alloy in the equilibrium state realizes the phase
composition, which corresponds to the minimum value
of Gibbs free energy G:

G=H-TS, 1)
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where H — enthalpy of the system; S — entropy of the
system; T — absolute temperature.

As a result of mixing n components (e.g., alloying)
there is a change in the free energy of the system (alloy)

AGmix = AHpix — TASpix, (2)

where AHpx — mixing enthalpy; ASnix — mixing
entropy; T — absolute temperature in Kelvin.

In the ideal solution approximation, the mixing
entropy can be represented as follows [13]:

ASpmix = —RY™, cilnc;, R =8.314]Jmol 1K1, (3)

where R — gas constant; c¢; — concentration of the i-th
component in the alloy.

The mixing enthalpy for a multicomponent system
can be calculated by the formula:

AHpix = Xizgizj Qujcicy Qij = 400 (4)
where AZE ~ _ the mixing enthalpy of the binary
equiatomic ab alloy, calculated on the basis of the
Miedema model [25]; cij — the concentration of the i(j)
element of the alloy.

Since the choice of phases is based on the ratio
between  AH.x and TASnx according to
thermodynamics, it was proposed to use a dimensionless

parameter Q that takes into account the contribution of
these parameters [18]. In this case, the temperature is
fixed at the melting point of the alloy:

— TmASmix
|AH x|

yIm = Ci(Tm)i: (5)

where T,, — the average melting point of the
components; ¢; — the concentration of the i-th alloy
element.

The analysis carried out by various authors has
shown that it is necessary to consider such parameters
as atomic size factor 6 and electronic characteristics of
atoms — average Vvalues of wvalence electron
concentration VEC and Pauling electronegativity Ay - in
addition to the considered thermodynamic parameters
for more correct prediction of phase composition and
crystal structure of phases. Expressions for these
quantities are given below [16]:

5 =100 X \/Z?’Zl Ci(l - ri/r_)Z ,f = Z?:l Ci1i, (6)

where r; — atomic radius of the i-th alloy element; ¢; —
concentration of the i-th alloy element.

VEC = Y7, c;(VEC),, )

where (VEC); — the valence electrons concentration of
the i-th alloy element; ¢; — the concentration of the i-th
alloy element.

Table 1
Criteria for determining the phase composition and crystal lattice of HEA
Criterion A: correlation between ASyiy, AHpmiy, and 6
-15 < AHpix < 5 kd/mol simple disordered solid solution (SDSS) [15]
Al 0<d<5
-20 < AHpix < 0 kJ/mol disordered solid solutions (DSS) [16]
5<8<6.6
-22 < AHpix < 7 kJ/mol solid solution (SS)
A2 0<6<85 [17]
11 < ASpix < 19.5 J/IKmol
-10 < AHpix < 5 kJ/mol simple solid solution (SSS)
5<4 [18]
A3 ASpix> 13.38 J/Kmol
50< AHpix < 0 kJ/mol amorphous phase (AF)
4<6<20 [19]
4 < ASpix < 18 J/Kmol
Criterion B: correlation between Q and 6
Q>1.1 . .
B 5<6.6 solid solution (SS) [20]
Criterion C: correlation between VEC and 6
8<5 FCC lattice
1 8>5.4 BCC lattice [21]
VEC > 8 FCC lattice
c2 VEC < 6.87 BCC lattice [22]
433 <VEC<7.55 BCC lattice
C3 - [23]
7.80 < VEC <9.50 FCC lattice
Criterion D correlation between Ay and 0
(1)236<<A6X <0.06 no intermetallic compounds (nC)
D Ay =0.09...0.14 appearance of compounds (intermetallic, 6-phase) (aC) [24]
6=6
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Electronegativity Ay [17]:

Ay =X — X2, X=Xz CiXi s (8)

where y; — the Poling electronegativity of the i-th alloy
element; c¢; — the concentration of the i-th alloy element.

