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The empirical and semi-empirical models were used to analyze the phase-structural state of five- and four-
component alloys of the Ti-Cr-Al-Nb-V system. Two compositions of lightweight alloys were selected for
experimental study: TigCry;Al;Nby; V1 and TiggCriAl;Nby, (at. %). Ingots of these alloys 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, their
hardness, and mechanical properties during tensile tests has been studied experimentally. It was found that the
change of phase composition and grain size during annealing in the temperature range of 700...900 °C practically
does not affect the hardness and tensile strength of alloys. Annealing at 900 °C transforms the alloys into a single-
phase state with bcc lattice and significantly increases the elongation to fracture, which is about 30% for both alloys.
In addition, the yield strength and tensile strength of the five-component alloy are noticeably higher than those of

the four-component alloy.
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 is being 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- and five-component titanium alloys containing, in
addition to aluminum and vanadium, a significant
proportion of chromium, which is a corrosion-resistant
element, and niobium, which can improve mechanical
properties. Studies have shown that high configurational
entropy, which is achieved by using equiatomic ratios of
elements, is not a requirement for the formation of solid
solutions [12]. This indicates that it is possible to
remove the restriction on the equiatomic ratio of a large
number of elements in multicomponent alloys.
Therefore, non-equiatomic medium-entropy alloys have
recently appeared, adding flexibility to the design of
new multicomponent alloys [13, 14].

The aim of this work is to develop new
multicomponent concentrated alloys based on Ti-Cr-Al-
Nb and Ti-Cr-Al-Nb-V systems, which are promising as
structural materials, including for nuclear reactors, and
to study their structure and mechanical properties.

ALLOY SELECTION, METHODS
OF PRODUCTION AND RESEARCH

Selection of alloy composition. According to the
objective, it was decided to study an alloy from the
above systems that would have a single-phase structure
with bcc lattice with increased radiation resistance.
Prediction of phase structure formed in alloys of
specific elemental composition is extremely important
because of numerous possible variants of alloy
composition in the presence of 4 and 5 components.
Usually, phase composition is determined by the phase
diagrams obtained experimentally. This approach is
possible for binary and simple ternary system but is
hardly implement for complex multicomponent systems
with a large range of concentrations. The phase
composition can be obtained by calculation using
programs such as CALPHAD, but the values of the
quantities required for such calculations are not always
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known. There are also empirical and semi-empirical
rules used to predict the phase composition, which are
mostly based on the Hume-Rosery rule and five known
factors [15-24]: configurational entropy of mixing,
enthalpy of mixing, difference in atomic size of alloy
elements, valence electron concentration and
electronegativity. There are various criteria based on the
ratio of these factors. These criteria are given in Table 1.
We have calculated these criteria for a large number of
alloys of the Ti-Cr-Al-Nb and Ti-Cr-Al-Nb-V systems.
It should be noted that the enthalpies of interaction of

different pairs of atoms in the corresponding binary
alloys were obtained using the Miedema theory [25].
The analysis of the obtained data, as well as the known
data on the flow of each element on the properties of
existing titanium alloys, allowed us to select the
following alloys for the study: #1 — TigoCri;Al;Nby;1 Vi
#2 — TigCry,Al;Nb,,. According to most criteria, alloys
of this composition should be single-phase and have a
single-phase bcc lattice, at least in the high temperature
region (Table 2).

