Decomposition of the Metastable Beta Phase
in the All-Beta Alloy Ti-13V-11Cr-3Al
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The phase transformations which occur in the all-g titanium alloy Ti-13V-11Cr-3Al at tem-
peratures below ~500°C have been studied by transmission electron microscopy, X-ray dif-
fraction, and electrical resistivity techniques. The decomposition of the metastable 8 phase
has been found to proceed through a transition reaction leading to the formation of two bce
phases rather than through the precipitation of the w phase as has been previously reported.
An interpretation of the observed decomposition sequence, based on thermodynamic reason-
ing, is presented. The decomposition characteristics of the Ti-13V-11Cr-3Al alloy have been
compared with those of a Ti-13V-11Cr alloy to determine the influence of aluminum on the
transformation behavior.

THE phase transformations which occur during the this problem by use of replica techniques® did not
athermal and isothermal decomposition of the meta- yield further useful information. Consequently, the
stable bce or 8 phase in several B-stabilized titanium reaction sequence during the decomposition of the
alloys have received considerable attention in the past metastable 8 phase in this temperature range has been
two decades. The different modes of the decomposi- believed to be:

tion of the supersaturated B phase observed in a va- .
riety of titanium alloys have been discussed in detail B =Byt w =Bt wta—f+a—f+a+TCr,
by McQuillan,L Bagariatskii,2 and more recently by where 8, 8, and, B, refer to the metastable, enriched,
Blackburn and Williams.® The work described in this and equilibrium g phases, respectively.

paper is concerned with the phase transformation be- In the present studies, the authors have examined
havior of the all-g titanium alloy Ti-13V-11Cr-3Al, this reaction sequence using transmission electron
commercially known as B120VCA. This alloy contains microscopy, X-ray diffraction analysis, electrical re-
a substantially high amount of §-stabilizers which sistivity, and hardness measurement techniques.

make the 8 decomposition reactions extremely slug-
gish; thus, B can be retained at room temperature

even after furnace cooling. The preliminary report EXPERIMENTAL PROCEDURE

on this alloy by Wood and Ogden® shows that the high The Ti-13V-11Cr-3Al alloy was received in the form
vanadium content of the alloy, although it makes a of mill annealed, 0.045 in. thick sheet. The composi-
significant contribution to the stabilization of the 8 tion in weight percent of the as-received material was:
phase, does not influence the Ti-Cr eutectoid reac- 13.2 pet V, 11.2 pet Cr, 3.15 pct_Al, 0.19 pct Fe, 51
tion, However, the investigations by Imgram e¢ al.} ppm N, 97 ppm H,, and 1090 ppm O.. Strips cut from
of several -Ti alloys containing vanadium, chro- the sheet were vacuum annealed at 850°C for approxi-
mium, and aluminum, indicate that increasing addi- mately 4 hr and cold rolled to a thickness of 0.015 in,
tions of vanadium tend to soften the material during Specimens in the form of coupons were prepared from
aging treatments through a tendency for increased rolled material and solution treated at 800°C for 13 hr
rejection of the intermediate phase TiCr,. Aluminum, in purified helium using titanium foil as a ‘‘getter.”’
which is an a stabilizer, has been shown to improve Solution treated specimens were quenched in water, oil,
the aging response of the alloy by shifting the aging or air in order to examine the effect of cooling rate on
characteristics to those observed in low-chromium subsequent aging reactions. A number of specimens
ternary alloys.® The present alloy, therefore, be- were solution treated at 900°C and water quenched so
haves like a hypoeutectoidal Ti-Cr alloy in many as to study the effect of the solution treatment temper-
respects. ature. Aging was done in salt baths held at tempera-
Earlier investigations of the isothermal aging char- tures in the range 250° to 500°C for times exceeding
acteristics of the Ti-13-11-3 alloy**"® suggest that 1000 hr. A few specimens were deformed 5, 10, and
the decomposition of the metastable 8 phase at tem- 15 pct in compression prior to aging in order to ex-
peratures in the range 300° to 500°C proceeds through amine the influence of cold work on aging character-
the formation of the transition phase w, as has been istics.
observed in several B stabilized binary and ternary In order to investigate the role of aluminum in the
titanium alloys. The evidence presented in these decomposition reactions of the metastable 8, a ternary
studies was based mainly on optical metallography titanium alloy containing 13 pct V and 11 pct Cr was
and X-ray analysis and was inadequate for the posi- prepared by arc melting in a purified helium atmo-
tive identification of the w phase. Attempts to resolve sphere. The as-cast material was homogenized at

