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The v phase transformation in Zr-Nb alloys has been studied by measuring x-ray and Mossbauer diffuse scat-

tering from single crystals with compositions ranging from 8- to 30-wt% Nb. We present an extensive two-
dimensional mapping of the x-ray diffuse scatttering for all compositions. The distinct features of these
experimental observations are (a) the x-ray co reflections are displaced, in general, toward a lower angle from
the hexagonal positions, (b) the Mossbauer elastic scattering is shifted toward a lower angle while the inelastic

portions are centered at the exact hexagonal positions. Our intensity calculations indicate that no single model,
based either on an independent-particle approach or a wave model, accounts for the observed scattering
features. The displacement of x-ray peaks seems tobe consistent with two effects: a phononlike distortion with

a wave vector k slightly larger than k (the exact value) and a Bain-type lattice expansion. A possible
mechanism behind the Mossbauer elastic peak shifts is presented based on energetic considerations. The
metastable athermal eo may be viewed as the result of time-dependent fluctuations of the bcc lattice into co-

like regions. The size and time dependences are strongly composition dependent. At 15-wt% Nb and lower, co

regions are quite large and long lived, and they are essentially crystalline in nature. At high concentrations,
the co domain fluctuations are small and short lived.

I. INTRODUCTION

There has been considerable interest in recent
years in certain alloys of Zr and Ti with elements
such as V, Nb, and Ta (group VB) and Cr and Mo
(group VIB). Much of the interest was generated
because of the appearance of a metastable low-
temperature phase, called the omega (&u) phase
which hinted strongly of lattice instabilities and
soft modes. Its formation is generally thought to
be representative of a more fundamental insta-
bility of bcc with respect to hcp. The basic struc-
tural investigations were made by Silcock, Davies,
and Hardy' and have been extended by several
other workers. ' '

At high temperatures the alloy is a bcc solid
solution which, upon quenching, retains an aver-
age bcc structure with a marked instability to the
formation of the so-called + phase. This athermal
co phase is in general trigonal. The amount of ry

relative to the bcc phase, the degree of crystal-
linity and size of the co regions are strongly de-
pendent on Nb concentrations.

Recent x-ray' and electron diffraction investiga-
tions by Dawson and Sass' show that at concentra-
tions between 5-wt% and about 17-wt% Nb, reason-
ably sharp athermal ~ Bragg reflections appear,
while for concentrations between 17- and 30-wt%
Nb diffuse scattering occurs in the vicinity of the
sharper lower concentration ~ reflections. In
general the higher the Nb concentration the greater
the tendency to suppress any transformation out of
the bcc phase.

The athermal ~ phase can be described as re-

suiting from bcc, by translation of pairs of (111)
planes in (111)directions in an ordered way."
Using a phonon description, the displacements due
to a static longitudinal phonon of wavelength Sd»2
(usual notation 2[111])would transform bcc into
u, where d» is the bcc (222) interplanar spacing.
One can describe the bcc sequence in the (111)
direction as ABCA. . . , where the A-A separation
is the near-neighbor spacing in bcc. The trans-
formation is then simply the collapse of the BC
planes toward their midplane with the A-A spacing
remaining unchanged. Full collapse of the BC
planes to their midplane would result in an hex-
agonal structure whereas for partial collapse it is
trigonal. The crystallography is concisely re-
viewed by Keating and LaPlaca. '

The present work was initiated to provide a
thorough experimental investigation of the nature
of the u-phase diffuse scattering in Zr-Nb as a
function of Nb concentration and to use the Moss-
bauer technique to separate the scattering into its
elastic and dynamic components.

It is useful to review some recent work to put
things in perspective. Sass's' electron-diffraction
results showed several interesting features. %'e

show in Fig. 1 his results as a function of compo-
sition for Zr-Nb. It is clearly evident that the
scattering becomes more diffuse as Nb concentra-
tion is increased. Further as can be seen in Fig.
1(d) the diffuse scattering is displaced from the
exact m-phase positions. For example if we con-
sider the (ill)8 ((00 ~ 1) ) direction we see that
the (00 ~ 1) and (00 ~ 4) diffuse peaks are displaced
away from the origin of k space while the (00 ~ 2)
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FIG. 1. Comparison of (110) electron diffraction patterns of several Zr-Nb alloys {from Sass, Qef. 7). (a) Schematic
diffraction pattern giving indices of the reflections shown in (b) —(e). The subscripts refer to orientations of the ~
phase with respect to the four different f111]directions (variants). (b) 8-wt/o Nb, (c) 15-wt/o Nb, (d) 22-wt/p Nb,

(e) pure Nb.

and presumably the (00 ~ 5) are displaced in the
opposite direction. A serious limitation of this
electron diffraction study is the appearance of
diffuse peaks due to multiple scattering. Keating
and LaPlaca' measured the diffuse scattering of
neutrons in the (110) bcc reciprocal-lattice plane
of a Zr, ,Nb» alloy. A striking difference be-
tween the electron and neutron diffraction patterns
is that the (00 ~ 4) diffuse reflection is absent in

the latter. Furthermore, the intensities of the
(10 ~ 3) and (10 ~ 3) are quite different in the neutron
results whereas they appear to be of equal inten-
sity in the electron diffraction pattern. Also clear
in their plot is the existence of extra diffuse scat-
tering in the vicinity of the allowed bcc reflec-
tions.