Table 1
Criteria for determining the phase composition and crystal lattice of HEA
Criterion A: correlation between ASpix, AHpmiy, and &
E)li gf?mix <3 kl/mol simple disordered solid solution (SDSS) [15]
Al
-20 < AHix < 0 kJ/mol . . .
5-5<66 disordered solid solutions (DSS) [16]
-22 < AHpix < 7 kJ/mol
A2 0<6<85 solid solution (SS) [17]
11 < ASpix < 19.5 J/K-mol
-10 < AHpx < 5 kJ/mol
5<4 simple solid solution (SSS) [18]
A3 ASpix> 13.38 J/K-mol
50 < AHpix < 0 kJ/mol
4<6<20 amorphous phase (AP) [19]
4 < ASpix < 18 J/K-mol
Criterion B: correlation between Q and 6
B Q=11 solid solution [20]
5<6.6
Criterion C: correlation between VEC and 6
§<5 FCC lattice
1 6>5.4 BCC lattice [21]
VEC > 8§ FCC lattice
€2 VEC < 6.87 BCC lattice [22]
4.33 <VEC < 7.55 BCC lattice
C3 - [23]
7.80 < VEC <9.50 FCC lattice
Criterion D: correlation between Ay and &
(1).236<<A6X <0.06 no intermetallic compounds (nC)
D Ay ~0.09...0.14 appearance of compounds (intermetallic, [24]
3= 6 o-phase) (aC)
AHpix — mixing enthalpy; 6 — atomic size mismatch; 4Smix — mixing entropy; £ — dimensionless parameter;
VEC — valence electron concentration; 4y — electronegativity.
Table 2
Predicted structure of studying alloys: #1 — TigoCri1Al;Nby; V41, #2 — TiggCriAl;Nby,
Alloy (x value)/ |, A2 A3 B Cl c2 C3 D
Criterion
#1 DSS TZ TZ SS TZ BCC BCC nC
#2 SDSS TZ TZ SS FCC BCC BCC nC

TZ — transition zone.

Methods of alloy obtaining and structure and
properties investigation. Ingots of the multicomponent
alloys 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
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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 12x12x30 mm. After that, the
homogenization annealing was carried out at 1100 °C
for 1 h (in high purity argon), followed by quenching in
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the air. After that, ingots were rolled to 0.6 mm with
interim annealing at 1100 °C. The specimens for
microstructure were produced from the received ingots
and tapes by spark cutting.

X-ray diffraction (XRD) patterns of the specimens
were recorded using “DRON-4-07” diffractometer
equipped with a Bragg-Brentano geometry, a Cu-Ka
radiation source, a Ni absorbing filter and a scintillation
detector. Standard processing (background removing,
Koa2 reduction, diffraction peaks fitting by pseudo-Voigt
function) was applied for all diffraction patterns to
obtain the peak characteristics (diffraction angle 20,
integral intensity I, integral breadth B, interplanar

spacing d.
Specimens for XRD and  microstructure
observations were prepared by a standard

metallographic process (ground up to #1200 with SiC
papers and polished with diamond paste).

To reveal the microstructure, a freshly prepared
etchant was used, consisting of 1 part of HNOj, 1 part
of HF, 1 part of H,O and a few drops of H,SO,.

The microstructure of as-cast samples was studied
using a metallographic inversion microscope Olympus
GX51 and scanning electron microscope JSM 7001F

equipped with a system for energy-dispersive X-ray
spectroscopy (EDS) INCA ENERGY 350. The fine
structure of the samples was studied using a
transmission electron microscope JEM-100CX.

The microhardness was measured using a PMT-
microhardness tester. The load on the indenter was
200 g, the loading duration was 15 s. The mechanical
properties were studied using testing machine
INSTRON-5581 under active stretching with speed
107 s at 20 °C. Proportional limit o, tensile strength
oy and elongation to failure & were measured. Samples
for investigation were in the shape of double blades
with working part dimensions of 1x2x10 mm produced
by spark cutting along the rolling direction and annealed
in a vacuum at different temperatures. The yield
strength o, tensile strength o, and elongation to failure
d were investigated.

RESULTS AND DISCUSSION

Metallographic and electron  microscopic
investigations. Elemental analysis has shown that the
actual composition of as-cast ingots is close to the
nominal one (Table 3).