850°C for 24 hr in vacuum and cold rolled into 0.015 in.
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Metallurgical Engineering, University of Washington, Seattle, Wash. to those given to Ti-13V-11Cr-3Al alloy specimens.
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were prepared using a modified Bollman technique®®
with the operating conditions prescribed by Blackburn
and Williams® to avoid hydrogen contamination.

Needle specimens for Debye-Scherrer X-ray diffrac-
tion experiments were prepared from both the bulk and
the thin foil material. All X-ray samples were chemi-
cally polished following heat treatments, using a solu-
tion of 2 parts of HNO, and 1 part HF cooled by liquid
nitrogen, Lattice parameter measurements of the
phase were made with the aid of a 114.6 mm camera
using Cu-K, radiation. Step scanning over selected
B-phase reflections was performed on flat bulk sam-
ples with a Siemens X-ray diffractometer unit. Changes
in electrical resistances during isothermal aging treat-
. ments were measured at —196°C using rod samples ap-

proximately 3 in. long and 0.075 by 0.05 in. in cross
section.

RESULTS Fig. 2—Bright field electron micrograph from the Ti-13V-11Cr-
3Al alloy aged at 350°C for 25 hr following solution treatment at
A) Electron Microscopy 800°C and water quench. (1il)s zone normal.

Spontaneous transformation was found to occur dur-
ing thin foil preparation of almost all of the Ti-13V-
11Cr-3Al and Ti-13V-11Cr specimens. A similar phe-
nomenon has been reported for several binary titanium
alloys®*? and a few commercial alloys.'* The origin of
this transformation and the details of the structure and
morphology of the transformation products have been
discussed elsewhere.®** The spontaneous transforma-
tion not only complicates the analysis of other struc-
tures present, but also poses problems in thin foil
preparation through its embrittling effect. In order to
eliminate the influence of spontaneous transformation
on subsequent interpretations, all electron diffraction
observations were made in thicker regions of the foils
where this transformation was absent.

In the as-quenched condition the Ti-13V-11Cr-3Al
alloy has a single phase structure with varying amounts

of the spontaneous transformation product being pres- g ‘-‘?’s 2 ,;:.‘ T k L '?‘,]::k

ent along the thinner regions of the foil. No evidence ' ‘

of the transition phase w could be detected in the as- Fig. 3—Bright field electron micrograph from the Ti-13V-11Cr
quenched and aged condition either from the electron alloy, water quench following solution treatment at 800°C.

(120); zone normal.

diffraction patterns or from the electron micrographs.
However, after aging for short periods of time at tem-
peratures below 500°C, a fine precipitate was observed
to be dispersed throughout the matrix. The precipitate
particles attained a size of approximately 150A after
aging for 75 hr at 250°C, Fig. 1. Considerably less
time was required for the particles to attain a detec-
table size during aging at the higher temperatures,
Fig. 2.

The Ti-13V-11Cr alloy specimens, in addition to the
spontaneous transformation along the thin regions, ex-
hibited the presence of an extremely fine dispersion of
particles in the as-quenched condition, Fig. 3. No addi-
tional reflections which could be attributed to a second
phase were present in the electron diffraction patterns,
thus discounting the possibility that these particles
could be quenched-in w, Fig, 4. The influence of the
Fie. 1—Bright field electron microgrash showi . . aging temperature on the size and distribution of these
P e%sion of pgrecipitates in Ti-13V—1%Caf—3iloallg§ g;f’l gﬁi; 18 particles and the sequence of their growth with time at
solution treatment at 800°C, water quench, and aging for 75 hr ~ any fixed aging temperature were identical to those ob-
at 250°C. (111)g zone normal. served in the Ti-13V-11Cr-3Al alloy.
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It was difficult to discern the shapes of these parti-

