The w-Phase as an Example of an Unusual

Shear Transformation

J. C. WILLIAMS, D. de FONTAINE, AND N. E. PATON

The conditions leading to formation of the metastable w-phase in Ti, Zr, and Hf alloys are
described and earlier experimental observations directly related to w-phase formation are
summarized. New experimental results are presented which show that increased oxygen
content suppresses athermal w-phase formation in Ti-V alloys. A mechanism of w-phase
formation based on the formation of a linear displacement defect is described and it is
shown that both the earlier and new experimental results are consistent with this mecha-
nism. Additional experimental results on variations in electrical and physical properties
in Ti alloys are also shown to be consistent with the linear displacement defect model.

THE w-phase is a metastable decomposition product
which forms in bee (8-phase) alloys based on Ti, Zr,
and Hf which have been partially stabilized by suitable
alloying additions. Occurrence of the phase was first
encountered by Frost, ¢t al.! who found that aged Ti-Cr
alloys containing ~8 wt pct Cr were unexpectedly brit-
tle. Subsequent X-ray diffraction patterns obtained
from these alloys showed that a second phase was pres-
ent which was designated the w-phase. Since these early
experiments of Frost, ef al., the w-phase has received
extensive study, initially because of its deleterious ef-
fects on mechanical properties, later because of its in-
fluence on such physical properties as superconductiv-
ity and most recently because the 8 — w transformation
exemplifies an interesting class of phase transforma-
tions.

In this paper we will attempt to recount briefly the
pertinent background information with regard to the
various aspects of w formation, including the remain-
ing unresolved issues; we will then present some re-
cent experimental results, together with our views re-
garding the transformation and show how these views
help unify the subject.

BACKGROUND

It is well-known that the w-phase can be formed in
metastable bee alloys of Ti, Zr, and Hf during quench-
ing (athermal w) or during aging (isothermal w); fur-
ther, these two forms of w-phase have been separated
in many earlier treatments of the subject.z'4 Such sep-
aration has largely been based on observed variations
in intensity and breadth of the w-phase X-ray diffrac-
tion lines leading to the term <‘diffuse w’’ for athermal
w. As will be demonstrated below, no physical basis
exists to justify such a separation. Thus, in the follow-
ing portions of this paper the terms athermal and iso-
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thermal will only be used to describe the thermal con-
ditions whereby the w under discussion has been formed.

The composition range over which athermal w-phase
forms has been shown to depend on the type of solute
and, according to some investigators,®® on the electron-
atom ratio of the alloy which is controlled by the solute
valence and concentration. The justification for the lat-
ter point is not clear since several schemes have been
employed to assign valence to transition element sol-
utes and all seem to produce a correlation. Further-
more, the solute-rich composition limit for athermal
w-phase formation has been subject to disagreement;
the bulk of these disagreements are largely traceable
to the relative detectability of athermal w by various
experimental techniques. For example, early workers
usually employed variations in hardness to indicate the
presence of athermal w-phase. Recent studies have
shown that little or no hardening accompanies w for-
mation until the vol fraction exceeds 0.2 to 0.25;" thus
the use of hardness measurements introduces a sig-
nificant underestimate of the composition limit for
athermal w formation. X-ray diffraction has probably
been the most successful technique for w detection al-
though many recent studies have employed selected
area electron diffraction for this purpose. Comparison
of the electron and X-ray diffraction results have been
complicated by two factors. Firstly, the detection of
small vol fractions of w can only be reliably accom-
plished using single crystal X-ray techniques, such
techniques have not gained wide acceptance due to the
relative scarcity of single crystals. Secondly, the elec-
tron diffraction patterns contain complex networks of
diffuse intensity, the nature of which will be described
below.%® The diffuse intensity overlaps the w diffrac-
tion maxima positions, causing the detection of w in
such patterns to become somewhat subjective. Thus,
while the f§ — w transformation in principle occurs at
a well-defined temperature (w,) for a given concentra-
tion, in practice the experimental difficulties enumer-
ated above have caused the solute rich composition
limit to be ill1-defined.

