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Abstract: A bce-structured Ti,ZrNbV (at% ) high entropy alloy was prepared by vacuum arc melting. The stability of the solid

solution phase was studied, and the improvement of tensile property via V,Zr phase precipitation was investigated. The results show

that the homogenous solid solution phase is stable above 900 °C, and Laves phase V,Zr easily precipitates below this temperature.

The instability of the solid solution phase can be used for enhancing the Ti,ZrNbV alloy. After solid solution and aging treatment, the
tensile yield strength of the alloy can reach 1145 MPa with a promising elongation of 8.3%.
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High entropy alloys (HEAs) were originally designed with
multiple elements to form disordered solid solution phases

[1-2]

with high configurational entropy" ~. Due to the potential

good performances, such as high strength, favorable ductility,
positive corrosion resistance and oxidation resistance”
HEAs have attracted extensive attention in the last decade. It
is found that as compared with fcc-structured HEA, bce-
structured HEA has a higher yield strength, but its tensile
elongation (EL) is usually lower". Therefore, the “trade off”
problem that limits the potential application of bcc-HEA is
usually of importance in the research field.

Generally,  TiZrHf(Mo)NbTa,  TiZrCrHf(V)Nb  and
MoNbTaVW composition systems are often selected for
designing bce-HEAs"'™. The compressive yield strength of
these alloys ranges from 918 MPa to 2035 MPa, and the
compressive ductility ranges from 3% to over 50%. The
ductility drastically drops when the strength is high. For the
equimolar HfNbTaTiZr alloy, a tensile property with the yield
strength of 1145 MPa and the elongation of 9.7% can be
obtained by hot-isostatic-pressing!"*’. This is a promising result
of becec-HEAs at present, but it is only similar to some f
titanium alloys.

Ti, Zr and V metals have low or medium densities. They are
favorable for composing a high specific-strength HEA. The
atomic radius ratio of Ti and Nb is between that of Zr and V,
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which is conducive to reduce the lattice distortion of TiZrVNb
system alloys. So TiZrVNb composition systems have
attracted some attention in the HEA research field. Chen et
al'” designed a V, ,Nb,,ZrTi alloy. It was found that the yield
strength reaches to 787 MPa and the tensile elongation
reaches to 21.9% after homogenization. Huang et al®” studied
the microstructures and properties of the as-cast Ti ZrNbV (x=
1, 1.5, 2) alloys. The results showed that when x=1, the alloy
is composed of the bee-structured solid solution phase and the
V,Zr phase. When x=1.5 or x=2, the alloys contain the single
solid solution phase. The yield strength of the equimolar (x=1)
TiZrNbV alloy is 1146 MPa, but the tensile elongation is only
3.5%. In contrast, the yield strength of the Ti,ZrNbV alloy is
1058 MPa and the elongation is 12.3%. The above results
indicate that the microstructure of TiZrVNb system alloy is
closely related to Ti concentration. However, it rises up with a
question: when single solid solution phase is formed in a
TiZrNbV system alloy (for instance, Ti,ZrNbV), is the phase
stable when kept at a certain temperature for a certain period
of time? Although the as-cast Ti,ZrNbV alloy contains single
solid solution phase, the phase stability is unclear. If the solid
solution phase is instable, the V,Zr phase will easily
precipitates during the alloy processing. It is of significance to
investigate the effect of V,Zr phase precipitation on
strengthening of the alloy. In this study, the Ti,ZrNbV (at%)
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alloy was prepared, and the stability of the solid solution
phase was studied. In addition, the property improvement via
V,Zr phase precipitation was investigated and discussed. The
results provide a reference for enhancing bee-structured HEA
with a promising comprehensive mechanical property.

1 Experiment

The raw materials used in this work were titanium,
zirconium, niobium and vanadium particles with granular
shape (~3 mm) and purities above 99.90%. The button ingots
of the alloy with mass of 100 g were prepared using a high
vacuum arc melting equipment. The alloy was composed of
Ti, Zr, Nb and V with molar ratio of 2:1:1:1. To ensure uni-
ingot
electromagnetic stirring for 4 times. Various samples were cut
ingots for microstructure observation, phase
identification, composition
processing and mechanical property test. To homogenize the

form composition, each alloy was melted by
from the
analysis, thermal-mechanical
compositions and to obtain single bce phase, the samples were
hold at 1100 °C for 40 h. After then, some samples were aged
at 300, 400, 500, 600, 700 and 800 °C, for phase stability
investigation; some samples were cold-rolled with 75% Re at
room temperature, followed by recrystallization at 950 °C for
25 min, and then aged at 300 °C for 4, 8, 12, and 16 h for the
investigation of aging strengthening. In heat treatment, the
samples were sealed in a vacuum quartz tube when the tempe-
rature was high (>600 ° C), or wrapped with anti-oxidation
coat when temperature was low (<600 °C).