Table 3
Nominal and actual composition (at. %) of studied alloys
Alloy #1, composition Alloy #2, composition
Element Nominal Actual Nominal Actual
TiK 60 61.44 60 59.76
CrK 11 10.89 11 10.53
AlK 7 6.84 7 6.78
NbL 11 9.96 22 22.93
VK 11 10.87 — —
Total 100 100 100 100

According to the metallographic investigations, the
ingots of both alloys have a coarse-grained structure
without visible segregations. When studying the
samples rolled and annealed at the same time by
scanning electron microscopy, it was found that the
microstructure of both alloys when annealed at the same
temperatures is almost identical, so we present images
for one alloy in the following. After annealing at a
temperature of 700 °C, there are precipitations in
samples (Fig. 1,a), the amount of which is greater in the
alloy with a higher niobium content. After annealing at

Fig. 1,c).

800 °C, precipitates are also observed, but their amount
is significantly reduced, and their size is increased (see
Fig. 1,b). At higher annealing temperatures (900 and
1000 °C), a coarse crystalline structure without visible
emissions is observed, and an increase in the annealing
temperature to 1000 °C leads to a significant increase in
grain size, which can reduce strength characteristics.
Therefore, for further studies, the maximum annealing
temperature was chosen to be 900 °C, at which the
single-phase state is already realized, and the annealing
time was reduced to 15 min to reduce the grain size (see

Fig. 1. The effect of annealing on the microstructure of TiggCry;Al;Nb,, alloy: a — annealing at 700 °C for 1 h;
b — annealing at 800 °C for 1 h; ¢ — annealing at 900 °C for 15 min
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For a qualitative study of the elemental composition
of the precipitates, we performed mapping, which
revealed that the precipitates in both alloys are
significantly enriched with chromium, as well as have
an increased content of niobium and practically no
titanium (Fig. 2). Transmission microscope studies have
shown that annealing at 700 °C leads to the onset of

T 20mem TiKat

Al Kat Nb Lat
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recrystallization and the formation of submicron grains
(Fig. 3,a,b). With an increase in the annealing
temperature to 800 °C, the grain size increases to
several microns (see Fig. 3,c,d). As a result of annealing
at 900 °C for 15 min, the average grain size in the
TigoCri1Al;Nby Vy; alloy was 68 pm, and in the
Tisocr11A|7Nb22 a||0y -52 pnm.

Cr Ka1

V Kal

Fig. 2. Elemental distribution in the matrix and precipitations of the Tig,Cry;Al;Nby; V45 alloy after annealing
at 800 °C/1 h

X-ray diffraction analysis. X-ray diffractograms of
samples are shown in Figs. 4 and 5, and the calculated
results are summarized in Table 4. All as-cast samples
(see Figs. 4,a, 5,a), marked as #1 and 2, are bcc single-

phased. The diffraction lines have a very small half-
width, i.e., all samples are in a large-crystal state, which
is shown by metallographic studies.

Fig. 3. The effect of annealing for 1h at 700 °C (a, b) and 800 °C (c, d) on the microstructure of the rolled
TigoCry1Al;Nby alloy
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Fig. 4. Diffractograms of TigCry;Al;Nby;V4; alloy:
a — as-cast state (#1); b — after annealing 800 °C/1 h
(#1.1); ¢ — after annealing 900 °C/15 min (#1.2)

The lattice parameter of the bcc phase increases with
the increase in the content of niobium (see Table 4),
from a= 3.198 A for sample #1 to a = 3.230 A for
sample #2, which is associated with the larger size of
the niobium atom compared to vanadium (ry = 1.35A,

o = 1.45 A).
After annealing at 800 °C for 1 h (see Figs. 4,b, 5,b),
the samples (marked as #1.1 and 2.1) also

predominantly consist of the bcc phase. However,
unlike the as-cast state, the samples also contain
imprints of the Laves phase (structural type C15, space
group 227), which may be a compound of NbCr,.
Analysis of the half-width of the lines showed that these

o 3 *BCC
#1000 T s N
g T g o :lerz
~ 500 2 g N
- £ J L o¢©
0 1 L )
2500}
1250 o = o
N -~ 3
0 (:‘ e — A J\__.B
4000
2000
a
OF - : - § ;
40 60 80 100 25, geg 120