In addition to the above experimental difficulties, it
has recently been shown by Paton and Williams*® that
minor alloying element concentration can have a large
effect on w,. They found that the amount of oxygen in
a series of Ti-V alloys could change wg by more than
100°C over a range of oxygen commonly encountered
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in laboratory heats. These results are shown in Fig. 1.
Much of the disagreement over the composition depen-
dence of w, may thus be attributed to variations in con-
centration of minor alloying elements such as intersti-
tial O. This effect of interstitials on w; may also have
important implications in terms of the transformation
itself, as discussed later.

The diffuse streaking in electron diffraction patterns
has been reported in a wide variety of bee Ti, Zr, and
Hf base alloys. This streaking, which roughly can be
described as sheets of intensity lying on (111) rel-
planes, is illustrated in Fig. 2. As either the temper-
ature or the solute concentration increases, the streaks
become more curved (Fig. 3). The origin of this streak
ing has been analyzed in a previous article and this
analysis will be described and elaborated in a later
section of this paper.

In alloys which exhibit well-defined athermal w in-
tensity maxlma the phase has been shown to occur as
20 to 40A diam particles of roughly equiaxed morphol-
ogy. Sass'! has reported that the particles often form
in rows, however the generality of this effect is not
clear at present.

Recent cooling stage experiments performed in the
electron microscope have also demonstrated that w
can form athermally at temperatures as low as 90 K;12
these experiments have also demonstrated the total re-
versibility of the athermal 8 = w transformation. Ear-
lier Russian work™ showed that extremely fast quench
rates as high as 11,000°C per s were insufficient to
suppress the athermal formation of w. The combined
observation of very rapid kinetics and low temperature
transformation lead to an earlier suggestion that w
formed mari’.ensltically;14 however the product phase
does not conform to the requirements of a classical
martensitic product. It has been suggested recently
that 8 = w transformation occurs by correlated dis-
placements;' the details of this latter treatment will
be described in a subsequent section since they com-
prise the central theme of this paper.

" The structure of athermal w-phase has been the sub-
ject of an earlier dispute between Silcock,* !¢ who claimed
it belonged to space group D H(P6/mmm) and Bagari-
atskii'” who claimed it belonged to D3p (P3m1). Re-
cently Sass and Borie'® have shown that increasing sol-
ute concentration causes the sixfold symmetry charac-
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Fig. 1—Omega start temperature (wg) plotted vs oxygen com- alloy illustrating (111) rel-plane streaking. (a) [110]g zone nor-
position for a series of Ti-V alloys. mal, (b) {102]g zone normal, (¢) [111]g zone normal.
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Fig. 3—Selected area diffraction patterns
of a Ti-12 wt pct Mo alloy over a range of
temperatures showing the increased cur-
vature of the streaks as temperature in-
creases.

teristic of DéH to degenerate into the threefold symme-
try characteristic of D3j,. Thus, it has been concluded
that the differences in space group reported by Silcock
and Bagariatskii stem from the particular alloy com-
positions each investigator studied. Silcock has also
examined the structure of w-phase in aged Ti alloys
and reported it as D}y (P6/mmm).

The isothermal w-phase has two distinet morpholo-
gies; cuboidal and ellipsoidal'® (Fig. 4). Hickman® has
shown that the vol fraction of w-phase increases rap-
idly during aging and stabilizes before compositional
changes are complete. He also has shown that the iso-
thermally formed w-phase rejects solute during forma-
tion; the w and B-phases reach metastable equilibrium
compositions, leading to a varying misfit between the
w and the matrix. The prevailing morphology is deter -
mined by the misfit between the S-phase matrix and
the w-phase which in turn is controlled by the varia-
tions in B-phase lattice parameter with the particular
solute type in question. This point has been convinc-
ingly demonstrated in Ti-V-Zr alloys where the misfit
has been adjusted by ternary additions of Zr.* The
kinetics of isothermal w-phase formation are extremely
rapid, even in solute-rich alloys which do not contain
preexisting athermal w-phase. For example, the vol
fraction w can reach 0.7 in a Ti-25 pct V alloy aged
10 min at 350°C.%°