cles during the early stages of their growth; generally,
they appeared as equiaxed particles. At higher aging
temperatures or after prolonged aging at lower tem-
peratures, the particles were approximately disc
shaped or plate-like, with three distinct orientations,
Figs. 5 and 6. Trace analysis has shown that the discs
lie approximately parallel to the {100} planes of the
bee matrix, Fig. 6. The appearance of displacement
fringes, Fig. 7, and ‘dislocation ring’ contrast, Fig.
11 a, indicates that some coherency exists between the
precipitates and the matrix. The present observation,
Fig. 6, of the black-to-white contrast changes associ-
ated with precipitate discs which lie parallel to the in-
cident beam is insufficient'® for a conclusive determi-
nation of the nature of the elastic displacements.

Selected area diffraction patterns taken from regions
containing appreciable amounts of the precipitate show
only B-phase reflections and no additional spots due to
a second phase in both Ti-13V-11Cr-3Al and Ti-13V-
11Cr alloys, Fig. 8. However, the matrix spots them-
selves were split; this splitting was more pronounced
for higher-order reflections. The streak directions in
Fig. 8 are inconsistent with the particle shape effects
expected from thin discs parallel to {100}. Since the
observed streaks do not pass through the origin of the
reciprocal lattice, and they are asymmetric about
each spot, it is concluded that the streaks are due to
coherency strains. Very diffuse streaking, Fig. 4,
with no apparent maxima constituted a background to
the diffraction patterns. The nature of this diffuse in-
tensity network was characteristic of the zone being
examined; these streaks are along (110) directions in
(100)3 and (111)z zone patterns and along (112) direc-
tions in a (110)5 zone pattern., The diffuse network is
attributed to coherency strain effects in view of the
absence of the expected particle shape effects.

Since the only observable feature of the electron
diffraction patterns, apart from the diffuse streaking,
which could be associated with the unidentified precipi-
tates was the splitting of the matrix spots, it was as-
sumed that the precipitates have the same structure
as the parent phase. This implies that the matrix and
the precipitate differ only in their ‘d’ spacings, and
therefore in composition. Thomas® and van Torne and

Fig. 4—Selected area diffraction pattern from the general area
corresponding to the micrograph in Fig. 3. (120) g Zone normal.
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Fig. 5—(a) Bright field electron micrograph showing the distri-
bution of precipitates in the Ti-13V-11Cr-3Al alloy aged at
400°C for 6 hr following solution treatment at 1050°C and air
cooling. (100)s zone normal. (b) Dark field micrograph cor-
responding to the area in Fig. 5(a).

Thomas'” have shown that Kikuchi line analysis can be
applied to the study of phase transformations involving
clustering or spinodal decomposition. They suggest
this analysis as the only means to detect localized
compositional variations occurring over relatively
short distances in a solid solution. A Kikuchi line
analysis was performed on the present samples which
contain the unidentified precipitate. Kikuchi lines were
found to be paired, Fig. 9, as would be expected from a
system in which solute segregation has occurred. The
pairing of the Kikuchi lines was observed for all speci-
mens which had been heat treated to produce the pre-
cipitate, in both Ti-13V-11Cr-3Al and Ti-13V-11Cr
alloys.

When the ‘d’ spacings of the precipitate and parent
phases are nearly the same, the precipitate and matrix
reflections often coincide in a normal diffraction pat-
tern, and hence the precipitate reflections may not be
resolvable. However, the precipitates themselves may
be revealed by forming dark field images of a common
reflection. Better resolution is obtained under a two
beam situation where the beam is tilted so as to bring
the negative of the operating reflection along the optic
axis,'® Dark field examination showed the precipitate
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particles to be clearly resolved as illustrated in Fig.
5(b). The symbol B, will be used to designate this pre-
cipitate in the remainder of this paper.