In a subsidiary work Moss, Keating, and Axe'
using high-resolution inelastic-neutron-scattering

techniques ascertained that the diffuse scattering
at an ~ position (10 ~ 1) was elastic to about 10 '
eV. At this point using a MOssbauer technique
to be described in this paper, Batterman,
Maracci, Merlini, and Pace" showed that the
diffuse scattering has a substantial inelastic frac-
tion, which increases with increasing diffraction
vector.

In a further work Moss, Keating, and Axe"
showed that the elastic central peaks persisted
[for the (10 ~ 3) reflection] to 1273 'K, well into the
single-phase P region. This rather remarkable
result implies a static ~-like structure even at
these high temperatures. In both these works,
i.e., Refs. 9 and 11, it appears in hindsight that
there is a non-negligible inelastic portion to the
scattering at the ~ positions when one includes
scattering shifted as much as 2&& 10 ' eV (20 meV).
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Boric et al."devised an ad Roc model that
matched many aspects of the observed neutron re-
sults presented by Keating and co-workers. Their
model consisted of a fully transformed ~ structure
taking into account that the fixed bcc plane in the co

transformation can be planes B and C as well as A
in our description above. Within the bcc reference
system, (d regions based on invariant', 8, or C
planes are called subvariants. Boric et al.~
treat the co phase as made up of sequences of
small subvariant regions and find that only certain
sequences of subvariants will reproduce the sense
of the experimentally observed shifts of the dif-
fuse peaks. We will come back to this point in the
discussion section. Boric's model does not pre-
dict any diffuse scattering around the bcc posi-
tions.

In order to help gain a more fundamental under-
standing of the +-phase formation we have made
a systematic study of a range of Zr-Nb alloys. We
have measured both the x-ray and M5ssbauer dif-
fuse scattering from samples containing 8-, 12-,
15-, 20-, and 30-wt% Nb.

II. EXPERIMENTAL PROCEDURE

A. X ray

Large single crystals of Zr-Nb alloys were cut
into disks of about 1 cm diameter and 3 mm
thick and slabs 1 x 2 x 0.3 cm' with (111}faces.
These crystals were metallographically polished
and chemically etched to remove surface damage
and strain. "

The x-ray diffuse scattering measurements"
were made using Mo Ka radiation monochromated
by diffraction from a doubly bent LiF crystal of
the Warren-Chipman type. " The scattered radia-
tion was detected with a Nal (Tl-doped} scintilla-
tion detector equipped with a single-channel pulse-
height analyzer. The divergence in primary and
scattered beams was restricted by slits to 0.5'
in the horizontal and 1.4' in vertical directions as
measured by the (555) reflection of a perfect
silicon crystal. The resulting resolution volume
is shown in the insert of Fig. 2. A modified Gen-
eral Electric three-axis diffractometer was
automated and controlled by a PDP-8/e computer
through interfaced stepping motors which drive
28 (counter angle), }( (crystal tilt in a plane nor-
mal to the plane of incidence and containing the
diffraction vector), and @ rotation about the (111)
axis of the crystal.

All experimental data were stored and processed
using a PDP-12 computer equipped with magnetic
tapes, disk storage, and plotters. A series of
programs were developed for various corrections,

resolution volumes
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FIG. 2. Zr-8-wt% Nb. Contour map of x-ray scat-
tering in the (1TO) bcc reciprocal-lattice plane. The
contours represent 2, 3, 5, 7, 9, 11, 13 times 2.5
electron units per atom divided by f~„.The peak inten-
sities of the individual co reflections when greater than
the level 13 are directly given in the same contour
units. In the insert, A is the resolution volume used in
the x-ray measurements. The singly-hatched area is
the section of the resolution volume in the plane of the
figure, and the small cross-hatched area is the section
normal to the figure. The outer contour corresponds to
a level 5 of the maximum. Inserts B and C are the cor-
responding volume el,ements used in the Mossbauer scat-
tering experiments.

conversions and contour map plotting using an
analog recorder equipped with a point-plot pen.

The primary beam intensity was monitored
using the scattering from a block of polystyrene
(C,H, ), at an angle of 28= 41.6' (sin8/X = 0.5 A ')
before and after each experimental run. Primary
beam stability was also checked periodically in
reciprocal space of the crystal.

The scattered intensities were converted to
absolute units (electron units per atom) by deter-
mining the primary beam intensity. This was ob-
tained from a measurement of the integrated in-
tensities of (111)or (200) reflections from an
aluminum-powder sample, "using the same ex-
perimental conditions as with the diffuse scattering
determination. From the experimental value for
the absolute integrated intensity taken from Ref.
16 and the measured integrated powder intensities,
the direct beam could be determined.

The resolution of the scintillation detector did
not allow for electronic discrimination of the Zr
and Nb K fluorescence produced by the primary
Mo K radiation. To determine this contribution
we used a solid state detector with sufficient
resolution to separate the various wavelengths.
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We recorded the scattering from the specimen in
a low-intensity region (sine/X =0.9 A in a (111)
direction). At this point about 12% of the total
scattering was due to Quorescence. This fluores-
cence was measured as certain fraction of the in-
cident power, and could then be used to correct
all data for that particular crystal.

The contribution to the scattering due to the
half-wavelength component of the radiation passed
by the monochromator was checked and was found
insignificant at all scattering angles.