TRANSFORMATION MECHANISM

A crystallographic and atomistic description of the 8
to w transformation is useful in order to obtain a pic-
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ture of the w structure, and is a necessary part of un-
derstanding the transformation mechanism itself. In
discussing the transformation of the bee B-phase to the
hexagonal w-phase, let us first neglect compositional
effects and consider all atoms in a bec Ti, Zr, or Hf-
based solid solution as undifferentiated. This point of
view is adequate for the description of the athermal w
transformation, as this transformation is not diffusion
controlled and no composition changes are involved.

As first suggested by Hatt and Roberts® and later de-
veloped by de Fontaine,? athermal 8 = w transforma-
tion can be accomplished formally by collapsing a pair
of neighboring (111) planes to the intermediate posi-
tion, leaving the next plane unaltered, collapsing the
next pair and so on. This operation produces a struc-
ture of hexagonal symmetry which, in the limit of com-
plete double plane collapse, will be called the ‘‘ideal

w structure’’ which corresponds to the structure re-
ported by Silcock as described above. A schematic
representation of the formal mechanism of the g to w
transformation is shown in Fig. 5 where (111) planes
are shown on edge. Note that submitting the lattice to
a -§ [111] longitudinal displacement wave of proper am-
plitude and phase produces the required transformation.
This viewpoint has led to the interpretation of internal
friction peaks found in Ti-V alloys in terms of an inter-
action between an external stress field and the [111]
longitudinal displacement waves.*

An atomistic description of the 3 to w transformation
is given in Fig. 6. As in Fig. 5, Fig. 6(b) shows (111)
lattice planes on edge. The bee stacking sequence
ABCABC: - - is indicated. The projected bec structure

VOLUME 4, DECEMBER 1973-2703



s ey ! - %
] ’-’:Q“I.i
ol S B

y -

a nq,.l:e.‘ " | U-'

Fig. 4 —Isothermal omega phase morphol -
ogy. (a) Cuboidal in a Ti-8 wt pct Fe alloy,
solution treated 900°C, 30 min and aged
400°C, 4 h. (b) Ellipsoidal in a Ti-11.5 wt
pet Mo-5.5 wt pct Zr-4.5 wt pct Sn alloy
(B-11I), solution treated 900°C, 30 min and
aged 480°C, 5 min,

atoms in the plane of the figure, (+) above, and (=) be- !
low the plane. Upon double plane collapse, the w struc-
ture is formed and the resulting structure, projected
on (111) planes, is shown on the right (Fig. 6(c)). The
stacking sequence is now AB’AB’ ..., with filled cir-
cles representing atoms in the collapsed B’ plane. Ac-
cording to this atomistic (rather than planar) descrip-
tion, the g to w transformation can be accomplished o el /'4 s Ve
formally by allowing all atoms in the (+) plane, say, [m]
to move by + the nearest neighbor distance along each

is shown on the left (Fig. 6(a)) symbols O representing [—SINE CURVE

DISPLACEMENT
A_
L~y

DISTANCE
corresponding [111] close-packed row. This operation Fig. 5—Schematic representation of the mechanism of the 8-w
changes the (+) symbols of Fig. 6(a) to (=) symbols, transformation showing (111) planes on edge.
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Fig. 6—Atomistic representation of the f-w

transformation. (@) bee structure projected

on (111) plane, (O) atoms in the plane of the
figure, (+) above, and (—) below the plane,
(b) (111) planes on edge showing bec stack-
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temperatures. By contrast, interrow correlations
should make their appearance at relatively low temper-
B wy B w- B atures. Since the interrow correlations are two-dimen-
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Fig. 7—Schematic representation of the linear defect showing
displaced row segments.

making projection 6(a) resemble projection 6(c). The
(-) plane is now the collapsed one. Relaxation will, of
course, occur so that the double (—) plahe will take up
the intermediate B’ position. Note the change of three-
fold symmetry around the [111] direetion in the 8 struc-
ture, to sixfold symmetry in the ideal w structure (¥ig.
6(c)). If an atom is displaced along [111] by + of the
unit distance, it becomes captured in a neighboring
(111) plane and establishes trigonal coordination in the
plane of capture.