The samples for optical observation were mechanically
ground with 320—3000 mesh sandpapers, and then mechani-
cally polished. After polishing, the samples were eroded with
a corrosive solution consisting of 10% HF+30% HNO,+60%
H,0. OLYMPUSPMGS3 optical microscope and JSM-6700
scanning electron microscope (SEM) were used to observe the
microstructures and to analyze the compositions of the alloy.
Phase identification was performed on the Ultima IV X-ray
diffractometer with the scanning angle from 10° to 90°. The
scanning rate was 5°/min. The tensile test was carried out on
the AI-7000-LA20 universal

temperature. The dog-bone tensile samples was 1.5 mm in

testing machine at room

thickness, 2 mm in width and 8 mm in the standard distance.

The tensile rate was 0.4 mm/min.

2 Results

2.1 Initial microstructure and tensile property

Fig. la shows the typical microstructure of the Ti,ZrNbV
alloy ingots observed under optical microscope. It can be seen
that the microstructure exhibits dendrites. The XRD pattern
(Fig. 1b) that
correspond to bec structure, suggesting that the microstructure
is mainly composed of bcc phase. However, a slight split of
{110} and {200} peaks can be identified in the pattern. This is
due to the segregation which results in different element

shows four intensive diffraction peaks

concentrations between the inter-dendrite and the inner-
dendrite. Therefore, there are two bcc solid solutions with
different lattice parameters. In addition, the XRD pattern
exhibits two faint diffraction peaks corresponding to the C15
structure, suggesting that a few Laves phase V,Zr is possible
in the as-cast alloy. The tensile yield strength of the ingot
alloy reaches to 981 MPa with the elongation of 11.2%
(Fig.1c). Because the alloy is mainly single bee solid solution
phase, of which the stacking fault energy is generally high, a
large amount of cross slip will take place during plastic
deformation. So hardening rate is low as seen from the tensile
stress-strain curve in Fig.1c.

The above results indicate that heavy elements segregation
occurs in the solidification, and the alloy consists of the
governing bee solid solution phase and the minor V,Zr phase.
2.2 Microstructure development

To investigate the stability of the single solid solution
phase, the alloy samples with the initial microstructure were
homogenized at 1100 °C for 40 h, and then aged at different
temperatures for a The microstructure
development was investigated. Fig. 2 shows the SEM
microstructure and the corresponding EDS maps after the
homogenization. It can be seen that the microstructure

certain time.

consists of single solid solution phase with homogenized
compositions of Ti, Zr, Nb and V.

After aging under conditions of 800 °C/2 h, 700 °C/2 h,
600 °C/2 h, 500 °C/2 h, 400 °C/4 h and 300 ° C/10 h,
homogenized single-phase is decomposed to form secondary
phase with various morphologies, as seen in Fig.3.
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Fig.2 SEM microstructure (a) and EDS maps of element Ti (b), Zr (c), Nb (d), and V (e) of the homogenized alloy

100 pm

Fig.3 OM microstructures of the homogenized alloy aged under different conditions: (a) 800 °C/2 h, (b) 700 °C/2 h, (c) 600 °C/2 h, (d) 500 °C/2

h, (¢) 400 °C/4 h, and (f) 300 °C/10 h

Fig. 4 shows XRD patterns of the alloy samples
homogenized under 1100 °C/40 h and aged under 1100 °C/40
h+aged under 800 ° C/2 h. In contrast to the homogenized
sample, the aged sample exhibits additional XRD peaks
corresponding to V,Zr phase. So it is believed that the
secondary V,Zr phase precipitates from the solid solution
during aging. After aging at 800 and 700 °C (Fig.3a and 3b),
the V,Zr phase exhibits a reticular morphology. When aged at
600 and 500 °C (Fig.3c and 3d), the V,Zr phase is linearly
distributed with point-like morphology. As the aging
temperature decreases to 400 and 300 °C (Fig.3e and 3f), the
V,Zr phase exhibits a uniform point-like distribution in the
grains, and the average size of V,Zr particles aged at 300 °C is
1-2 pm.