The presence of precipitate free zones adjacent to
the B grain boundaries, Fig. 10, suggests that a va-
cancy mechanism must be responsible for the nuclea-
tion and growth of the 8, particles. In order to exam-
ine further the role of vacancies in the formation of
B2, additional coupons were cooled at various rates
from 800°, 900°, or 1050°C. All specimens were then
aged at 400°C for 6 hr to produce the B, precipitate.
The size and distribution of 8; are influenced strongly
by the solution treatment temperature and the subse-
quent cooling rate. Specimens quenched from a higher
solution treatment temperature exhibit smaller pre-
cipitates, Fig. 11 (a) and (b). Also, for a given solution
treatment temperature, smaller precipitates, Fig.

11 (a), (c), and (d), and narrower precipitate free zones,
Fig. 11 (e) and (f), are observed for the faster cooling
rates.

Fig. 6—Dark field electron micrograph taken from the (011)
matrix reflection for Ti-13V-11Cr alloy aged for 24 hr at
400° C following solution treatment at 800°C and water quench.
Close to (100) zone normal.

S e
Fig. 7—Bright field electron micrographs illustrating the dis-

placement fringes observed when the specimen was tilted from
the orientation corresponding to Fig. 6.
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Fig. 8—Selected area diffraction pattern taken from Ti-13V-
11Cr-3Al alloy aged at 400°C for 6 hr following solution treat-
ment at 800°C and water quench. The matrix reflections are
split and diffuse streaks lie along (110) directions. (111)g
zone normal.

Fig. 9—8elected area diffraction pattern showing the pairing
of the Kikuchi lines in Ti-13V-11Cr-3Al alloy aged for 6 hr

at 400°C following solution treatment at 800°C. Close to [111] 8
zone normal,

A similar range in the size and distribution of 8, was
observed with variations in the aging temperature, with
the precipitate being smaller after aging at the lower
temperatures. For a particular heat treatment pro-
cedure, the volume fraction of the 8, precipitates pres-
ent was higher for the ternary alloy as compared with
the quarternary alloy in which aluminum was present.

Although a preferential nucleation on dislocations
was observed in a few specimens, Fig. 12, the 8, pre- -
cipitates in general show little tendency for hetero-
geneous nucleation. This has been confirmed by ex-
amining the aging kinetics of Ti-13V-11Cr-3Al alloy
specimens which were deformed 5, 10, and 15 pct by
rolling prior to aging. The incubation period for pre-
cipitation of the o phase was reduced appreciably by
cold work prior to aging, while there was little influ-
ence on the precipitation kinetics of the g, phase.
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tate free zone adjacent to a 8-grain boundary in Ti-13V-11Cr-
3Al alloy, ‘solution treated at 800°C, water quenched, and aged
at 400°C for 10 hr.

The stability of the 8, phase was examined by con-
ducting reversion experiments. Ti-13V-11Cr-3Al spe-
cimens, water quenched from the solution treatment
temperature, were first aged at 400°C for 6, 10, or
18 hr and then reheated to 550°, 600°, or 800°C for
times up to 3 hr. In samples reheated to 550°C the
precipitation of the o phase started prior to the com-
pletion of the redissolution of 3, particles. At 600°
and 800°C, on the other hand, reheating for a period
less than 3 hr was adequate to cause complete rever-
sion of the 8, phase.

Prolonged aging at all temperatures resulted in the
growth of the B8, particles to consume a major portion
of the matrix before the precipitation of the a phase
begins, For the Ti-13V-11Cr-3Al alloy specimens,
the precipitation of @ could be first detected only after
aging at 300°C for periods up to approximately 250 hr;
the @ phase appeared after approximately 10 hr of
aging at 450°C. The precipitation of the @ phase was
retarded considerably in the ternary alloy Ti-13V-11Cr.
The presence of the a precipitate could be detected
only after aging for approximately 100 hr at 400°C as

®

@)