It is reasonable to assume that displacement of one
atom along a nearest neighbor direction will induce
like displacements of its neighbors along the atomic
row, creating a displaced row segment or linear de-
fect, a schematic representation of which is given in
Fig. 7. Dots represent atomic positions, the vertical
lines denoting the equilibrium g positions of the bee
lattice. The atomic positions at + + and —+ of the
nearest-neighbor distance are denoted w, and w-, re-
spectively. Row segments in w positions are separated
from row segments in B positions by transition regions
of compression and dilatation, as indicated. These re-
gions of dilatation and compression have prompted de
Fontairie and Buck'® to compare the linear defect to the
vacancy and crowdion type déefects postulated as a dif-
fusion mechanism in other bce metals and applied to
the interpretation of radiation damage.

If partially covalent trigonal bonds are relatively
favored in Ti, Zr, and Hf alloys, it is expected that
linear defects of the type described will be prevalent
over a wide range of temperatures, i.e., longitudinal
displacive correlations will exist up to relatively high

METALLURGICAL TRANSACTIONS

sional, critical behavior is expected. The possible ex-
istence of a phase transition corresponding to the ap-
propriate ordering of neighboring parallel linear de-
fects was demonstrated elsewhere by Monte-Carlo
simulation. The temperature at which long-range two-
dimensional correlations set in is marked by the ap-
pearance, on diffraction patterns, of the extra w reflec-
tionis, as shown for example in the electron diffraction
patterns of Fig. 8. The transition temperature is
around 0°C in this example for Ti-15 wt pct Mo. A
plausible real-space picture of the structure (relative
to a single (111) variant) is offered by the Monte-
Carlo computer simulation of a (111) projection of the
alloy below the transition temperature, Fig. 9. This
figure shows two interpenetrating conjugate w domains,
one consisting of minus symbols surrounding zeros,
the other (with trigonal bonds outlined) consisting of
zeros surrounding minusés. Two-dimensional order
is, in this case, practically complete.

From the foregoing, it is possible to predict quali-
tatively the diffraction patterns expected at various
temperatures. Above the w transition, the linear de-
fects belonging to a given (111) variant are uncorre-
lated and each displaced row thus diffracts practically
independently of its neighbors. The diffuse intensity
should therefore be concentrated in { 111} rel-planes
perpendicular to the variant in question. As two-
dimensional correlations make their appearance in
the vicinity of the w transition temperature, the diffuse
intensity must become modulated within the {111} rel-
planes and must eventually peak at the < (111) positions
and other crystallographically equivalent points in re-
ciprocal space. These effects are illustrated in Fig. 8.
Recall that the 2 (111) longitudinal displacement wave
is precisely the one which formally converts the B to
the w structure. Thus, the two points of view, one of
lattice displacement plane waves and one of two-dimen-
sional correlations of linear defect are complementary:
the local ordering of parallel row displacements cre-
ates an embryonic w region which, in turn, can be re-
garded as a local 3[111] static displacive mode.