2.3 Precipitation strengthening

Since V,Zr phase can precipitate in a particle form at low
aging temperatures, it is of significance to investigate how to
use this phenomenon to strengthen the alloy. Thus, the
homogenized Ti,ZrNbV flake samples were cold-rolled with
75% reduction and then recrystallized at 950 °C for 25 min
followed by quenching. The microstructure is sown in Fig.5a.

After aging at 300 °C for 4—16 h, the V,Zr precipitation
particles increase in number with increasing aging time. The
corresponding OM microstructures are shown in Fig.5b—5e. It
can be seen from Fig.5b and 5c that after aging for 4 and 8 h,
only a few particles precipitate. When aged for 12 h (Fig.5d),
precipitation phase is distributed uniformly and dispersedly in
the matrix. When aged for 16 h, the precipitation particles
grow up to a large size in the grains and at the grain
boundaries. SEM image in Fig.5f shows the morphologies of
precipitation particles (indicated by white arrows). Although
the area enriched with V and Zr is not distinct in EDS maps,
the EDS spectrum of the particles show approximate
compositions as shown in Table 1. The stoichiometric ratio of
V:Zr is nearly 2:1. Nb is probably solid-dissolved in V,Zr. The
XRD pattern of the corresponding alloy (Fig.6) shows that the
diffraction peaks are characterized with V,Zr phase, similar to
Fig.4.

The precipitation has an evident influence on the tensile
property, as shown in Fig.7. The yield strength of the sample
processed by
homogenization, cold-rolling and recrystallization is 1002

thermal-mechanical processing via the
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Fig.4 XRD patterns of the homogenized alloy and the aged alloy

MPa, with the corresponding elongation of 14.1%. Compared
with  the dendrite
microstructure via thermal-mechanical processing is highly

solidification microstructure, the

homogeneous in composition and the strength increases. After
aging for 4 and 8 h, the yield strength is 1045 and 1086 MPa
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with the elongation of 10.9% and 10.4%, respectively. After
aging for 12 h, the yield strength reaches to 1145 MPa with
the elongation of 8.3%. The yield strength drops to 8§10 MPa
and the elongation is only 1.7% after aging for 16 h.
Compared with the recrystallized and quenched sample, the
yield strength of the sample aged for 12 h is increased by 143
MPa, and the elongation is reduced by 5.8%. When the
precipitates grow up inside grains and at grain boundaries
(Fig.5e), the tensile property turns worse.

The above results suggest that the instability of the solid
solution phase in the Ti,ZrNbV alloy can be used for aging
strengthening.

3 Discussion

3.1 Formation of solid solution phase and its stability
To predict the formation of single solid solution phase in
high entropy alloy, two parameters of J and Q were

[21].

proposed

100 pm 100 pm

Fig.5 Microstructures of the rolled-recrystallized-quenched alloy aged at 300 °C for different time: (a) 0 h, (b) 4 h, (¢) 8 h, (d, f) 12 h, and (e) 16
h; EDS spectrum of precipitation particle and EDS maps corresponding to Fig.5f
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Table 1 Approximate composition of precipitation particles of
the alloy obtained by SEM-EDS (at%)
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Fig.6 XRD pattern of the rolled-recrystallized-quenched alloy aged
at 300 °C for 12 h
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heat treatments
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where 7 is average atomic radius of composing elements; ¢, is
mole fraction of the corresponding component i; », is atomic
radius of the corresponding element; 7 is thermodynamic
temperature. Because the alloy begins to crystallize at melting

point 7' during solidification, 7,, is commonly used to replace

m

T in the formula for calculation®. When the J§ value is less

than 4 and the © value is between 1.1 and 229.8, the alloy will

completely form a bee solid solution phase™ .