Fig. 5. Diffractograms of TigCry;Al;Nb,, alloy:
a — as-cast state (#2); b — after annealing at 800 °C/I h
(#2.1); ¢ — after annealing at 900 °C/15 min (#2.2)

samples are in a coarse crystalline state, and the
increased intensity of the diffraction lines (200)
indicates the presence of texture (200). The lattice
parameter of the bce phase after annealing at 800 °C
increased compared to the initial (as-cast) state (see
Table 4). Increasing of lattice parameter of the bcc
phase is obviously due to the formation of the NbCr,
Laves phase, namely, due to the transition of a
significant part of chromium from the bcc matrix phase
to the intermetallic. At the same time, the tendency to
increase the lattice parameter with increasing niobium
content in the alloy, i.e., in sample #2.1 compared to
sample #1.1, remains.

Table 4
Phase composition and lattice parameters of alloys in different states
Sample # Composition State Phase Lattice parameter a, A
1 Tieocr11A|7Nb11V11 as-cast bee 3.198
2 Tieocr11A|7Nb22 as-cast bee 3.230
. Rolling + annealing at bee 3.207
11 TieoCriAlNDy; Vg 800 °C/1h NbCr, 6.998
. Rolling + annealing at bcc 3.241
21 TieoCriAlND, 800 °C/1h NbCr, 6.959
. Rolling + annealing at
1.2 TigoCruzAl,Nby; Viy goo O g bee 3.203
. Rolling + annealing at
2.2 TigoCruzAl,Nby goo O g bee 3.233
Table 5
Microhardness of multicomponent alloys in different states
. State
Microhardness H,, MPa As-cast 700°C/1h | 800°C/1h | 900 °C/ Ih 1000 °C/ 1h
TigoCri1Al;Nby1 V14 2940427 3030+34 2990+45 3050+28 3090+23
TigoCri1Al;Nby, 2820+32 2940+60 2900+24 2910+40 2950+43

After annealing at 900 °C for 15 min (see Figs. 4,c;
5,c), samples are in a single-phase state and consist of
the bcc phase. The analysis of the half-widths of the
lines showed that all samples are in a coarse crystalline
state. The lattice parameter of the bcc phase in both
samples increased slightly compared to the initial (as-
cast) state. This may be due to the absorption by the
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samples during annealing of a small amount of residual
gases (interstitial elements). At the same time, the
tendency to increase the lattice parameter in alloys with
increasing niobium content also remains.

Hardness of alloys. The data for microhardness
tests of the alloys are presented in Table 5. It can be
seen that the structural state of the alloys has little effect
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on the microhardness value. We can only discuss certain
tendencies. Thus, for two-phase alloys, namely those
annealed at 700 and 800 °C, the microhardness slightly
decreases with increasing annealing temperature. This
may be due to an increase in grain size and formation of
the second phase.

In single-phase samples annealed at 900 and
1000 °C, the pattern is the opposite, that is, the
microhardness increases with increasing annealing
temperature. The reason for this may be the differences
in the degree of ordering processes that are observed in
alloys of similar composition [26]. However, additional
research is needed to make an accurate conclusion. It
should also be noted that the five-component
TigoCriiAl;Nb;,Vy, alloy (#1) is slightly harder in all
structural states  than the  four-component
TigCriiAl;Nby, alloy (#2). Nanohardness of the
TigoCri1Al;Nby; V1 alloy after annealing at 900 °C for
15 min (samples #1.2 and 2.2 in Table 4) is also higher
than that of the TigCry;Al;Nby, alloy ((4.7 = 0.07) GPa
for sample #1.2 and (4.5 + 0.18) GPa for sample #2.2).
At the same time, the Young's modulus of the five-
component alloy is also higher than that of the four-
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component alloy and is (125.6 + 3) GPa for sample #1.2
and (122.0 + 2) GPa for sample #2.2). As shown by
measurements in three different zones, the samples have
a high degree of homogeneity, which is reflected in a
small measurement error (about 3%).