Thus far, only a single (111) (or w) variant was con-
sidered. Interactions between variants must also be
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0°C
AVERAGE MATRIX

Fig. 9—Monte Carlo computer simulation of a (111) projection
below wg, (O) atoms in the plane, (+) above, (—) below, and (?)
in transition.

taken into account, however. For instance, a [lli] dis-
placed row segment will tend to produce 2 longitudinal
displacement along an intersecting [111] row, which
will induce further displacements along [111], and so
forth. An example of the resulting zig-zag defect is
{llustrated in Fig. 10. Intervariant correlations have
now been established so that, as shown in another con-
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“ Fig. 8—Cooling series of a Ti-15 wt pct Mo
alloy showing appearance of w reflections
{marked w) at —4°C.
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Fig, 10—Zig-zag defect resulting from interaction of linear
displacement defects along intersecting [111] rows.

nection by Cowley,? the diffuse intensity will tend to
avold the intersections of {111} rel-planes, just as a
hyperbola avoids the intersection of its asymptotes.
Thus, as was previously surmised, when intervariant
interactions are significant, diffuse intensity will tend
to depart from the octahedra formed by (111) rel-
planes and lie, instead, in spheroids inscribed in the
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Fig. 11—Reciprocal space showing the sphere of diffuse inten-
sity inscribed in the (111) rel-planes.

octahedra. One such resulting ‘‘sphere of intensity’’

is shown in Fig. 11, Corresponding diffraction patterns
should then exhibit quasicircular streaking as shown
for example, in Fig. 2.

Intervariant interactions are expected to be signifi-
cant when w domains are small. A highly distorted
structure will then result; in such a case the double
plane collapse of the ideal w structure is not expected
to go to completion. The resulting average structure
will therefore exhibit threefold rather than sixfold
symmetry, as discussed recently by Sass and Borie.'®

There has been a tendency, in the metallurgical lit-
erature, to distinguish carefully between the athermal
and the aged w varieties. Actually, we believe that the
basic mechanism of formation of these phases is unique.
It can be shown, from qualitative free energy consider-
ations, that direct conversion of 8 to w without compo-
sitional changes can only lower the free energy of the
alloy if the solute concentration is sufficiently lean (if
it is too lean, a direct B to o martensitic reaction is
favored). Thus, diffusionless 8 to w transformation is
thermodynamically favored only in a fairly narrow
compositional range (as can be seen in Fig. 12). K,
however, a metastable 3 solid solution of concentration
somewhat beyond the athermal range is maintained for
a sufficient length of time at temperatures for which
diffusion rates are appreciable, favorable concentra-
tion fluctuations can occur in the 8 matrix creating
solute-lean embryos of composition located within the
athermal range, whereupon the embryos will transform
spontaneously to w by the athermal mechanism dis-
cussed above. Solute partitioning can then follow to
conform to the phase boundaries of the metastable
B + w phase diagram,

DISCUSSION

The foregoing has attempted to describe the develop-
ment of the current state of understanding of the 3= w
transformation and then to present a model of the trans-
formation which appears to account for the observed
features of it. The model is additionally attractive be-
cause it provides a common basis for describing both

METALLURGICAL TRANSACTIONS
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athermally and isothermally formed w-phase. The fol-
lowing discussion is intended to amplify several fea-
tures of the model and to reinterpret several earlier
experimental observations in terms of it.

The damping peaks which are observed in bce Ti and
Zr alloys, in the alloy composition-temperature regime
over which athermal w forms, have been recently as-
cribed to the occurrence of stress induced atomic dis-
placements24 similar to those associated with the linear
displacement defects described above. The temperature
and frequency dependence of such damping peaks are
consistent with thermally activated formation and/or
migration of linear defects.'®> While the occurrence of
a damping maximum does not elucidate the detailed na-
ture of the defects, it is proof that the defects, what-
ever their nature, have an associated stress field which
can interact with the applied oscillating stress. Fur-
ther, Paton and Williams®® have recently shown that
oxygen in amounts up to ~2000 wt ppm significantly
strengthens the g-phase. It is, therefore, reasonable
to postulate that the stress fields of the linear defects
and those of the interstitial oxygen atoms will interact.
Accordingly, the observed effects of oxygen on wg can
be accounted for since the interstitial oxygen is ex-
pected to interact with the linear defects, thereby pin-
ning them at their extremities; such interactions will
impede the ordering of neighboring linear defects re-
quired for occurrence of the 8 = w transformation.
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The trigonal coordination bonds which accompany the
existence of linear displacement defects have been sug-
gested to be partially covalent in nature. Formation of
such bonds may be related to the anomalous negative
temperature coefficient of electrical resistivity” re-
ported in many metastable bee Ti alloys since any ten-
dency toward covalent bonding removes electrons from
the conduction band. The increased density of covalent
trigonal bonds with decreasing temperature is consis-
tent with the increased resistivity, presumably because
more electrons are involved in the trigonal bonding.