In Eq. (2), AH_, and AS , are the mixing enthalpy and

mix

mixing entropy, respectively, expressed as:

)

AHy =4 S AHyec, 3)

i=1i#j

AS, =R > ¢ Inc, 4)

i=1

where AH, is the mixing enthalpy of component i and
component j, and R is the gas constant (R=8.314 J-K'-mol™).
According to Eq. (4) and the AH, table”™ where AH,,,
AH, ., AH,, AH, ., AH, ,, and AH,,  are 0, 2, -2, 4, —4
and 1, respectively, AH_,, AS,,, 6 and Q for the Ti,ZtNbV
alloy were calculated in this study. The AH_, and AS,, values
are —0.16 kJ/mol and 11.08 J-K™'-mol”, respectively, and the &
and Q2 values are 0.054 67 and 151.57, respectively, meeting
the criterion for the formation of single solid solution phase.
In general, segregation is easy to occur when the mixing
enthalpy AH, value is positive, and intermetallic is easy to
form when the mixing enthalpy value is negative™. So the
segregation can be mainly induced by the Nb enrichment
inside the inter-dendrite because of the positive values of
AH,,, and AH,,,. Due to the negative value of mixing
enthalpy AH, ., V-Zr intermetallic potentially form. In
addition, there is a large difference between the atomic
radiuses of Zr and V, and electronegativity between them is
high, which is also favorable for the formation of V-Zr
intermetallic phase™. As discussed above, the solid solution
phase should be metastable in the alloy and the Laves phase
V,Zr is easy to precipitate.

To discuss further, we took the Gibbs free energy criterion
to theoretically predict the formation of V,Zr phase. Gibbs
free energy AG, of the solid solution phase is expressed as:

AG,, =AH,, - TS, 5)

If the solid solution phase is unstable, only V and Zr can
form V,Zr phase according to the present experimental result.
Theoretically, we can determine the critical temperature for
the phase stability via comparing the Gibbs free energy
between the two states with different microstructures.

mix

As an example, we suppose that at one of the states, a
certain amount of V converts to V,Zr at 800 °C, and the total
free energy should be the sum of V,Zr phase and the remained
solid solution phase in this case. Because the V,Zr phase is
highly ordered, its AS_; is approximately 0. Based on calcu-
lation, the free energy of V,Zr is —3.56 kJ/mol if 80%V
converts to V,Zr"™. In this case, the composition of the
remained solid solution is Ti,Zr, ,NbV, ,, and the free energy is
—8.77 kJ/mol. So the total free energy is AG,,, =—12.33 kJ/mol.
Assuming that at the second state, the microstructure is
composed of single solid solution phase, and its AG, is
—12.05 kJ/mol.

Similarly, the free energy at the two states with different
temperatures can be calculated. We obtained the development
of the free energy versus temperature at two states, as resented
in Fig.8. It is seen that the free energy at the state with single
solid solution phase is lower than that at the state with two-
phase mixture when temperature is above 950 °C. In theory,
the single-phase in the alloy is instable below 950 ° C, and
V,Zr phase will precipitate. The driven force for the
precipitation depends on differential free energy. This can well
explain the present experiment results. The calculation result
provides a theoretical support for the temperature selections of
homogenization treatment (1100 ° C) and recrystallization
(950 °C).
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Fig.8 Calculated Gibbs free energy of the alloy with single and
binary phase

3.2 Morphology of V,Zr precipitates

It can be seen from Fig.3 that the V,Zr phase precipitates
from the solid solution in the form of uniform point-like
particles at low temperatures (300 or 400 °C). When aged at
medium temperature (500 or 600 °C), the V,Zr phase exhibits
point-like and linear morphologies, and reticular morphology
at high temperature (700 or 800 ° C). It indicates that the
morphology of the intermetallics precipitating from the solid
phase transition is related to the diffusion of atoms *”*\. This
means that the precipitation kinetics has an effect on the
morphology. So the morphology of the precipitated V,Zr
phase is reticular and linear at high temperatures due to the

rapid diffusion, although the differential free energy is
smaller. The differential free energy becomes larger with
decreasing aging temperature (Fig.8), but the kinetic diffusion
is limited. So V,Zr phase exhibits the point-like morphology
when aged at low temperatures. Fig. 9 shows the high
magnification SEM images of the microstructures when aged
under conditions of 600 °C/2 h, 800 °C/2 h and 900 °C/2 h. It
can be seen that the reticular and linear precipitates in grains
are actually composed of intermittent particles of the V,Zr
phase (Fig.9a and 9b). This suggests that the reticular and
linear morphologies may be resulted from the V,Zr particles
which nucleate and grow up rapidly to link each other on the
substructure defects, such as sub-grain boundaries and
dislocation boundaries with network and linear shapes. For the
sample aged at 900 °C, no precipitation phase is observed
(Fig. 9¢), indicating that the solid solution phase is stable
above 900 ° C. This is approximately consistent with the
previous theoretical calculation result.
3.3 Strengthening effect of V,Zr precipitates

