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1. Introduction

Today, titanium and its alloys have received much attention and
are used in many fields due to their good biocompatibility, high
strength-to-weight ratio, excellent wear and corrosion resistance,
acceptable creep, and fatigue properties [1-4]. One of the interesting
properties of titanium alloys is superplasticity [5,6]. The use of the
superplasticity effect makes it possible to significantly reduce
deformation forces compared to traditional methods of hot metal
forming and isothermal deformation, and to use low-power equipment.
Superplastic deformation processes are promising for the manufacture
of workpieces of complex shapes, they can significantly increase
the utilization rate of metals and their durability, reduce the energy
intensity and cost of technological processes, and the consumption
of expensive materials [7-9].

The formability of titanium alloys is enhanced by decreasing
grain size [10], high temperatures [11], and low strain rates [12].
Unfortunately, this makes the processing and production of components
expensive and inefficient [13]. Consequently, although the mechanisms
of superplastic deformation in titanium alloys are well known [14,15],
there is still a search for new solutions, which are mainly aimed at
optimizing the microstructure and the balance between the shares
of the o/ phase. In initiating superplasticity, the most important
factor is the preliminary preparation of the fine-grained structure of
the alloys or its transfer to another metastable state.
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An alloy based on Ti—Al-Zr-Nb-V was prepared and its deformation behavior at elevated
temperatures was studied. The microstructure and phase of the alloys were characterized by optical
microscopy, scanning electron microscopy, thermal analysis, and mechanical testing. The results
showed that the Ti—~Al-Zr—Nb-V alloy, when stretched, exhibits a superplasticity effect in the range
of 975°C to 1100°C, with an elongation of up to 400%. It was found that superplasticity develops in
the temperature region of the a+f—f transition and is accompanied by a change in grain size and
redistribution of alloying elements among phases.

Li S. et al. reported that major o martensite and minor 3 martensite
are formed in Ti—-20Zr—8Nb—3Sn sample. When the Nb content
increases above 10 at%, only the B phase is observed [16]. FuJ. ez al.
[17] developed a Ti-18Zr-4.5 Nb-3Sn-2Mo alloy by replacing Nb with
Mo and confirmed that this increases the tensile strength, thereby
increasing the critical stress. Superelasticity due to the introduction
of Cr into the alloy of a wrought Ti-Zr-Nb-Sn alloy was confirmed
by the authors of [18]. As the above and other works [19,20] show
in this area, theoretical and experimental research into the causes of
unusually high deformability of the material and the mechanisms of
superplastic deformation is of great interest. However, according to
our data, superplasticity, and phase transformation of the Ti—-Al-Zr—
Nb-V alloy have not yet been studied. For this reason, we focused
on the results of the microstructure and thermal analysis of titanium
alloy Ti—Al-Zr—-Nb-V. The purpose of the work is to study the
titanium alloy Ti—Al-Zr—Nb-V (alloy grade 27) when heated for
deformation.

2. Experimental

In our work, we studied titanium pseudo a - alloy grade 27,
containing Ti + (3.0 to 4.2)% Al + (0.7 to 1.5)% Nb + (0.7 to 1.5)% V
+ (2.0 to 3.0)% Zr. By using various types of thermal and thermo-
mechanical processing - hot forging, annealing, quenching, and
tempering, the alloys were brought into the following states:
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1) initial - the state of forgings annealed in the range (a+),
then cooled in air,

2) hot-forged rods, heat-treated to fine grain (annealing at
800°C for 1 h, quenching in water),

3) heat-treated for large grains (annealing of forged rods at
1150°C for 30 min, cooling in air).

Thermal analysis was carried out using a simultaneous thermal
analysis instrument STA 449 F3 Jupiter (Netzsch, Germany). The
samples were heated at rates of 20°C-min~!, 15°C-min!, 10°C-min"!,
5°C-min, in an atmosphere of highly purified argon up to 1100°C.
Cooling was carried out to 500°C to 400°C at rates exceeding the
heating rate by 10°C. The results obtained with the STA 449 F3 Jupiter
were processed using the NETZSCH Proteus software.

The study of the structure of sections and the distribution of
elements in the alloy was carried out using scanning electron
microscopy on a Jeol — JXA8230 microprobe (Jeol, Japan) by wave
dispersion analysis and scanning electron dispersion analysis at
a beam current of 5 nA and an accelerating voltage of 20 kV.

Detailed studies of the superplastic flow of alloy 27 were
carried out in the temperature range of 925°C to 975°C at a constant
tensile rate of | mm'min~' on a Shimadzu AG-100kN universal electro-
mechanical testing machine (Shimadzu, Japan). To reduce oxidation
of the sample surface during testing, argon was supplied to the furnace
chamber. The machine is equipped with a high-temperature attachment
with a furnace that allows testing at temperatures up to 1000°C.