B. Mossbauer

The principle of the M5ssbauer experiment is
described in detail elsewhere. " An experimental
set up similar to that of Batterman et aL" was
used. The source, "Co diffused into a chromium
platelet, had an active area of 6~6 mm' and a
nominal activity of 200 mCi. The absorber was a
stainless-steel foil, 98% enriched in '7Fe, with a
thickness of 1 mg/cm . This combination of
source and absorber is very close to the maximum
of the nuclear resonance absorption when both are
at rest. The fraction of the recoilless y quanta to
the total number of 14.4-keV quanta was found to
be pp 0 62 This value was checked periodically
and minor changes were taken into account.

In order to separate the elastic and inelastic
intensity contributions, M5ssbauer y rays were
measured with and without a resonant absorber
between sample and detector. That portion of the
y rays scattered inelastically, losing energies
greater than the M5ssbauer resonance width
(+2 x10~ eV), will undergo significantly smaller
attenuation in the resonance absorber than the
elastic portion.

Associated with the 14.4-keV nuclear transition
are 120- and 136-keV y-ray lines. These high-
energy y rays can contribute to the count rate in
the 14.4-keV channel. By placing an aluminum
absorber between the source and sample (thick
enough to completely absorb the 14.4-keV line)
a correction can be determined to eliminate con-
tributions from these high-energy y-ray lines.

A significant improvement in the present set up
compared to that described in Ref. 10 is the fact
that the scintillation counter was replaced by a
moderately high-energy resolution solid- state
detector. The lithium-drifted silicon detector had
a resolution of 338 eV Ifull width at half-maximum
(FWHM)] at 14.4 keV. The use of this counter
enabled us to electronically discriminate against
the fluorescence of Nb and Zr excited by the high-
energy y rays. Thus we avoided the use of a
RbC1 filter (necessary in earlier work) which cut
down the total intensity by a factor of approxi-

mately 2. Furthermore, the intensity measured
with the aluminum filter was the same to within
1/0 with the Mossbauer absorber, either in or out.
Therefore, only three instead of four measure-
ments had to be made at one angular setting. Be-
cause of the narrow bandwidth of the solid-state
detector the scattering associated with the 120-
and 136-keV y rays was a factor of 7.5 weaker
than that measured with a scintillation counter,
thus significantly improving the signal-to-noise
ratio. The net effect of the solid-state detector
was to decrease our counting time for a given pre-
cision by roughly a factor of the order of 10 over
the previous setup.
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FIG. 3. Zr-12-w@ Nb. Otherwise same as Fig. 2.

III. EXPERIMENTAL OBSERVATIONS

A. X ray

Diffuse x-ray scattering was measured for single
crystals of Zr-Nb alloys containing 8-, 12-, 15-,
20-, and 30-wt% Nb. These crystals were heat
treated at 1000 C in the P-phase region and then
quenched into room-temperature oil. Figures
2-6 show the measured diffuse intensity distribu-
tion in (110) plane of the bcc reciprocal space.
The measured region includes the (111)axis and
extends to sin8/X=1 A '. The intersections of the
rectangular grid lines represent the bcc reflec-
tions. Before discussing the details of the diffuse
scattering measurements, consideration of a
schematic of this (110) plane shown in Fig. 7 would
be helpful. We show here the relationship between
reflections of the bcc and hexagonal phases. The
(d particles which form with equal probability along
any of the four (111)crystallographic axes of the
P structure are referred to as four + variants.
For a given (110) plane, there are two (111)axes
contained in the plane with an angle of 70.5'be-
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FIG. 6. Zr-30-wt% Nb. Otherwise same as Fig. 2.

FIG. 4. Zr-15-wt% Nb. Otherwise same as Fig. 2.

tween them, corresponding to variants 1 and 3
or variants 2 and 4. In the present case, we
arbitrarily call the &u particles along [111]and
ill] variants 1 and 3, respectively. Only these

two co variants contribute hexagonal reflections
at non-bcc recriprocal-lattice points. However,
each bcc lattice point is also the position for (d

reflections from all four variants. Thus, reflec-
tions due to one + variant occur on the lattice
lines perpendicular to a (111)8axis, along which

the corresponding w particles are propagated.
We have labelled these layer lines l, and l, to
indicate those belonging to the ~, and w, variants.
Note that all co reflections along lines l, =0 and

l, =0 have no contribution in the (1TO) plane be-
cause the phase factor for the displacement k ~ 7
is zero for each respective variant along these
layer lines.

The intensity distributions shown in Figs. 2-6

are in absolute units and are corrected for the
angular dependence of atomic scattering factors
and polarization factors. The Compton scattering
and fluorescence have also been removed. The
same intensity levels and increments are used in
all contour maps in Figs. 2-6 and thus they can
be directly compared.

The intensity distribution from the Zr-8-wt/g-Nb
alloy in Fig. 2 shows very little diffuse intensity.
The (d reflections are nearly as sharp as bcc re-
flections. All & reflections occur at, or nearly
at the calculated hexagonal lattice points. As the
solute concentration increases, the formation of
this highly crystalline co phase is suppressed and
the transformed structure deviates further from
hexagonal. As a result, the diffraction pattern be-
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FIG. 5. Zr —20-wt% Nb. Otherwise same as Fig. 2.