The V,Zr phase precipitating at medium and high
temperatures is believed to have no strengthening effect
because of the linear and reticular morphologies. The uni-
formly distributed point-like V,Zr phase at low temperature
has a certain strengthening effect as shown in the present
study. After aging at 300 °C, the number of the V,Zr phase
particles is promising, and their size is not very large bcc

Fig.9 SEM images of homogenized alloy aged at different temperatures for 2 h: (a) 600 °C, (b) 800 °C, and (c) 900 °C

due to the low diffusion rate °"**. The uniformly distributed
V,Zr particles play a role in pinning dislocations during the
plastic deformation. The strengthening effect is the best when
aged for 12 h and the yield strength of the alloy is as high as
1145 MPa. When the aging time is extended to 16 h, the V,Zr
phase particles grow up to large size, and some of them are at
grain boundaries. This will cause serious stress concentrations
during tension, and lead to a premature fracture. Therefore,
the tensile property of the alloy becomes worse when aged at
300 °C for 16 h. As discussed above, it is feasible to use the
V,Zr phase precipitation to enhance the alloy via quenching
and aging at 300 °C for less than 12 h.

Fig. 10 shows the comprehensive comparison of tensile
yield strength and elongation between the present results and
some previous results” ™ '>**?7 The properties of high-entropy
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Fig.10 Comparison of comprehensive tensile yield strength and
elongation between the present results and some previous

results
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alloys reported in the previous studies are mainly in the gray
area. The present results are in the pink region. In contrast, the
comprehensive tensile property of the present alloy is superior
to that of the previous one. It can be concluded that
strengthening through aging is an effective way to enhance the
Ti,ZrVNb HEA. This provides a reference for developing bec-
structured HEAs with a promising mechanical property.

4 Conclusions

1) The microstructure of as-cast Ti,ZrNbV alloy is dendritic
with severe segregation. There are two kinds of solid solution
phases with bee structure in the alloy due to different element
concentrations in the inter-dendrite and inner-dendrite. The
tensile yield strength of as-cast alloy can reach to 981 MPa
with an elongation of 11.2%.

2) The homogenous bce solid solution with single-phase is
stable above 900 °C, and Laves phase V,Zr easily precipitates
from the solid solution phase when aged below this
temperature. V,Zr phase nucleates and grows up rapidly at the
locations of substructure defects, forming a large amount of
equiaxed particles linking to each other in networks and lines
when aged at 800 and 700 °C. The V,Zr phase precipitates in
solid solution grains in the form of uniformly distributed
point-like particles, and the average size of V,Zr particles is 1—
2 um when aged at 300 °C for 12 h.

3) The tensile yield strength of the alloy increases and the
plasticity decreases with increasing aging time when aged at
300 °C for less than 12 h. The tensile yield strength can reach
to 1145 MPa with a promising elongation of 8.3%. When aging
time increases to 16 h, the tensile property becomes worse.

4) The instability of the solid solution phase can be used for
enhancing the Ti,ZrNbV high entropy alloy.
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Ti,ZrNbV St & €2 E M FRT 0GR

g, o WYL RO, REARY SRS, Ik B, sUORAK
(1. EFERUS MR RS, 107 PhFH 110036)
Q2. VEFEMLE P AR A F], 1T PR 110013)
(3. ALK, L9 JLFH 110819)

B OB XA RIS EERE T BEE RO TSI TLZINDY (at%) @lia 4. BT 7 B ke s, DxeBaksyw
V,Ze it tHo R AR RE I B . S5 RR ] A4 1E 900 C B R AR B — 3 VAR, AT URIR RS, Laves # V,Zr 45 5 fE B4
Ho F— A I AFR E YT B T 3RAL TLZINDY Sl & 4 I VA RIS G BE 5, A 4 R i iR 3 2 7T 0K 1145 MPa, BB %
1 8.3%.
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