There are several criteria for determining the phase
composition of alloys according to the literature. These
criteria have been verified experimentally, and their
values differ from source to source, i.e., different
authors give different ratios of parameters at which a
solid solution is formed.

In addition to the criteria determining the phase
composition (solid solution or solid solution +
compound), criteria for predicting the type of solid
solution crystal lattice or the type of compound that can
be formed in the alloy (e.g., Laves phase, sigma phase)
were proposed. The proposed criteria are summarized in
Table 1, with criteria based on the same parameters
grouped into separate groups.

Predicted calculations of the phase composition
and crystal structure of alloys of the Ti-Cr-Al-V
system. The atomic parameters of individual elements
included in Ti-Cr-Al-V alloys, required for calculations
of the phase composition and crystal structure, are given
in Table 2.

Table 2
The main parameters of the Ti-Cr-Al-V system
elements
. . Pauling's
Atomic | Atomic
Element number | radius, elect_ro_- VEC
negativity
Cr 24 1.249 1.66 6
Al 13 1.432 1.61 3
Ti 22 1.462 1.54 4
\Y/ 23 1.316 1.63 5

Table 3 shows the results of calculations of the
enthalpies of interaction of different atomic pairs in the
corresponding binary alloys obtained using the
Miedema theory [25].

Table 3
Values of binary mixing enthalpies for the elements
of the Ti-Cr-Al-V system

With the use of the parameters given in Tables 2 and
3, we calculated the criteria for determining the
structural state of a significant number of Ti-Cr-V-Al
alloys of various compositions. An example of such
calculations for 4 alloys with a fixed content of
aluminum and vanadium (Table 4) is given in Tables 5
and 6.

Table 4
Compositions of several studied alloys
of the Ti-Cr-Al-V system (at.%)
sample _ Element

Ti Cr Al V
#1 61 10 7 22
#2 56 15 7 22
#3 66 5 7 22
#4 51 20 7 22

Most of the criteria indicate that all alloys should be
single-phase solid solutions, i.e., without intermetallic
phases. According to criteria C2 and C3, all alloys have
a bcc lattice, but alloy #3 may have a lattice structure
according to criterion C1.

Alloy #1 with the composition 61Ti-10Cr-7Al-22V
(at.%) was selected for further experimental studies
based on the calculations and analysis of literature data
on the effect of chromium, aluminum, and vanadium on
the mechanical and corrosion properties of titanium.

METHODS OF ALLOY OBTAINING AND
STUDY OF STRUCTURE AND PROPERTIES

Ingots of the multicomponent alloy were produced
by arc melting of the components with a non-
consumable tungsten electrode in high-purity argon.
Before melting, for additional argon purification, the
titanium getter was melted for several minutes. The
purities of the alloying elements were higher than
99.9%. To ensure chemical homogeneity, the ingots
were flipped over and remelted at least 5 times, and
ingots’ size was 12 x 12 x 30 mm. After that, the
homogenization annealing was carried out at 1100 °C
for 1 h in high purity argon, followed by quenching in
the air. After that, ingots were rolled to 1 mm with
interim annealing at 1100 °C. The specimens for
microstructure were produced from the received tapes
by spark cutting.

2B 2B X-ray diffraction (XRD) patterns of the specimens
Alloy | Ay, ky/mol A.I loy Ay, KI/mol were recorded using “DRON-4-07" diffractometer. The
Cr-Al -20.325 T"A! -40.481 microstructure of as-cast samples was studied using a
V-Al ~26.936 Cr_'T' -7.348 metallographic inversion microscope Olympus GX51
Cr-vV -1.937 Ti-v -1.650 and scanning electron microscope JSM 7001F equipped
with a system for energy-dispersive X-ray spectroscopy
(EDS) INCA ENERGY 350. The microhardness was
measured using a PMT-microhardness tester. The load
on the indenter was 200 g, the loading duration was
15s.
Table 5
Calculated parameters for alloys of the Ti-Cr-Al-V system
5 Q;'r?%’{er VEC 5 Ay ASmix, JIkmol AHpix, kd/mol Q