FIG. 7. Schematic of (110) bcc reciprocal-lattice
plane giving indices of hexagonal ~ reflections with sub-
scripts referring to the different ru variants. Symbols &,
L, , + represent the magnitude of the square of the
geometrical structure factor of the ideal u cell and are
9, 4, 1, 0, respectively.
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comes more diffuse as can be readily seen by
comparing Figs. 3-6. As the Nb content reaches
20 and 30-wt%, no sharp &u reflections are ob-
served. Present are only broad, diffuse regions
localized in the vicinity of the hexagonal positions
as well as in the vicinity of the bcc matrix reflec-
tions. For example, the peak intensity of (00 ~ 2)
for 20-wt% Nb is more than 10 times weaker than
that of the corresponding peak in 15-wt%%ug-Nb

sample. Furthermore, note that some + reflec-
tions, which are quite strong for low Nb concen-
trations, are very weak or undetectable in the
20- and 30-wt% samples. No reflections due to
variant 3 are observed in the 20- and 30-wt%%ug

samples except for some weak vestiges in the
vicinity of the (30 2) and (40 ~ 3) ~ reflections.
Note in particular the complete absence of the
(00 ~ 4) reflection in Fig. 5 and 8, whereas it is
quite strong for all the other concentrations.

Also to be noted is the change in shape of the ~
reflections as Nb concentration increases. The
diffuse regions tend to elongate perpendicular to
(111)&-type axes. This is indicative of rod-shaped
co domains with their long dimension parallel to
(111)8axes. By examining the line profiles of the
v reflections, the width (FWHM) gives an estimate
of the average size of coherently diffracting co do-
mains. For our purposes it can be assumed that
the instrumental broadening function is negligible.
From the profiles along the (111)&axis we can get
a rough idea of the long dimension of the rodlike
domains. We obtain 60, 40, and 20 A for the 8-,
15-, and 20-wt% Nb crystals, respectively. This
is in good agreement with Keating and LaPlaca's'
value of 23 A for the 20-wt%%uo alloys.

The diffuse intensity distribution characteristic
of the cv phase in Zr-Nb alloys appears to be
divided into two distinct categories; those for
8-, 12-, and 15-wt%%uo-Nb crystals have rather
similar patterns while the more broad and diffuse
patterns from 20-30-wt% Nb are almost identical
to one another except that the 20-wt%-Nb crystal
exhibits peak intensities (10-15)%%uo higher than the
30-wt%-Nb crystal. The other important and ob-
vious features are the shifts (towards the origin)
of the intensity maxima of the + reflections away
from the hexagonal positions. In the lowest Nb
concentration alloy investigated, 8-wt% Nb, we
can hardly notice any shift. The shift becomes
more significant as Nb content increases and the
(d peaks broaden. The effect is most pronounced
for the 20- and 30-wt%%uo-Nb crystals. Careful mea-
surements show that the shift is parallel to (ill)
direction, not along the radial direction passing
through the origin of reciprocal space. Peak shifts
in Zr-Nb have been observed in electron diffrac-
tion patterns' and were characterized as follows:

The cu peaks shift along lines parallel to various
(111) directions and the shift is away from the
nearby bcc lattice points [Brillouin-zone centers].
For example, the (00 ~ 4) and (00 ~ 5) diffuse
maxima are shifted towards one another and
away from (222)8 and (444)8, respectively. The
(00 ~ 1) and (00 ~ 2) shift in a similar manner.

The present x-ray measurements indicate a
rather different aspect with respect to the peak
shifts. All peak shifts, except for (00 1), were
found to be in the sense towards the origin as is
apparent from the diffuse maps in Figs. 4-6.
These findings have been confirmed by careful
radial scans as well as some detailed localized
intensity distribution measurements where the (d

peaks are compared to bcc Bragg peaks along the
same [00 l] layer line. The present Mossbauer
scattering experiments also indicate the same type
of peak-shift, as will be discussed in Sec. III B.
For 20- and 30-wt%%uo-Nb alloys, (00 ~ 1) is ob-
served to be shifted away from the origin. This
is not shown in the maps since the intensity is
lower than the levels used in the contour maps.
No (00 ~ 1) shifts were detectable in the alloys
with lower Nb contents. For accurate determina-
tion of the peak position we used direct film map-
ping of the reciprocal lattice using a precession
camera and a small single crystal of 15-w Nb
rotating about its (111) axis. Within the optical
measurement error no shift was detected for
(00 ~ 1) .

The amount and sign of the peak maxima shifts
from their associated hexagonal positions cannot
be described by any one model such as the soft
phonon idea of deFontaine et al."and Sass et al."
This model predicts shifts of ru peaks away from
the bcc Brillouin-zone centers corresponding to a
fixed I&K[ in each. This is not consistent with ob-
servation.

The intensities of the Bragg reflections are not
considered in this paper (an extensive neutron
study of the Bragg peaks on the 20-wl%-Nb alloy
has been given by Keating and LaPlaca'). It may
however be noted that the diffuse scattering under
the bcc reflections are almost the same for all
reflections and decrease very slightly with in-
creasing k vector. This is an indication that the
scattering is rather of the type of particle size
broadening than strain induced, because in the
latter case the broadening should increase rough-
ly as 0'.

B. Mo*ssbauer

Mossbauer data were taken in radial runs along
the (111) directions of the same crystals as used
in the x-ray experiments. The results are shown
in Figs. 8-11 for various compositions. Intensi-



5164 W. LIN, H. SPALT, AND B. W. BATTERMAN 13

40 530
1

30-
Intens.

(counts/mst)

20-

IO-

(00'2)

620

(222)p

IIO

t Zr-8% Nb

MOssbauer

t elastic

) inelastic

(00'4) e0- IO.