Tensile properties of alloys. Tensile curves for
TigCri1Al;Nb; Vi, and  TigeCry;Al;Nb,y, alloys in
different structural states at testing temperatures of
20 °C are shown in Fig. 6 and the main mechanical
parameters obtained from these curves are presented in
Table 6.

Electron microscopy studies, and X-ray diffraction
analysis showed that, depending on the annealing
temperature, there are changes in the phase composition
and grain size. However, it should be noted that the
measured values of microhardness and tensile strength
for the studied alloys is almost unchanged at different
annealing temperatures. Particular attention should be
paid to the absence of a strengthening effect of
submicron and micron precipitations of the NbCr,
Laves phase, which occurred in both alloys at annealing
temperatures of 700 and 800 °C.

800
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True stress, MPa
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Fig. 6. Tensile curves for (a) TiggCri1Al;Nby;Vy; and (b) TiggCri1Al;Nb,y alloys at 20 °C: 1 — as-cast;
2 —rolled; 3 — rolling + annealing at 700 °C/1 h; 4 — rolling + annealing at 800 °C/1 h;
5 —rolling + annealing at 900 °C//5 min

Table 6

Mechanical properties of alloys at 20 °C (g, — Yield strength; oy, — tensile strength; 6 — elongation to failure

Alloy Processing Go.0, MPa oy, MPa 3, %

Rolling 952.7 1206.6 7.5

. Rolling + annealing at 700 °C/1 h 848.7 900.1 6.8
TieoCruAlNb11 Vi, Rolling + annealing at 800 °C/1 h 813 910.5 134
Rolling + annealing at 900 °C/15 min 760 916.2 30.3

Rolling + annealing at 700 °C/1 h 7715 825.5 8

TigoCry1Al;Nby, Rolling + annealing at 800 °C/1 h 755.5 846.7 12.3

Rolling + annealing at 900 °C/15 min 702.2 815.4 27.1

At the same time, the yield strength decreases with
increasing annealing temperature, albeit slowly. The
most significant effect of annealing is on the alloy
ductility, which increases significantly with increasing
annealing temperature. The plasticity of the samples
annealed at 900 °C is about 30%, which is considerably
higher than that of known high-strength commercial
titanium alloys. It is also worth noting that the yield

strength and tensile strength of the TigyCriiAl;Nby Vg
alloy is higher than that of the four-component
TigoCr1Al;Nby, alloy. This correlates with the hardness
ratio of these alloys (see Tables 5, 6). It is worth
mentioning the ability of the Tig,Cry;Al;Nb,; V1, alloy to
significantly harden during rolling deformation.
Although hardening (the difference between yield
strength and tensile strength) at 30% deformation is
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about 20% during tensile tests (see Table 6), rolling
with a strain rate of 40% leads to an increase in tensile
strength by almost 60%.

The fracture surfaces of the studied alloy samples
were examined and found to have a pitted pattern
specific to plastic failure (Fig. 7). Although the surface

structure for both alloys is similar, it can be noted that in
the TigCry1Al;Nby; V4, alloy, the pits are smaller, and
their size distribution is more uniform. This may be due
to the greater structural homogeneity of this alloy,
which leads to the greater ductility compared to the
TigoCryAl;Nby, alloy (see Table 6).

Fig. 7. The fracture surface of the studied alloys obtained after tensile tests at different magnifications:
a, b - Tieocr11A|7Nb11V11; c, d - Tieocr11A|7Nb22

CONCLUSIONS

1. New lightweight (calculated density
4.95...5.59 g/cm®) alloys based on the multicomponent
Ti-Cr-Al-Nb-V system were developed and studied.
Using optical and electron microscopy, as well as X-ray
diffraction analysis, it was found that the
TigCriiAl;Nb;; Ve and  TigCriAl;Nby,  alloys
(composition is given in at. %) are single-phase and
have a bcc lattice after annealing at temperatures of 900
°C and above. Submicron and micron precipitations of
the NbCr, phase (phase C15) are present in the matrix
after annealing at temperatures of 700 and 800 °C.