#1 4.35 5.6 0.047 8.74 -11.99 1.22

#2 4.45 6.07 0.050 9.38 -12.40 1.27

#3 4.25 4.99 0.044 7.84 -11.44 1.15

#4 4.55 6.43 0.051 9.85 -12.66 1.31
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Table 6

Predicted phase-structural state of Ti-Cr-Al-V alloys calculated according to different criteria

Alloy/ Al A2 A3 B cl 2 c3
Criterion
#1 DSS DSS? TZ SS bcc bcc bcc
#2 DSS DSS? TZ SS bcc bcc bcc
#3 DSS DSS? TZ SS fcc bcc bcc?
#4 DSS DSS? TZ SS bcc bcc bcc

TZ — transition zone; ? — the parameter values go beyond the limits specified by the criterion.

Nano-hardness measurements were carried out by
Nanoindenter G200 with a Berkovich type indentation
tip. The mechanical properties were studied using
testing machine INSTRON-5581 under active stretching
with speed 10°s™ at 20 and 650 °C. Samples for
investigation were in the shape of double blades with
working part dimensions of 1 x 2 x 10 mm produced by
spark cutting along the rolling direction and annealed in
a vacuum at different temperatures. The yield strength
00,2, tensile strength o, and elongation to failure & were
investigated. More detailed preparation and research
methods are described in [12].

EXPERIMENTAL RESULTS
AND DISCUSSION

Microstructure. It was established experimentally
that the ingot has a composition of 60.9Ti, 10.3Cr,
7.0 Al, 21.8 V (at.%), which coincides well with the
calculated value. XRD patterns of samples are shown in
Fig. 1. As-cast and annealed samples are single — phase
and have bcc crystal lattice with a=3.171...3.173 A.
When studying the rolled and annealed samples by
scanning electron microscopy, it was found that the
microstructure of all samples is single phase (Fig. 2).
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Fig. 1. Diffraction patterns of the alloy:
1 — as-cast state; 2 — after rolling and annealing

at 900 °C/15 min

The average grain size in samples annealed at a
temperature of 700 °C for 1 h is about 15 pum, and in
samples annealed at 900 °C for 15 min it is about
60 pm.

Mechanical  properties. ~ Measurements  of
microhardness showed that the samples, both in the cast
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state and after deformation and annealing at 900 °C, are
quite homogeneous, i.e., the deviations from the average
value are very low.

20.0KV CC SEM WD

Fig. 2. Microstructure of Tig;CrypAl;Vy, alloy after
rolling and annealing at 700 °C /1 h

Also, the microhardness values for these samples are
similar and are (2960 =+ 30) and (2990 =+ 45) MPa for the
as-cast alloy and the alloy after mechanical and thermal
treatment, respectively. Wherein, nanohardness in the
annealed sample is H = (4.7 + 0.1) GPa, and the elastic
modulus is E = (129 + 3) GPa.

The results of mechanical tests at 20 °C of alloy
samples in different structural states (rolled, annealed
after rolling at 700, 800 °C/1 h, 900 °C/15 min) in the
form of true tensile curves are shown in Fig. 3. It can be
seen that in the deformed state, the alloy has high
strength characteristics oy, = 865 MPa, o, = 1184 MPa.
At the same time, the ductility & of the alloy is only
about 2 percent. Annealing significantly increases the
ductility of the alloy, while its strength characteristics,
although reduced, remain at a fairly high level (Fig. 3).
The alloy with the highest ductility is the one annealed
at 900 °C for 15 min. In this condition, the total
elongation is almost 30 percent, the proportionality limit
is about 640 MPa, and the ultimate strength is about
750 MPa. A comparison with previously studied
multicomponent titanium alloy TigCry;Al;Nby Vg
shows that the four-component alloy after annealing at
700 °C has a slightly higher tensile strength than the
five-component alloy (947 MPa versus 900 MPa) and
significantly higher ductility (more than 20 versus 7%).
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Fig. 3. True strain curves of Tig;CripAl;Vy, alloy at
room temperature for a deformed sample (rolled)
and samples annealed at different temperatures
(700, 800 °C/1 h, 900 °C/15 min).