Intens.
(counts/min)

50- C

reset. vetutee S

$Yt
4!r

(00'2)„

f IIOO

(222)A

Zr - 20% Nb

M()as bauer

I clast(c

t inelastic

300 40 50
i

60
28

It
I

70' 80
IO-

FIG. 8. Zr-8-wta/0 Nb. Elastic and inelastic Moss-
bauer scattering along the O11) direction vs scattering
angle 20. The two dotted lines on the 2~ scale show
expected and observed ~ peak positions. The line with
an arrow indicates the exact hexagonal position. The
other line shows the observed position for the elastic
peak. Peak intensities are given numerically at the
top of the figure. Unl. ess otherwise indicated all Moss-
bauer data are taken with resolution volume B in Fig. 2.

ties in counts/min are plotted versus scattering
angle 2(). Elastic scattering (full circles) and in-
elastic scattering (open circles) were separated
using the "Fe absorber as described in the ex-
perimental section. Since the data were corrected
for electronic and cosmic background only, the in-
elastic portion includes all inelastic scattering,
i.e., brompton scattering and thermal diffuse scat-
tering. The observed peak positions of the elastic
scattering are indicated by dashed vertical lines.
The calculated positions of the ideal hexagonal re-
flections are indicated by arrows on the abscissa.

At 8-wt%%u!!-Nb concentration (Fig. 8) the reflec-
tions are very sharp, in agreement with the x-ray
results and the inelastic scattering is very weak
compared to the elastic. No peak shifts are ob-
served. As the Nb concentration increases, the

0- It I
I !a ! !I I I! I I

Rf 40' sar ea 70' e(f' QO IO()r'

2(tt

FIG. 10. Zr-20-wt% Nb. Otherwise same as Fig. 8.
The complete curve is show'n for the larger volume ele-
ment C (Fig. 2). For comparison we show in the two in-
serts the ~ peaks for the smaller volume elements .

) 7IO

elastic portions of the w reflections clearly de-
crease. An extreme case of this is the (00 4) re-
flection which is virtually zero for the 20- and
30-wt%%u& crystals. Note also that the inelastic scat-
tering behaves in the opposite sense with increas-
ing Nb concentration.

The actual scattered intensities unfortunately
cannot be quantitatively compared for the differ-
ent compositions. Some of the crystals were con-
siderably smaller than the illuminated area at the
sample position, (particularly the 8 and 15 wt%%u&&

and to a lesser extent 12 wt%%uo). The 20- and 80-wt%
samples were large enough to intercept the entire
beam. We show in Fig. 12 the inelastic/elastic in-
tensity ratio as a function of composition for sever-
al u reflections. The results suggest that there
are two regimes in the athermal ~ formation, one
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FIG. 9. Zr-12-wtVp Nb. Otherwise same as Fig. 8. FIG. 11. Zr-30-wt% Nb. Otherwise same as Fig. 8.
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FIG. 12. Mossbauer inelastic-el. astic ratio vs com-
position for various u ref l.ections.

at low the other at high concentrations of Nb. The
transition region is around the 15-wt%%u~ concentra-
tion.

Note the peculiar behavior of the inelastic scat-
tering at the (222)» bcc reflection. At 8 wt% this
inelastic portion is very small compared to the
elastic. As we progress towards 30 wg& the in-
elastic peak increases by almost a factor of 3.5
(this is corrected for sample size differences).
In the 8-wt% alloy this inelastic scattering is most
probably mainly due to thermal diffuse scattering
(TDS). The long-wavelength elastic constants" do
do not change markedly in this composition range
and therefore the thermal diffuse scattering should
not change much between 8- and 30-wt% Nb. (Ac-
tually the elastic constants increase slightly with
increasing Nb concentration. Therefore, if any
change in thermal diffuse scattering should occur,
it should be a decrease for higher compositions. )
Thus, we can conclude that the inelastic scatter-
ing at the bcc Bragg reflections is most probably
due to the large inelastic portions of the ~ peaks
which are coincident with the bcc matrix reflec-
tions.

One rather remarkable aspect of the scattering
is the relative peak positions of the elastic and in-
elastic portions of the ~ scattering as composition
is changed. We see by comparing Figs. 8-11 that
the inelastic portion always peaks within experi-
mental error at the exact u hexagonal lattice posi-
tions. As Nb concentration increases, the elastic
portion of the (00 ~ 2) and (00 ~ 5) shifts further and
further from this exact position towards the ori-
gin. This shift for a given composition increases
for peaks further out in k space. We carefully
checked to make sure that the peak shift of the
elastic portion is not due to a peculiarity in our
resolution volume. We measured the (00 ~ 2) and
(00 5) peaks of the 30-wt%-Nb crystal using a
resolution volume reduced in the (ITO) plane to
about 60 wt%%uq of the resolution volume B. The

FIG. 13. Zr-15-wt% Nb. Uncorrected count rates of
x-ray and total. Mossbauer scattering (I,1+I;„)along the
O11)8 direction. On the abscissa are shown the exact
hexagonal peak positions.

size perpendicular to the (110) plane was about
the same. We found that the peak shifts were still
present in both cases. At first sight the shifts of
the x-ray and elastic Mossbauer peaks are not con-
sistent with one another. However, if we realize
that the x-ray scattering consists of both shifted
elastic and unshifted inelastic contributions the
situation becomes clear. To check this we plotted
the total M'ossbauer scattering (I„+I,„)and com-
pared it with the x-ray scattering for a run in the
(111)»direction. In Fig. 13 we find excellent agree-
ment between both measurements. The differences
in the peak widths are due to the different sizes of
the resolution volumes.