Fig. 11—Electron micrograph showing the size and distribution of the precipitates and width of precipitate free zones as a
function of heat-treatment variables. (a) Solution treated at 800°C, water quenched, and aged at 400°C for 6 hr. (b) Solution
treated at 900°C, water quenched, and aged at 400°C for 6 hr. (c) Solution treated at 800°C, oil quenched, and aged at 400°C
for 6 hr. (d) Solution treated at 800°C, air cooled, and aged at 400°C for 6 hr. (¢) Solution treated at 1050°C, brine quenched,
and aged at 400°C for 6 hr. (f) Solution treated at 1050°C, air cooled, and aged at 400°C for 6 hr, also see Fig. 5(@a), ().
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compared to the 25 hr required to produce ¢ in the
quarternary alloy at the same aging temperature.

The precipitation of the @ phase initiates simulta-
neously at the grain boundaries and within the grains,
although grain boundary regions appear to be preferred
nucleation sites, Fig. 13. In samples of the Ti-13V-
11Cr-3Al alloy aged at 350°, 400°, or 450°C, it was ob-
served that the nucleation of the o phase within a grain
occurs near the interfaces between 8, and the matrix
or in regions between B, particles, Fig. 14. The «
precipitates are needle shaped, and they exhibit a
Widmanstidtten morphology with their needle axes lying
along (110)s directions, Fig. 15.

The hcp structure of the o phase was confirmed by
electron diffraction, Fig. 16, and X-ray diffraction
analysis. The orientation relationship between the «
and the 8 phases was found to be the expected Burgers’
relation:

(110)g// (0001) ¢
[T11lg// [1120]q

B) X-ray Diffraction Studies

Harmon and Troiano*® proposed that the decomposi-
tion of the metastable 8 in Ti-16 pct V-2.5pct Al and

2286—VOLUME 1, AUGUST 1970

Ti-20pct V alloys at temperatures below 270°C pro-
ceeds through a phase separation reaction leading to
the formation of solute rich and solute lean bce phases.
The evidence for such a reaction was the splitting of
the p-phase reflections into sharp components. In the
present investigations the S-peak splitting was exam-
ined using step scamming over selected higher angle
reflections. Although splitting was observed in some
cases, no reproducible results were obtained. The S~
phase reflections became too broad and diffuse, par-
ticularly for specimens aged for short periods of time
at temperatures between 300° and 450°C. Similar blur-
ring of the higher angle g reflections has been reported
by Ageyev and Novik'® in the aged 8 alloy Ti-9Mo-7Mn
containing 1 to 2 pct Al, and also by Blackburn and
Williams® in a Ti-20pct V alloy after aging for 100 hr
at 200°C.

The method of graphical extrapolation was used to
determine the changes in the lattice parameter of the

Fig. 12—Bright field electron micrograph from Ti-13V-11Cr-
3Al alloy aged at 500°C for 2 hr following solution treatment at
800°C and water quench, showing the precipitation of B, phase

on dislocations.

Fig. 13—Bright field micrograph showing the nucleation of «
phase on the grain boundary in Ti-13V-11Cr-3Al alloy aged at
500°C for 4 hr following solution treatment at 800°C and water
quench.
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retained 8 phase in the Ti-13V-11Cr-3Al alloy as a
function of time during isothermal treatments at tem-
peratures between 300° and 500°C. Only the first five
reflections in the low angle regions were used since
the higher angle reflections were too blurred to make
precise measurements. The lattice parameter shows
an increase during the early stages of the decomposi-
tion at each of the temperatures, and this increase is
followed by rapid decrease, Fig. 17. Isothermal aging
at 400°C of the ternary alloy Ti-13V-11Cr exhibited a
similar behavior. It is interesting to note that the dila-
tometric data presented by Harmon and Troiano'® was
characterized by an initial expansion followed by a con-
traction in volume. They attributed this peak effect to
the onset of the 8,, — Brich + Blean reaction.