We have suggested that isothermal w formation is
preceded by a composition fluctuation which provides
a solute-lean region which can subsequently transform
to w by the linear defect correlation mechanism. In
this connection, Hickman?®® has shown that the isother-
mally formed w does not immediately achieve meta-
stable equilibrium composition, rather, the w-phase
vol fraction quickly stabilizes and the solute segrega-
tion occurs subsequently by diffusion. The rapid ki-
netics of isothermal w formation coupled with the ob-
servation of lagging solute segregation suggests that
the phase is easily nucleated and that subsequent growth
is not diffusion controlled. We suggest that the long
times required to achieve metastable equilibrium com-
position of the w-phase are due to an increase in par-
ticle size after formation which is rapid compared to
segregation and the attendant increase in diffusion dis-
tance. Thus, the characteristics of isothermal w-for-
mation more closely resembles athermal w formation
than those of a classical nucleation and growth reaction.
Such characteristics also are consistent with the occur-
rence of a fluctuation as described above.

The sheets of diffuse intensity which lie on {111} rel-
planes have been reported in wide range of bec alloys
by several investigators.'*»®* Sass® has ascribed this
diffuse intensity to the occurrence of w-phase particles
which are aligned in rows and has presented transmis-
sion electron microscopy evidence to support his point
of view., However, in a later publication, Balcerzak and
Sass® have reported the persistence of comparable dif-
fuse streaking effects in Ti-Nb alloys containing up to
57 at. pet Nb, yet they were not able to image rows of
w-phase particles in alloys containing 34, 47, and 57
at. pct Nb. We suggest that the diffuse streaking may
be due to the presence of linear displacement defects
which can exist over the entire composition range.
Since the linear defects lie along (111)4 they should
produce a sheet of diffuse intensity normal to them-
selves or along { 111} rel-planes. This suggestion pre-
dicts diffraction effects consistent with the experimen-
tal observations, yet obviates the difficulty associated
with a model which requires rows of w particles since
existence of such rows have not always been shown to
accompany diffuse streaking.

Finally, it is useful to inquire about the generality
of linear displacements along (111) in bec metals other
than Ti, Zr, and Hf alloys. In this connection it has
been reported that the correlation of longitudinal atomic
displacements along (111) rows appears to be a general
feature of the bcc metals, evidenced by intense temper-
ature defect scattering located in (111) reciprocal lat-
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tice planes.?® Thus, the extension of large-amplitude
longitudinal oscillations of close packed atomic row
segments appears to be a direct consequence of geom-
etry of the bee lattice. In ‘‘normal’’ bee metals row
oscillations are about the equilibrium positions dictated
by the bee lattice, and this peculiar dilatational effect
does not lead to static structural changes.

In the ‘‘anomalous’’ Ti, Zr, Hf metals and alloys
there appears to be a second ‘‘metastable’’ position
for the oscillating rows: namely, the ‘‘omega’’ position
(see Fig. 7) which leads te trigonal bonding, as indi-~
cated in Figs. 6(c) and 9. It must, therefore, be con-
cluded that this trigonal partial covalent structure is
favored in the anomalous bce, which is perhaps not
surprising, considering that Ti, Zr, and Hf are group
IV transition metals, that is, the metallic counterparts
of C, Si, and Ge. Furthermore, it is surely no accident
that the basal plane of the omega has the same honey-
comb structure as the basal plane of graphite.
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