
UDC 669.017.3:669.295.5

TRANSFORMATION OF METASTABLE b-SOLID SOLUTION

IN ALLOY VTI-4
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Phase transformations in aging of alloy VTI-4 quenched from the �-domain are studied in the temperature

range of 550 – 750°C. Two morphological types of precipitates of an orthorhombic O-phase are detected. A

scheme of evolution of the transformations is suggested. Variation of the lattice constants of the �- and

O-phases and of the hardness in the aging process is plotted.
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INTRODUCTION

A tendency of the recent decade is to widen the use of

intermetallic-base titanium orthoalloys for fabricating critical

parts requiring high parameters of heat resistance and

high-temperature strength combined with high strength cha-

racteristics. The tendency has been stimulated by the earlier

comprehensive research of phase transformations occurring

in alloys of this type in a wide temperature range. However,

the mechanism of formation of the O-phase remains arguable

despite the great number of works devoted to orthorhombic

alloys. Several standpoints concerning the nature of the

B2 � O and �
2

� O phase transformations are known. For

example, it is reported in [1] that the B2 � O phase transfor-

mation develops by the mechanism of continuous ordering

without a change in the composition, wheres the authors of

[2] have discovered that the interfacial distances of the crys-

tal lattice of the orthorhombic phase in the B2 � O transition

depend on the time of the hold of the alloy, and this means

that the chemical composition of the O-phase changes during

the transformation. In [3] the authors speak of the possibility

of a martensitic B2 � O transformation. We should remem-

ber that a B2-phase is ordered with respect to two elements

and an O-phase is ordered with respect to three elements.

This means that the formation of an O-phase requires diffu-

sion of elements, which makes the existence of a martensitic

(i.e., diffusionless) B2 � O transformation questionable [4].

A mechanism of formation of an O-phase from a B2-phase

suggested in [5 – 8] involves the appearance of an intermedi-

ate metastable orthorhombic phase ordered with respect to

two elements and having a structure of type B19 (Pmma,

AuCd). The stages of the transformation of structure in an al-

loy based on an O-phase in the course of the �
2

� O trans-

formation are studied in [9, 10].

It should be noted that the set of operating properties of

an alloy is formed not only due to formation of a specific

phase composition but also due to formation of structural

characteristics that include the morphological features of the

structure of the phase components, their distribution over the

grain body, the presence of grain-boundary precipitates, etc.

The aim of the present work was to study the morphology of

segregations of the O-phase forming as a result of decompo-

sition of the metastable �-phase in alloy VTI-4.

METHODS OF STUDY

We studied hot-rolled sheets with a thickness of 4 mm

from alloy VTI-4 (Ti – 26Nb – 22Al – 0.5Zr – 0.4Mo in

at.%).

The metallographic analysis was performed with the help

of SEM 535 scanning electron microscope at an accelerating

voltage of 25 kV. The laps were etched in a reagent consist-

ing of 1 part HF + 1 part NHO
3

+ 3 parts water. The Wickers

hardness was measured at a load of 150 N. The x-ray diffrac-

tion phase analysis (XRDPA) was performed in copper radia-

tion using a Brucker D8 diffractometer with an energy

dispersive detector. The differential thermal analysis (DTA)

was performed with the help of a DuPont990 thermal ana-

lyzer.
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We performed two series of tests.

Series A. Effect of the temperature an of the hold time in

aging. The test pieces were quenched in water from 1050°C

and then aged at a temperature of 550, 600, 650, 700, and

750°C with 4-, 8-, 16-, 32-, 64-, and 128-min holds at each

aging temperature.

Series B. Stage aging. The test pieces were heated to

1050°C; the time of heating for quenching was up to 8 min,

after which a part of the test pieces was quenched in water

and the other part was cooled in molten zinc with a tempera-

ture of 650°C, held for 2 and 8 min, and then cooled in water.

The studied pieces were subjected to aging at 600°C with a

hold of 4, 16, 32, and 64 min and then cooled in water.

RESULTS AND DISCUSSION

Effect of the Temperature and of the Hold Time in Aging

The initial structure of the quenched alloy VTI-4 was

represented by a single-phase �(B2)-solution with equiaxed

polyhedral grains. The hardness in the initial condition was

3250 MPa, the crystal lattice constant a� = 0.3249 nm.

Figures 1 – 3 present the microstructure of the alloy after

aging at different temperatures and holds. Analysis of the

microstructures has shown that the morphology of the parti-

cles precipitated in different temperature ranges differs. In

the lower temperature range the precipitates have a disc

shape (type I in Figs. 1a and 3c) and are located chiefly in

the center of grains. The near-boundary regions are free of

precipitates. The size of the discs depends on their location in

the grains. In the central part of a grain the size of the preci-

pitates is relatively low, while near the zone free of precipi-

tates their size increases (Figs. 2b and 3c). The volume frac-

tion of the precipitates is zero near a grain boundary and

grows with closeness to the center of the grain. At a high

temperature we observe acicular precipitates (type II in

Fig. 1d ), which fill the whole of the volume of the grain with

time. They grow by substituting disc-like precipitates in the

central regions of the grain (Fig. 1b and c) and from the

boundary (Fig. 2b – d ).