Numbers next to the curves: numerator — yield strength,
denominator — ultimate strength

An unusual feature of the developed alloy is that all
the characteristics (proportionality limit, tensile
strength, and total elongation to break) at deformation
temperatures of 20 and 650 °C are almost the same
(Fig. 4), although the uniform strain at 650 °C is
approximately two times lower than at 20 °C. That is,
the formation of the neck during tension at 650 °C
occurs much earlier than at 20 °C, which indicates a
lower ability to strengthen at 650 °C. The fracture
patterns shown in Fig. 4 reflect the plastic nature of
fracture at both deformation temperatures.
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Fig. 4. True strain curves of 61Ti-10Cr-7Al-22V alloy at
room temperature and 650 °C for samples annealed
at 900 °C for 15 min (fractograms of fractured samples
at different temperatures are shown in the inset)

CONCLUSIONS

1. In order to develop a new titanium alloy with
enhanced mechanical properties at temperatures up to
650 °C, the phase composition and crystal structure of a
series of Ti-Cr-Al-V alloys were calculated. On the
basis of these calculations, the composition of a light
concentrated alloy was chosen (Tig CripAl;V,,), which

is most likely to be single-phase with a body-centered
cubic lattice.

2. Experimentally it was revealed that after
annealing at 700...900 °C chosen alloy TigCripAl;Vy,
remains single-phase bcc alloy with a lattice parameter
a=3.171...3.173A.

3. It was found that annealed at 700 °C/1 h alloy has
tensile strength at 20 °C about 950 MPa and elongation
for rupture — more than 20%. After annealing at
900 °C/15 min the strength of alloy at 20 and 650 °C
(operation temperature of new generation nuclear
reactors) is practically identical (about 650 MPa) and
elongation for rupture is 26...28%.
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MIKPOCTPYKTYPA TA MEXAHIYHI BJIACTHBOCTI
BATATOKOMITOHEHTHOTI'O CIIVIABY Tig CripAl;Vs;

O.M. Benuxoonuii, 1.B. Konooiii, A.B. Jleseneus, €.0. Kpaitniok, M.A. Tuxonoecvxuii, O.C. Topmixa

Jliist aHAMi3y CTPYKTYpHO-(ha30BOro CTaHy JErkux criaBiB cucremu Ti-Cr-Al-V BHKOPHUCTOBYBAUCS eMITIpHUHI
Ta HamiBeMMipu4Hi Mojenmi. JIis eKcrnepuMeHTANbHUX JOCHiKeHs Oyiao ob6paHo yerkuii criaB Tig CrigAl,Vs,
(ar.%). 3nMuBKM 1[HOTO CIUIABY OYyJH OTPUMAaHI METOJOM AaprOHOIYrOBOI IUIABKH, IMIC/AS YOTO BOHH ITiIaBajIHCs
romoreHiszanii, reopmaliii MPOKaTKOI 1 MOJANBIIOMY BiJNaly NpH Pi3HUX Temieparypax. ExcrepuMmeHTaabHO
JOCTIDKCHO BIUIMB TEMIICpATypH BiANANy Ha CTPYKTYPHO-(a30BHH CTaH CIUIABiB, TBEPIICTh Ta MEXaHidHI
BJIACTHUBOCTI IIPH BHIIPOOYBAaHHSX Ha PO3TATYBaHHS NpH KiMHATHIH TemmepaTypi ta 650 °C. Y nutoMy cTaHi Ta
micist nedopmaii i Bianmary pu 700...900 °C cruaB mae oqaodasnuii crtan 3 OLIK-rpaTkoro. Y BigmaneHoMy cTaHi
CIIaB Ma€ BUCOKi 3HAUEHHS XapaKTEePHCTHK MIITHOCTI Ta BiJIHOCHOTO MOJOBXEHHS /10 PYHHYBaHHS.
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