2. The mechanical properties of the alloys (elastic
modulus, microhardness and nanohardness, strength
parameters and ductility) were determined in different
structural states at room temperature. It is established
that presence of C15 phase has hardly any effect on
hardness and strength of alloys.

3. It is determined that in single-phase state (after
annealing at 900 °C for 15 min) the alloys have high

plasticity. Five-component alloy TigCri;Al;Nby;Vyy
possesses higher mechanical properties in comparison
with  four-component alloy TigCry;Al;Nby,:  yield
strength of this alloy is 760 MPa, and elongation to
fracture is more than 30%.

4. The combination of low density, high ductility
and high yield strength allows us to hope that alloys of
this class can find application in various fields of
technology, including the creation of new generation
nuclear reactors. However, to determine the prospects of
these materials, it is necessary to conduct a wide range
of studies, including further optimization of the
composition, mechanical tests at elevated temperatures,
studies of radiation resistance and corrosion behavior in
various environments, etc.
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CTPYKTYPA TA MEXAHIYHI BJJIACTUBOCTI BATATOKOMIIOHEHTHHUX
CIIJIABIB Ti-Cr-Al-Nb TA Ti-Cr-Al-Nb-V

O.M. Benuxoonuii, P.B. Bacunenko, O.C. Kanvuenxo, 1.B. Konooiii, €.0. Kpaiintok, A.B. Jleseneun,
IL.I. Cmoee, M.A. Tuxonoscokuii, I./I. Toncmonyyvxa

Byno mpoanamni3oBaHO CTPYKTYypHO-(ha30BHil CTaH YOTHPHOX- Ta M ATHKOMIOHEHTHHX CIUIaBiB cuctemu Ti-Cr-
Al-Nb-V 3a gomoMororm eMmipuyHAX Ta HamiBEMIIpUYHUX Mozenei. [ eKCepuMEeHTaNbHUX JOCIIHKeHb 0YI10
obpano serki crutaBu aBox cknamiB: TigpCriyAl;Nb; Vi ta TiggCri;Al;Nby, (B ar. %). 3nuBku 1ux cruiaiB Oynu
BUTOTOBJICHI aprOHO-AYTOBHUM CIIOCOOOM IUIABJICHHS 1 TiJJaBauCs TOMOTCHi3alii, 1e)OpMYyBaHHIO MPOKATKOKO 1
MOAAJBLIOMY BiAIANY NPHU Pi3HUX TeMIeparypax. ExcreprMeHTanbHO BUBYEHO BIUIMB TEMIIEPATypH BiIalOBaHHS
Ha (pa30BO-CTPYKTYpHHH CTaH CIUIaBiB, TBEPHICTh Ta MEXaHIYHI BIACTHBOCTI TPH BHUIIPOOYBAaHHSIX Ha PO3TAT.
Bcranoneno, mo 3MiHa (ha30BOTO CKIIAAY Ta po3Mipy 3epHa IpH Biamamy B TemmneparypHiid obmacti 700...900 °C
MPaKTUYHO HE BIUIMBAE€ HA TBEpPHICTh Ta MimHicTh cruiaBiB. Ilicmsa Bigmamy mpu 900 °C crutaBu 3HaXOISTHCSA B
onHodasHoMy crtaHi, MatoTh OLIK-rpaTky i Bucoky miaactuuHicTs 01mu3bko 30%. Ilpu mpomy, m'STHKOMIOHEHTHHH
CIUIaB Ma€ BUIII MEXaHIYHI BIIACTHBOCTI MOPIBHIHO 3 YOTHPUKOMITOHEHTHHM CILIABOM.
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