The application of the X-ray diffuse scattering tech-
niques to yield a quantitative measure of local order
will be of little assistance in the case of Ti-V-Cr al-
loys because of the similar atomic scattering factors

. . [ ]
®
® ['nJ B- ZONE ----- MATRIX
o 2 - ZONE ----. 3 VARIANTS

Fig. 14—Electron micrograph showing the nucleation of the a
phase at the 8,-matrix interface in the Ti-13V-11Cr-3Al alloy
aged at 450°C for 10 hr following solution treatment at 800°C
and water quench.

Fig. 15—Widmanstitten morphology of the a-phase precipi-
tates in Ti-13V-11Cr-3Al allcy aged at 400°C for 350 hr.
{(100)g zone normal.
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Fig. 16—Selected area diffraction pattern from Ti-13V-11Cr-
3Al alloy aged at 300°C for 1000 hr showing the superimposed
patterns from 8 and @ phases.

for these elements. Hence, no attempt was made to
measure local compositional variations using this
technique.

C) Electrical Resistivity Measurements

Changes in electrical resistivity have been used as
a successful tool to follow clustering reactions and
zone formation.?»®' As clusters form, the electrical
resistivity rises to a maximum and then decreases.
There is evidence that this resistivity peak is related
to a characteristic state of the alloy which is the same
irrespective of the aging temperature.?"*

Resistivity changes were measured during isother-
mal aging experiments at 300°, 350°, and 400°C in the
Ti-13V-11Cr-3Al alloy. At each of the three tempera-
tures, the resistivity of the samples increased above .
the as-quenched value during the early stages of iso-
thermal aging. The resistivity change remained posi-
tive until the initiation of the precipitation of the «
phase, Fig. 18 (a). A plot of the resistance change vs
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aging time showed the presence of maxima after short
aging times at each of the three temperatures, Fig. 18
(b); the peaks shift to longer times for lower aging tem-
peratures. With the precipitation of the aphase, the re-
sistivity value decreased below the as-quenched value.
This decrease in resistivity followed a sigmoidal vari-
ation with aging time, which is characteristic of phase
transformation reactions involving nucleation and
growth processes. Further, as the aging temperature
wag increased, the shape of the plot of resistivity vs
aging time remained unaltered, but the curve itself

was shifted to shorter times. The resistivity results
are included here as supporting evidence for the clus-
tering tendency in this alloy.

D) Hardness Measurements

Fig. 19 shows the variation of hardness of bulk spe-
cimens during isothermal aging treatments at 300°,
350°, 400°, 450°, and 500°C for periods up to 1000 hr
following solution treatment at 800°C and a rapid
quench in water. No significant increase in hardness
was noticed during the initial stages of aging. The
rapid increase in hardness which follows the initial
stages occurs at times corresponding to the appear-
ance of the a phase. Overaging does not occur up to
1000 hr at the lower aging temperatures, although it
does occur after approximately 750 hr at 500°C. The
heat treatment variables such as the solution treat-
ment temperature and the cooling rate do not alter
the hardness significantly during aging, Fig. 20.

DISCUSSION

The results of the present investigation show that
the decomposition of the metastable 8 phase in the
Ti~13V-11Cr-3Al alloy does not proceed through the
precipitation of the transition phase w as has been
proposed by earlier investigators.*®® This result is
not surprising since increasing additions of g-stabil-
izing elements to titanium have been found to retard
the w reaction. When present in sufficient amounts
they have been found to suppress completely w, and
the observation that no w phase appears in the ternary
alloy Ti-13V-11Cr substantiates this argument. The
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Fig. 17—Lattice parameter of the retained g phase as a func-
tion of aging time for Ti-13V-11Cr-3Al alloy.
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Fig. 18—(a) Changes in electrical resistivity as a function of
time during isothermal aging of Ti-13V-11Cr-3Al alloy water
quenched from 800°C. (b) Changes in electrical resistivity
during the early stages of decomposition of the metastable g
phase in Ti-13V-11Cr-3Al alloy water quenched from 800°C.