3. Results and discussion

The microstructures of alloy 27 in different states differ significantly
from each other (Figure 1). Hot forging is carried out first at temperatures
above the (o + ) — P transition, i.e. begins in the [} - region, followed
by a gradual decrease and ends in the upper level of the o - region.
Then the hot-heated samples have a fine-grained composition with
crushed structural components. At the same time, the microstructure
of the metal in large forgings reveals the beginning of the recrystallization
process with the emergence of new grains against the background of
martensite (Figure 1(a)), and hot forging of small rods is characterized
by the crushing of martensite needles formed earlier during heating
for deformation (Figure 1(b))

Titanium alloys are characterized by the formation of large
polyhedral solid solution grains in the high-temperature B-region, which
persist after complete cooling of the material. This feature is also observed
in alloy 27; at room temperature, the framework of the b-grain boundaries
is preserved (Figure 1(c)), and the inside grain structure depends on
the cooling rate. With sharp cooling, acicular martensite is quenched
inside the grains (Figure 1(c)), with slow cooling, the decomposition of
martensite and the formation of a lamellar structure are completed.
A special case of this lamellar morphology is the so-called “basket
weave” structure typical of titanium alloys (Figure 1(d)).

Subsequent deformation of such rods by forging leads to
a characteristic distortion of the shape of the packs of these plates; they
bend and twist (Figure 1(e)). In the surface zone of a bar during hot
forging, the degree of deformation is much higher than inside it.
Because of this, the grains in the peripheral part are highly refined,
and the high temperature leads to their recrystallization, as observed
in Figure 1(f).
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Figure 1. Microstructure of the alloy in 27 different states: (a) in the initial state
of forging x500, (b) after the hot forging of rods x500, (c) annealed at 1150°C
for 30 min with rapid cooling x500, (d) annealed at 1150°C for 30 min
with slow cooling x500, (e, f) peripheral part of hot forged rod x200, x100

Thus, the microstructure of alloy 27 in annealed and then hot-forged
rods is characterized by a coarse-grained structure in the volume
(depending on the degree of deformation, accompanied by crushing
of grains into separate blocks), and a fine-grained structure along the
perimeter of the surface zone. Directly near the surface of the forged rod,
a strip of an alpha layer of large light grains is formed (Figure 1(e, f)).
The superplasticity of alloy 27 was studied during tensile deformation.
First, traditional experiments were carried out to determine the
temperature dependence of the ductility and tensile strength of the alloy
with a constant speed of movement of the grips of a vertical hydraulic
tensile testing machine of 4 mm-min! in the range of 600°C to 1100°C.
The samples were in the initial forging state without subsequent heat
treatment, and had a heterogeneous fine microstructure of crushed
martensite with signs of the beginning of recrystallization of the
treatment, similar to what is seen in Fig. la.

From the halves of torn superplastic samples, both longitudinal
and transverse sections were made in different sections of the sample
as the degree of deformation increased. The secondary electron
image (Figure 2) shows a polyhedral structure with precipitation of
the second P phase at grain boundaries and at triple junctions, which
confirms the two-phase nature of the material. No traces of plastic
deformation are found on the microstructures; recrystallization of
the processing has taken place and, in places, also collective
recrystallization. The influence of deformation noticeably affects
the grain size and the amount of second-phase precipitates. The
higher the degree of deformation, the finer the grains and the greater
the amount of -phase precipitation. The morphology and number
of phases should mainly depend on the deformation and its rate [21].
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Figure 2. Image in secondary electrons of the microstructure of alloy 27 (1100°C) after plastic deformation by tension in the undeformed head of the sample

(a), in the zone of medium degrees of deformation (b), and near the fracture surface (c), magnification x 1000
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Figure 3. Energy dispersive spectrometry of characteristic X-ray radiation of a broken sample of alloy 27 in the main matrix (a), and in the second phase precipitates

(b) magnification x 3500.

To identify patterns of distribution of alloying elements in the alloy,
energy dispersive spectrometry of characteristic X-ray radiation
was used. The results showed that the main solid solution contains
about 5.33% Al and a small amount of other alloying elements,
which are detected forcibly (Figure 3(a)). Wavedispersive spectrometry
of a fractured sample of alloy 27 near the fracture surface is shown
in Figure 4. The distribution of the main elements consists of Ti,
Al, V and in the form of an overlay of the Cr line.