These Mossbauer results give some insight into
a puzzling observation by Keating and LaPlaca. '
They measured the Bragg intensities of many bcc
reflections in a Zr-20-wt%-Nb sample and deduced
from a model both static and thermal Debye para-
meters. They calculated the intensity of the co dif-
fuse reflections based on an ~ structure with a
given displacement parameter to which they added
both static and thermal Debye factors. The best
fit to observation was obtained when the calcula-
tion ignored both the static and thermal Debye-
Waller factors. From our observations, the in-
elastic portion of the u scattering is concentrated
at the ~ positions. Since this inelastic scattering
represents both thermal and slow displacive mo-
tions (which look like static displacements to
Bragg reflections) the total scattering at the +
positions as measured by a nonenergy selective
technique corresponds to the pseudostatic arrange-
ment of atoms. In other works, the static Fe "
plus the diffuse E(1 —e ") contribute in the same
region of k space so the net cu scattering should
go as F, the nominal static value.

IV. DISCUSSION OF RESULTS

The scattering results presented in this paper
pose several new and interesting questions re-
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lated to the nature of the ~-phase transforma-
tion. It was previously accepted that the co diffuse
peaks were all symmetrically displaced away from
the Brillouin-zone (BZ) center and were thus de-
scribable by a displacive (111)wave vector k
somewhat greater than k„corresponding to the
exact u-phase position. Except for the (00 ~ 1)
co peak, the experimental results show that a dis-
placement of all diffuse peaks in one direction is
in fact correct and that symmetrical displacement
about the BZ center is not the case. [For example,
see the conjugate pairs (00 ~ 2)-(00 4) and (20 ~ 3)-
(20 5) in the 15-wt%-Nb sample of Fig. 4.]

The Mossbauer results show that the inelastic
portion of the diffuse scattering is centered within
experimental error at the exact ~ positions, while
the elastic portion is displaced. In general, as
both the diffraction angle and the Nb concentration
increase, the inelastic fraction of the diffuse
scattering increases with respect to the elastic.

The w diffuse x- ray scattering at the bcc Bragg
position does not increase with increasing order
but remains reasonably constant. This implies that
there is little long-ranged lattice distortion due
to ~-particle formation. Such distortion would
produce Huang scattering which would increase
roughly as the square of the diffraction vector.

There are two general approaches to describe
the structure of the ~ phase. In one, we think
in terms of isolated ~ particles imbedded in a
bcc matrix. In the other, we consider the ~ phase
to be generated by a phonon like distortion. Both
approaches have in common that they require
strong correlations between co atom displacements
and the surrounding bcc structure. In addition,
the wave model generates, for particles longer
than a wavelength, a correlation between ~
domains. Boric's" description seems to be some-
what of a link between both extremes.

Consider first an isolated particle description
neglecting any correlation between different v
particles. The ~ phase can be described by a
hexagonal unit cell containing three atoms located
at (0, 0, 0) and + (&, —', , &+ U) stacked in ABCA. . .
sequence. The hexagonal C axis is parallel to
(111)~and the A-A distance is half the body di-
agonal (near-neighbor distance) in the cubic unit
cell. U is a fraction of this distance. For U=O
the structure is cubic. When U=-,' the B and C
layers coincide and the ~ structure is hexagonal,
which we refer to as the full or ideal co phase.
For 0& U&-' the co lattice has trigonal symmetry.

6
co particles may be oriented along the four equiv-
alent [111]zdirections, which are referred to as
variants. Furthermore, there is no a gn'iori
preference as to which layer is chosen as A (i.e. ,
the fixed layer). The structures resulting from
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O. I 8-
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FIG. 14. U parameter as obtained from the ratio of
the diffuse m reflections (00.2) and (00.5) vs composition.

these three choices of fixed planes are called sub-
variants. The structure factor of the co unit cell
which depends on U can easily be calculated. The
structure factors indicated on the + indices shown
in Fig. 7 correspond to full v phase. Note that
along a given layer line, reflections with H-H'
=3N always have the same F' independent of U
value, i.e. , F'(20. 3) =F'(T0.3), F'(00 4)
=F'(3'0. 4), etc.

For a given U value, the ratio of F'„ofany two
reflections can be readily calculated. Conversely,
a U value may be obtained from the experimental
ratio of intensity of two reflections. Figure 14 is
a plot of the U parameter for Zr-Nb crystals ob-
tained from the intensity ratio of two co reflections.
For self-consistency, the ratio of peak intensity
above the background of (00 2) and (00 5) are
used for all compositions. It is interesting to
notice that the U parameters versus composition
form two distinct slopes, again suggesting two
different regimes of v structures, with boundary
between 15- and 20-wt% Nb. We would have pre-
ferred to calculate the parameter from the inten-
sities of the (10 ~ 3) and (TO 3) reflections be-
cause the two reflections correspond to the same
d spacing and therefore any errors involving geo-
metric effects, resolution volume as well as
Debye-Wailer and static displacement factors
affect both in the same manner and are eliminated
by taking the intensity ratios. Unfortunately,
(10 3) is too weak to be measured in the 20- and
30-wt% crystals, but can be obtained from the 8-,
12-, and 15-wt% samples. These Uvalues obtained
are about 0.015 higher than those shown in Fig. 14
from (00 ~ 2) and (00 ~ 5). The difference indicates
some internal discrepancy in the model, which
may be caused by Debye-Wailer or static dis-
placement factors, which affect (00 ~ 5) more than
(00 ~ 2). It is an interesting point that the U param-
eter of the 20-wt9p crystal determined from in-
tegrated intensity measurements of bcc reflections
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by Keating and LaPlaca' is about 0.01 higher than
the one shown in Fig. 14.