{MINUTES}

aluminum addition is expected to inhibit « formation
further, since aluminum has been shown to be a strong
suppressor of w.'®*

All of the observations indicate that the decomposi-
tion of the metastable 8 in the present alloys at tem-~
peratures below ~550°C proceeds through a phase
separation reaction leading to the formation of solute
rich and solute lean phase, i.e.: 8,,, — Brich + Blean-

Two aspects of the proposed reaction deserve par-
ticular attention: 1) the parent and the product phases
are crystallographically identical, and they maintain
a compositional difference, and 2) the new phase forms
through a process involving nucleation and growth. The
former of the two aspects suggests that it is possible
to interpret the mode of decomposition with the aid of
an inflected curve on a hypothetical free energy-com-
position diagram. The second aspect immediately im-
plies that a spinodal type of decomposition mode is not
probable although the composition of the parent phase
might be within the miscibility region. Thus, the pro-
posed phase separation should occur through stable
composition fluctuations leading to the formation of
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Fig. 19—Rockwell -C hardness vs aging time for Ti-13V-11Cr-
3Al alloy, with aging temperature as a parameter.

stable solute rich regions which subsequently grow in
size and alter in composition on continued aging, until
the composition reaches the values determined by the
common tangent condition. Since the decomposition of
the metastable g probably proceeds by a diffusional
clustering mechanism, the size and distribution of the
particles of the product phase should reflect the influ-
ence of excess vacancies on the nucleation and growth
process. A slower rate of quench yields a lower super-
saturation of vacancies and hence an initial coarse dis-
tribution of clusters. Higher solution treatment tem-
peratures and rapid quenches result in higher super-
saturation of vacancies and a fine dispersion of
clusters. Finally, for a given solution treatment
temperature and quenching procedure, the supersatu-
ration of vacancies as well as solute atoms will be
higher for lower aging temperatures. As has been
pointed out by Embury and Nicholson,?* these two fac-
tors lead to a reduction in the critical nucleus size
and the activation energy for nucleation and thus in-
creases the probability of forming stable cluster nu-
clei. The result is a fine dispersion of precipitates.
The present observations regarding the precipitate
free zone, Figs. 10 and 11 (¢), lend further evidence
for the vacancy/solute atom model for the nucleation
of the clusters. The fact that dislocations do not act
as preferred nucleation sites for these clusters in
rapidly quenched specimens suggests that excess
vacancies provide easy nucleation conditions within
the matrix.

The parent and product phases differ in their lattice
parameters due to the compositional differences. Since
the new phase attempts to maintain coherency with the
matrix, an elastic energy term is introduced into the
energetics of the reaction which is equal in magnitude
to the reversible work necessary to match the lattices.
An important outcome of this elastic anisotropy of the
matrix influences the habit plane and morphology of
the precipitate. The precipitate tends to follow elas-
tically soft planes of the matrix, which for cubic crys-
tals have been shown to be {100} or {111}.?® The
{100} 4 habit observed in the current investigation is,
therefore, in agreement with what would be expected
from theory. The choice of the {100} habit and cohe-
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rent matching often distorts the precipitates giving
the impression that they are slightly tetragonal.?
This distortion may account for the plate-like or disc-
shaped morphology observed in the present study.

The appropriate thermodynamic data required for a
more complete prediction of the g transformation be-
havior in the Ti-V-Cr-Al system are not available.

On the other hand, isothermal sections at 1000°C and
700°C for the ternary system Ti-V-Cr exhibit a pseu-
domiscibility gap which extends from the Ti-Cr binary
into the ternary; this gap is wider at 700°C than at
1000°C.% A tendency toward phase separation may be-
come increasingly pronounced at still lower tempera-
tures to give rise to a metastable miscibility gap which
is always below the equilibrium solubility surface. The
proposed existence of such a gap is supported by the
electron microscope studies of the decomposition be-
havior at 400°C of the Ti-13V-11Cr alloy whose com-
position lies just outside the ternary miscibility gap
at 700°C. The observed occurrence of the phase sepa-
ration reaction at 400°C suggests that the metastable
miscibility gap in the ternary system expands as the
temperature is lowered and that the composition of the
alloy Ti-13V-11Cr lies within this gap at 400°C. Thus,
at temperatures above ~550°C the composition of the
present ternary alloy is probably outside a metastable
miscibility gap. A similar gap should appear in the
present gquaternary system.