A type-I transformation develops very fast, within se-

veral minutes. A type-II transformation with formation of

needles is largely determined by the completeness of the

type-I transformation, because the disc-like precipitates are

intermediate ones and the needles form on them. The process

of formation and growth of needles on discs is illustrated by

Fig. 1. After a 4-min hold we observe only disc-like precipi-

tates, wheres after 8- and 16-min holds they are accompanied

by needles that fill progressively the whole of the volume,

while the precipitates of type I disappear. At lower tempera-

tures the time range of the existence of precipitates of type I

increases. At t
ag

= 700°C with a hold of 16 min they are sub-

stituted by needles, which also grow from the boundaries.

After a hold of 32 min decomposition accompanied by for-

mation of large needs of an O-phase occurs in the earlier ex-

isting regions free of precipitates. The lower boundary of the

decomposition of type I is the temperature of 650°C, at

which needles form only in the zones free of precipitates

(Fig. 2c ). The earlier formed disc precipitates of type I in the

central grain regions preserve their morphology in longer

holds. The temperature range of 550 – 600°C is characterized

by the presence of only type-I disc precipitates. The width of
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Fig. 1. Microstructure of quenched alloy

VTI-4 after �-quenching at 750°C for:

a) 4 min; b, d ) 16 min; c) 32 min.



the zones free of precipitates decreases gradually, but indi-

vidual not decomposed regions are preserved even after long

holds (Fig. 3). At 550°C the rate of decrease of the zones free

of precipitates is higher than at 600°C. The general scheme

of the transformations is given in Fig. 4. The position of the

“nose” (650°C) was determined from the maximum volume

fraction of the transformation.

To determine the differences between the first and se-

cond types of the transformation we performed an x-ray dif-

fraction phase analysis. The processed results are presented

in Fig. 5. The determined changes in the lattice constant of

the �-phase allow us to state that in the first stage of the

transformation the redistribution of elements between the �-

and O-phases is inconsiderable. In the low-temperature range
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Fig. 2. Microstructure of alloy VTI-4 af-

ter �-quenching and aging at 700 (a, b )

and 650°C (c, d ) for 16 min (a, c, d ) and

32 min (b ).
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Fig. 3. Microstructure of alloy VTI-4 af-

ter �-quenching and aging at 600°C for:

a) 4 min; b, d ) 16 min; c) 32 min.



of 550 – 600°C the lattice constant of the �-phase remains

virtually invariable with time. In the upper temperature

range, on the contrary, the increase in the lattice constant of

the �-phase reflects depletion of the latter with respect to alu-

minum, which has the lowest atomic size. It should be noted

that according to the diagram of [11] plotted for a Ti – 22Al –

27Nb composition close to the alloy studied an equilibrium

�-phase is present in the range of 700°C and higher.

Precipitates of the first and second type have a Cmcm

rhombic lattice. The dynamics of the variation of the lattice

constants of the O-phase in the detected types of transforma-

tion differs (Fig. 5). This becomes obvious when we compare

the variation of constants b and c. In the range of 600 –

650°C b increases with time continuously, while in the range

of 700 – 750°C it has higher values immediately and remains

virtually unchanged during the hold. The lattice constant c of

the second-type precipitates grows gradually but remains un-

changed for the first-type precipitates. The values of a de-

crease during the hold; they are the lower the higher the ag-

ing temperature.

The hardness of the test pieces (Fig. 5e ) is determined by

the volume fraction of the precipitates and by their type. The

test pieces containing first-type precipitates in the structure

have a higher hardness, which is the higher the finer the pre-

cipitates. The test pieces with precipitates of the second kind

have relatively lower hardness values.