Our results for the 8-wtVp-Nb sample show,
contrary to electron microscopy results, "that
this alloy does not have the sixfold symmetry of the
full ~ phase. This is readily evident in Fig. 2
since sixfold symmetry would require (10 ~ 3) and
(TO ~ 3) to be equal whereas they are in the ratio of
2:3.

Although this particle model may be able to de-
scribe the intensities of the (d reflections fairly
well, it does not predict any peak shifts at all.
Boric et al. ' proposed an ad hoc model, which
gave a reasonable fit to the intensities and the
peak shifts. The crystal was considered to be
entirely in the + phase and the variables were the
size and sequence of the three co subvariants. In
the stacking sequence ABCA. . . they call domains
with fixed A, B, or C planes subvariants (dy (472,

and +„respectively. Now they could reproduce
the right sign of the (d peak shifts from the exact
hexagonal positions only if (d, was followed by (d3

and (o3 by &,. The domains were separated by a
defect cell, which they proposed might be a growth
fault. This model, however, fails to predict the
diffuse scattering that is observed under the bcc
reflections.

Much of the interest in the v phase was generated
because of its apparent relation to the more fun-
damental instability of the bcc lattice with respect
to hcp. It is found that the bcc lattice is, in gen-
eral, soft with respect to longitudinal phonons pro-
pagating in a (111)direction with wavelengths 3d», .
(The phonon dispersion has a pronounced minimum
at this or a slightly shorter wavelength. ) A static
longitudinal wave of this precise wavelength would
transform bcc into co. Thus, the suggestion that
the P- (d transition could be related to some kind
of mode softening. The wave model was first pro-
posed by DeFontaine" and has recently been
worked out and promulgated with thermodynamic
arguments by Cook.

If a static sinusoidal modulation is superimposed
on a lattice, "phonon sidebands" will arise sym-
metrically on either side of the reciprocal-lattice
points. Let us assume a modulation of the form

U= (2UJv 3) sin(k„x),

with k„=2v/3d», and let the nodes of the sine coin-
cide with (111)z planes. This static wave then
transforms the bcc structure into + with Uo as the
displacive parameter discussed above. The side-
bands are located exactly at the hexagonal co-phase
positions.

If the observed (d diffuse reflections are centered
off the hexagonal lattice and shifted away from the

and

U =(2U /v3 ) sin[(k +&k)x],

U = (2U/W3 ) cos(&kx) sin(k x) .

The length of the particle was determined by
setting a barrier B so that the boundaries were
given by Bs cos(4kx~) (according to one of Cook' s
models a minimum amplitude is needed for the
formation of a stable cu structure). The variation
of the structure factor along (00 l) was calculated
for various values of U and B both for an indepen-
dent particle and particles randomly arranged
within the confines of a bcc lattice. The results
are summarized as follows: (i) The peak shifts

Bragg reflections, it must be assumed the the
wavelength of the modulation is slightly shorter
than 3d„,. That means

U= (2U,/M3) sin[(k„+4k)x].

Because of the mismatch of lattice spacing and
wavelength of the distortion there will be no per-
fect co structure. The displacements U of the dif-
ferent planes will depend on their position in space
as well as on the amplitude of the wave. If the
mismatch is small enough, however, there will
still be regions of good match, i.e. , almost per-
fect ~ structure followed by regions of mismatch
and vice versa. If we start in a region of good
match which is, let's assume of the ~, type
(fixed A planes), and proceed in space, it can be
easily shown that the next region of good match
has to be of the ~3 type and the next ~. Thus,
this modulation generates a strong correlation
between domains and is exactly the sequence
Boric et al. empirically found necessary to pro-
duce the correct sense of the peak shifts. If &k
is negative (i.e. , the wave vector is shorter than
the exact ur value), then the sequencing of the
subvariants is incorrect. The wave structure and
Boric's model, although similar, are not the
same. Boric's model proposes domains with a
constant U parameter which are separated by de-
fective cells. In the wave model the U parameter
varies continuously and the border between
domains is diffuse rather than abrupt.

We recall from Sec. III that the structure fac-
tors of the cu reflections are strongly dependent
on the U parameters. Now we have to ask whether
it is possible to reproduce the appropriate struc-
ture factors and intensity ratios when the U para-
meter is no longer constant.

In order to test this we did some computer cal-
culations using various models. We calculated the

geometrical structure factor of co particles using
modulations
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are not consistent in all the models. It seems
that the observed peak shifts are generated by cor-
relations between different particles rather than
by correlations between displacements within one
particle (as Cook pointed out). (ii) The ratioI„.,/I„., is not very much dependent on B and
U or on the different models. (iii) I~., (and with
it I~.,/I~. , ) depends strongly on U and B. For
B& 0.8 the results are very similar to those using
a constant U parameter. I«. 4 approaches zero
for U = —,', , i.e., displacements halfway to full ~
phase.