The initiation of the precipitation of the a-phase
particles adjacent to 3, precipitates or in regions
between 3, precipitates suggests that the g, is the
solute rich bec phase. The clustering of solute atoms
also explains the initial increases in lattice parameter2
and electrical resistivity.* With copious precipitation
of a, the B, precipitates tend to vanish, which might be
through either a redissolution process or by merging
with the 8 matrix which becomes increasingly enriched
with the precipitation of the @ phase.

A comparison of the aging kinetics of the Ti-13V-
11Cr and the Ti-13V-11Cr-3AI allfys suggests thatthe
addition of aluminum to the ternary alloy tends to in-
crease the aging response by accelerating the precipi-
tation of the equilibrium o phase. The initial phase
separation reaction, on the other hand, is retarded by
the presence of aluminum.
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Fig. 20—Rockwell-C hardness vs aging time for Ti-13V-11Cr-
3Al alloy with solution temperature and quench rate as vari-
ables.
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Other workers have proposed that solute segregation
or B-phase separation occurs during low temperature
aging in Ti-16V-2.5A1,"%% Ti-8A1-1V-1Mo,*® Ti-20V,®
and Ti-9Mo-TMn-(1 to 2)A1" alloys. Also, additional
X-ray lines have been reported to be present near -
matrix reflections in Ti-Fe-Cr?® and Ti-Cr®! alloys.

It is reasonable to believe that the decomposition
mechanism presented here, based on the observations
made on Ti-13V-11Cr and Ti-13V-11Cr-3Al alloys,
may be expected in other titanium alloys when suffi-
cient B stabilizing additions are present to retain g8

at room temperature. It can be shown by thermody-
namic arguments”‘ that the thermodynamic properties
of a ternary solid solution A-B-C in the vicinity of one
of the pure components, e.g. B, approach the weighted
average of those properties exhibited by the binaries
B-A and B~C. Thus, in the case of the Ti-13V-11Cr
alloy, the observed tendency for demixing or phase
separation should be a reflection of the tendencies ex-
hibited by the binaries Ti-Cr and Ti-V. An examina-
tion of the thermodynamic data available in the litera-
ture for these systems sybstantiates the above argu-
ment. The activities of chromium and titanium in g~
Ti-Cr solid solutions in the range 1250° to 1380°C*
show a positive deviation from Raoult’s law. The de-
viations become more significant as the temperature
is lowered from 1380° to 1250°C. Recent supercon-
ducting measurements® of the low temperature phase
transformations in Ti-Cr alloys with chromium con-
tents >10 pet (by weight) show that compositional fluc-
tuations in fact exist in this system. Krisement®® has
proposed a miscibility gap in the Ti-V binary system
which is based on the positive heats of mixing of the
B-Ti-V solid solutions. Thus, a tendency for cluster-
ing exists in both the Ti-Cr and the Ti-V binary sys-
tems although little experimental evidence is avail-
able at present,

CONCLUSIONS

1) The decomposition of the metastable 8 phase in
Ti-13V-11Cr-3Al and Ti-13V-11Cr alloys at tempera-
tures below ~500°C does not proceed through the pre-
cipitation of the transition phase w.

2) However, in this temperature range, the super-
saturated g phase undergoes a {ransition reaction lead-
ing to the formation of two bce phases: a solute rich
precipitate 3, and a solute lean matrix ,. The upper
limit of the stability of 3, phase is approximately
550°C.

3) The aluminum addition improves the aging re-
sponse of the Ti-13V-11Cr alloy by accelerating the
a precipitation reaction and retards the phase sepa-
ration reaction,
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4) Cold work prior to aging enhances the precipita-~
tion of ¢ phase during subsequent aging, but it has
little or no influence on the precipitation of 3, phase.
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