The second phase precipitates are solid solutions of refractory
elements in titanium - vanadium, zirconium, and niobium. At the
same time, in places of maximum deformation, vanadium (6.27%)

is concentrated mainly in these crystals. That is, the imposition of
deformation at high temperatures on titanium alloys leads to a
redistribution of alloying elements (Figure 4).

Wave-dispersive spectrometry of a sample area near the rupture
site also indicates that the elemental composition of the alloy underwent
some changes during deformation in the direction of liberation of
vanadium from the main matrix near the rupture site, while the content
of aluminum, zirconium, and niobium in the titanium solid solution
remained unchanged. Vanadium diffused from the grain volumes
into the intergranular spaces.
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Figure 4. Wave-dispersive spectrometry of a ruptured sample of alloy 27 near the fracture surface.
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Figure 5. Results of thermal analysis of a sample of alloy 27 when heated at a rate of 20°C-min" (a), and cooled at a rate of 30°C-min~" (b).

Figure 5 shows typical thermal analysis results. The DTA curve
showed an endothermic effect, the onset of which occurs at 948.8°C
with maximum development at 995.2°C.

The dDTA curve also showed an endothermic effect. The extreme
of this effect occurred at 973.4°C. The DTA curve obtained during
cooling of the sample at a rate of 30°C-min~' showed an intense
exothermic effect with a peak at 920.9°C and a very weak exothermic
effect with a peak at 750.7°C. These effects are a reflection of phase
transitions a — o + 3 — B. When heated, only one effect appeared
on the DTA curve. A comparison of the thermal analysis data of all
14 samples showed a general pattern - the beginning of the phase
transition near 940°C to 950°C, maximum development at 970°C, and
completion at about 1000°C. A comparison of thermal and metallographic
data leads to the conclusion that the maximum development of super-
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plasticity of alloy 27 is observed precisely in the temperature region
of the a + 3 — P transition.

The ductility of alloy 27 in the temperature range of the o phase
is noticeably lower than that of samples fractured above 970°C. The
elongation of the sample increases with heating, forming small spikes
near 700°C, 800°C, and 900°C (Figure 6).

Upon reaching the temperatures of phase transitions o — (o +
B) — B, plasticity increases sharply to 170% to 180% on average, and
in individual samples to 190%. In this case, the narrowing also
increases to values of 0.7 to 0.9, quite sufficient to conclude that
under these conditions plastic deformation with high degrees is quite
possible, and the resistance to deformation sharply decreases, and
the tensile strength drops to 2 kg (mm?)"!.
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Combined in Figure 7, the tensile diagrams of hot-forged samples
of alloy 27 with a fine microstructure (as in Figure 1(b)) show that
their maximum plasticity was observed in a fairly narrow temperature
range of 937°C to 967°C. The elongation reached 400% and the samples
did not undergo destruction, and the experiment was stopped due to
the upper traverse of the testing machine reaching its limit position.
At the initial stages of the deformation of samples, temperature
significantly affects the stresses arising in them, while up to 967°C
at identical degrees of deformation, stresses naturally decrease, and
above this temperature, they begin to increase. This is explained by
the beginning of the appearance of the B phase in the structure of
the alloy at temperatures above 967°C.

Consequently, the observed development of maximum plasticity
and minimum resistance to deformation at the temperature of the
phase transition is a typical effect of superplasticity transformation.
Moreover, at high degrees of deformation from 240% to 400%
elongation, the process of metal flow occurs at very low stresses of
close magnitude, which is characteristic of “true superplasticity.” A
detailed analysis of the stress-strain diagrams and the shape of the
fractured samples after cooling confirms this conclusion. Figure 8
shows numerous areas of deformation localization at large degrees
of deformation of the sample, that is, the development of a quasi-
uniform flow with the so-called “running neck” took place.
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Figure 6. Temperature dependence of elongation of alloy 27 at rupture at
a speed of 4 mm-min~!
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Figure 7. Strain diagrams of alloy 27 at a strain rate of | mm'min~'and various
temperatures:'1 — 925°C, 2 — 937°C, 3 — 950°C, 4 — 967°C, 5 —975°C
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Figure 8. Shape of alloy 27 samples at a strain rate of 1 mm-min~!

4. Conclusions

Thus, alloy 27, when stretched, exhibits the effect of superplasticity
in the range of 975°C to 1100°C, with elongation up to 400% being
a typical manifestation of superplasticity transformation. It develops in
the temperature region of the a + § — [ transition and is accompanied
by a change in grain size and redistribution of alloying elements
among phases. The elongation in case of rupture of samples in the
range of 925°C to 975°C at a constant stretching rate of 1 mm-min~!
is 400%.
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