The inconsistency between the observed peaks
shifts and the wave model can be resolved in a
qualitative may. If we postulate that the lattice
spacing in the (111}direction for an u& particle is
somewhat larger than the corresponding spacing
in the matrix (a Bain strain) the e reflections
would be shifted to lower angles. If this shift is
large enough it could dominate the phononlike
shifts and all diffuse peaks would shift towards a
lomer angle. The shift due to the Bain strain
which increases proportional to k would be least
for (00 ~ 1) and, in fact, this is the only diffuse re-
flection shifted towards higher k values consistent
with the phonon model. Our quantitative results
are consistent with this picture, but experimental
errors in peak position determinations are too
large to draw more quantitative conclusions.

The diffuse intensity around the Bragg peaks is
unusual in its constancy irrespective of order of
reflection. The simplest interpretation would be
that of particle size broadening. An independent
particle of finite size would have an interference
function which would be periodic in k space. All
of the & variants can contribute scattering at the
bcc positions, so that directionality in the indivi-
dual contributions would tend to be averaged out
giving more or less circular contours at these
points consistent with observation (see Figs. 2-6).

One of the more intriguing aspects of the present
work is the interpretation of the Mossbauer data.
The data show that the diffuse ~ scattering has
both elastic and inelastic portions, and that the
centroids of the two types of scattering are not
in the same place in k space. The measurement
does not allow the determination of energy spec-
trum of the inelastic scattering. The division be-
tween elastic and inelastic is related to the Moss-
bauer resonance width. All scattered energy
shifted from the primary y ray by more than 2
~10 ' eV is considered inelastic.

From a simple uncertainty principle argument,
one can assign a characteristic time of 10-' sec
or shorter to the scattering entity producing the
inelastic contribution. This clearly implies a dy-
namic situation in which small domains within the

crystal fluctuate between bcc and &-like regions.
The characteristic times are very much longer
than phonon periods and would be quasistatic en-
tities from an x-ray diffraction point of view.

Let us assume that the lowest-energy +-phase
distortion corresponds to a k vector not commen-
surate with the lattice. Cook" has presented ther-
modynamic arguments supporting this contention.
Clearly the experimental results show the diffuse
scattering displaced by k which is greater than
k [at least for the (00 ~ 2} and (00 ~ 4} reflections].
With this assumption, we can get some feeling for
why the inelastic portion is centered at k„(theex-
act ~ positions) while the elastic fraction is dis-
placed. The inelastic scattering which reflects
short characteristic times is no doubt associated
with e fluctuations which are not only short lived
in the time domain, but also are not extended in
space. These short ranged fluctuations will have
ill-defined k values since the length of the particle
is the order of the wavelength. The assumption
that k wave vectors are more energetically fav-
ored than k will apply when k is reasonably well
defined. For the short ranged particles, this is
not the case so that fluctuations of effective wave
vectors larger or smaller than k are equally like-
ly and the scattering centers at the (d positions.
In other words, when the & "particle" is so small,
fluctuations to the &o phase (B and C planes col-
lapsing} are as likely as fluctuations to the anti-
s& (B and C planes moving toward the fixed A
plane} and the scattering centers at the u& posi-
tion. Admittedly, this is speculative, but it is
consistent with the stable fluctuation wave vector.
These arguments have been presented in some de-
tail in a series of papers by Cook."

V. SUMMARY AND CONCLUSIONS

We have measured the x-ray and Mossbauer dif-
fuse scattering of a series of Zr-Nb alloys from
8- to 30-wt% Nb. Above 15-wt% Nb the ~-phase
scattering is quite diffuse and the Mossbauer mea-
surements show a substantial fraction of inelastic
component (energy shift greater than = 2x 10 ' elI).
Substantial diffuse scattering is observed in the
vicinity of the bcc reflections as well as around
the hexagonal ro-phase positions. The former
scattering is centered about the nominal bcc re-
ciprocal-lattice points, and is nearly constant in
intensity for all points. The scattering about the
hexagonal co points is generally displaced towards
lower angles. The displacement is consistent with
the superposition of two effects. One a phononlike
distortion with a wave vector k somewhat larger
than k (the exact hexagonal value) and a Bain type
of lattice expansion of the ~-like particle.
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The elastic Mossbauer diffuse scattering is cen-
tered at the displaced & positions while the inelas-
tic portion is at the exact ~ positions.

A general qualitative view of the bcc to ao trans-
formation is as follows: In the metastable ather-
mal regime (i.e., samples quenched from 1000 C}
and measured at room temperature and below,
local time-dependent fluctuations occur in which
groups of atoms arrange themselves into w-like
regions. The size and time dependence is strong-
ly composition dependent. At 15-wt% Nb and low-
er these regions are quite large and long lived.
One can consider the e regions to approach close-
ly crystalline trigonal particles, especially for
the 8-wt% specimen.

For the 20- and 30-wt% samples the domains of
~ fluctuations are quite small (several bcc unit
cells in extent}. There is a spectrum of character-
istic times (a substantial fraction &10 ' sec) and
sizes associated with the excursions towards the
cu phase from the bcc. A given region of crystal

will fluctuate in and out of an +-like regime. The
entire crystal will have a statistically constant
amount in ~-like regions at any one temperature and
will change reversibly as the temperature is varied.

We do not have a detailed structural model to
explain the varied diffraction effects from these
series of Zr-Nb alloys. We have presented in
this paper some unusual scattering effects from
these a1,loys which are still to be quantitatively
explained.
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