Joint analysis of the data obtained shows that in the

low-temperature aging range and in the initial stages of the

high-temperature aging the formed structure has a characte-

ristic kind, when the transformation is controlled in the first

turn by the content of the quenching vacancies. For the lat-

tice type A2�Cmcm in alloy VTI-4 to change, atoms should

displace by the diffusion mechanism within one cell (jump),

i.e., ordering is required. This process is controlled in the

first turn by the presence of vacancies. Therefore, the near-

boundary regions depleted of vacancies that sink to the

boundaries during quenching cooling remain stable and do

not transform. In the central regions of a grain, where the

concentration of vacancies is high, the transformation deve-

lops the most intensely. The small size of the precipitates is

determined by the great number of nucleating centers. When

the content of vacancies in the peripheral zones decreases,

the number of the centers is reduced, their growth is not hin-

dered by neighbor precipitates, and they become larger. With

allowance for the important role of quenching vacancies in

the structure arising as a result of the decomposition we may

infer that the rate of heating in aging and the rate of cooling

from the temperature of the treatment for solid solution are

significant process parameters, just like in the case of stabili-

zation of austenite in steels [12]. We expected that the
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Fig. 4. Scheme of the aging-induced evolution of microstructure of

alloy VTI-4 quenched from the �-range.
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Fig. 5. Variation of the lattice constants and the hardness of alloy

VTI-4 under aging (GQ — graduated quenching): a – c) lattice con-

stants of the O-phase; d ) lattice constant of the �-phase; e) hardness.



�-phase should be stabilized in the case of decelerated cool-

ing and checked this assumption in the tests of series B.

Stage Aging

To check the effect of quenching vacancies on the de-

composition processes we should change their number di-

rectly in the quenched structure. Therefore, we conducted the

first quenching cooling stage in a zinc bath at a temperature

of 650°C with a hold of 2 and 8 min and then cooled the test

pieces in water. The temperature of this stage was chosen

using a diagram of isothermal decomposition, in accordance

with which the high-temperature �-phase does not decom-

pose at 650°C within a hold of 8 min [13]. Some test pieces

quenched in water right from the temperature of heating for

quenching were used as control ones. Then the pieces were

subjected to aging at 600°C with a hold for 4, 16, 32 and

64 min and to water cooling.

The �-phase of the test pieces subjected to stage quench-

ing decomposed only after aging at 600°C and long holds (32

and 64 min) independently of the time of the intermediate

hold in cooling. The microstructure of the pieces after stage

quenching and aging is presented in Fig. 6.

After a hold of 16 min (Fig. 6a ) we observe no obvious

metallographic features of decomposition except for the

grain boundary rim. After a 64-min hold decomposition with

formation of particles is observed both in grain bodies and on

their boundaries; the particles have the form of a chain of

discs and fine needles arranged in a row. Such behavior is

possible in the case of decomposition on individual flaws,

when the stresses arising around a particle initiate nucleation

of a next particle. There is no apparent difference in the

structures formed after the holds of 2 and 8 min (quenching

stages). Consequently, a hold of 2 min at 650°C is sufficient

for stabilization of the high-temperature �-phase and its

steadiness in aging.

The absence of decomposition processes is also con-

firmed by the curves of variation of the hardness (Fig. 5e )

and by the DTA of continuous heating after continuous and

stage quenching (Fig. 7). The hardness of the test pieces after

stage quenching remains virtually invariable even after a

64-h hold. The start of the exothermic peak connected with
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Fig. 6. Microstructure of alloy VTI-4 af-

ter stage (650°C, 2 min) �-quenching and

aging at 600°C for: a) 16 min; b ) 32 min;

c, d ) 64 min.
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Fig. 7. DTA curves of continuous heating of alloy VTI-4 after con-

tinuous and stage quenching at a rate of: a) 20°C�min; b ) 100 K�min;

1 ) continuous quenching; 2 ) stage quenching.



precipitation of the O-phase occurs at a temperature above

600°C for the pieces subjected to stage quenching and at 300

and 360°C for the pieces subjected to continuous quenching

at heating rates of 20 and 100 K�min respectively.

The tests of series B show unambiguously that the low-

temperature decomposition below 600°C is controlled by the

content of quenching vacancies.

CONCLUSIONS

1. The decomposition of the metastable �(B2)-phase is

controlled by the content of quenching vacancies.

2. There exist two morphological types of the O-phase

formed due to decomposition of the �(B2)-solid solution,

namely, a disc-like one at a temperature of up to 600°C and a

needle one at a temperature exceeding 650°C.

3. The disc-like precipitates of the O-phase are interme-

diate ones for the aging temperatures of 650 – 750°C. During

the hold a disc-like morphology is replaced by a needle one.

4. The changes in the lattice constant during isothermal

holding obey different rules for the discovered types of the

O-phase. In the low-temperature range (below 600°C) con-

stant b increases progressively with time at an invariable

value of c. In the high-temperature range (above 650°C) con-

stant c increases at an invariable value of b.
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