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The structure of the ¢’ extended solid solution in electron transparent areas of a splat-
cooled Ag—50 at.% Cu alloys was examined by transmission electron microscopy. This
phase was usually found to be spinodally decomposed at large grain sizes (= 1 um in
diameter), in contrast to X-ray diffraction data indicating that the v’ solid solution was
undecomposed. A solidification model for rapidly quenched eutectic alloys is proposed
1o account for the observed structure of the splat-cooled alloy. A transformation curve
for the spinodal decomposition of 7' is also calculated and related to predictions derived

from the solidification model.

1. Introduction

Duwez et al. [1,2] examined splat-cooled Ag—Cu
alloys using X-ray methods and reported that
rapid solidification gave a continuous series of
metastable fcc solid solutions (designated ")
with a +1% lattice parameter deviation from the
Vegard line. This experiment is often presented
as a classic example of the production, by splat-
quenching techniques, of a highly extended phase
uncomplicated by extensive solid-state transforma-
tion or competing solidification reactions [3].
However, Stoering and Conrad [4] conducted a
detailed electron metallographic examination of
the structure of splat-cooled Ag—50at.%Cu
foils and they concluded that the ¥’ phase invar-
iably decomposed during quenching: results re-
ported by other investigators [5,6] appear to
confirm this conclusion. Any fine-scale structure,
of the type described by Stoering and Conrad
[4], in the transformed v phase would probably
not be detected by the X-ray methods used by
Duwez et al. [1,2]. Hence it has not been demon-
strated that a homogeneous untransformed 7'
phase can be retained at room temperature by
splat-cooling concentrated Ag—Cu alloys, despite
the frequent supposition to the contrary.

© 1977 Chapman and Hall Ltd. Printed in Great Britain.

Stoering and Conrad’s [4] observations also
suggested that the v phase transformed both by
a nucleation and growth reaction and by spinodal
decomposition, the latter evidently being favoured
at the higher solid-state quenching rates obtained
by cooling the quenching substrate with liquid
nitrogen.

An electron metallographic investigation of the
microstructures of a splat-cooled Ag—50at.% Cu
alloy was therefore undertaken with the view to
ascertaining whether or not untransformed 7'
could be retained at room temperature, and to
obtaining positive evidence for the spinodal
decomposition of y'. It was also hoped that if
spinodal decomposition occurred during quench-
ing, then it would be possible to compare the
observed characteristics of the transformed micro-
structures with theoretically predicted values of
the same characteristics, thereby yielding estimates
of solid-state cooling rates during splat-quenching.
Moreover, efforts were made to calculate cooling
rates at the solidification temperature by correlat-
ing as-solidified eutectic structures, observed in
the splat-cooled foils, with similar structures
formed under known conditions. Taken together,
these calculated cooling rates in the solid and

1879



liquid states should give some indications of the
complete thermal histories of particular foil areas.
Surprisingly, investigators have hitherto only
concentrated on calculating splat-cooling rates
at the solidification temperature from properties
of assolidified eutectic or dendritic [7] struc-
tures.

2. Experimental

Several foils of a high purity Ag-50at.% Cu
alloy were prepared by splat-cooling 200mg
charges of the molten alloy on to a liquid nitro-
gen cooled, copper substrate. A ‘‘gun” type
quenching device [8], with the quenching cham-
ber maintained at =107 torr, was used. Examina-
tion of the foils by X-ray powder diffractometry
and transmission electron microscopy was, in some
cases, initiated within 10 to 20min of splat-
cooling. In other cases, the foils were allowed to
age at room temperature in a vacuum of 107 torr
prior to examination by the same methods. The
X-ray data were obtained with monochromated
Cug, radiation, pulse height analysis and a con-
tinuous scanning speed of 1/8 deg. min™! and the
electron metallographic observations of unthinned
foils were made at 200kV with a JEM200 STEM
instrument.

3. Results and discussion

3.1. X-ray Diffractometry

Fig. 1 contains a typical X-ay diffractometer
trace for an as-quenched Ag—50at.% Cu foil over
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Figure 1 Typical Xray diffractometer traces of a splat-
cooled Ag—50at.%Cu foil: upper trace, as quenched;
lower trace, aged 4 months at room temperature. See
Table I for lattice parameters of indexed phases.
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the 20 angular diffraction range within which the
(111) and (200) reflections of all the co-existing
phases arose. In order to illustrate the presence of
small volume fractions of several minor phases, a
chart recorder fullscale deflection range that
corresponded to 1/5 of the maximum signal was
used. The proposed indexing of the various reflec-
tions are represented by vertical lines drawn using
the calculated lattice parameters summarized in
Table [. Wherever possible, these parameters
were determined by means of a least-squares
refinement of the diffraction data with 20 angles
greater than 90°. The trace demonstrates that the
as-quenched foils were predominantly composed
of the v’ phase (zo = 0.3878 +0.0003 nm) with
a strong (111) preferred orientation. The ' peaks
were broad, indicating that decomposition may
have occurred, but diffraction intensity attribut-
able to a precipitated phase or transformation
structure could not be resolved. The second trace
given in Fig. 1 was obtained after ageing the as-
quenched foil at room temperature for four
months and it is observed that the v’ phase had
completely decomposed to the equilibrium « and
8 fce solid solutions.

The reflections corresponding to less super-
saturated phases that also arose in the as-quenched
foil were not particularly well defined, but they
could be described in terms of &', 8’, y' and 7"
phases (see Table I for lattice parameters). Fig. 1
shows that the o' and §' reflections remained at
the end of the ageing treatment so the o' and §'
phases are probably the consitutents of the discon-
tinuous precipitation reaction that has been de-
scribed by Stoering and Conrad [4]. The reflec-
tions indexed as arising from 8" and " phases dis-
appeared upon ageing, indicating that these two
solid solutions may be related. Stoering and
Conrad [4] noted the apparent absence of a Cu-
rich phase in association with their y" phase,
formed as a result of the partial decomposition of
7', and it is possible that 8" is the missing Cu-rich
phase.

3.2. Transmission Electron microscopy
3.2.1. As-quenched foils

The grain size in electron-transparent regions of
as-quenched foils was observed to vary over about
three orders of magnitude, from == 3 nm to =2 um.
This remarkably large variation implied that the
phases present experienced a wide range of ther-
mal histories and this inference was confirmed by



TABLE I Summary of f¢c phases identified by X-ray diffraction in splat-coocled Ag—350 at. % Cu foils.

Phase Lattice parameter (nm) Occurrence (this study) Description
Observed Reported Reference as-quenched  aged 4 months
at 294K

v 0.3878 + 0.0003  0.3876 + 0.0003 [1,2,4,6,9] \/ 1% deviation from
Vegard’s Law

¥’ 0.3925 + 0.0009  0.3953 + 0.0006 [4,6] v 3% deviation;
decomposed v’ [4]
arises with 8" (2)

@ 0.4051 + 0.0007  0.4063 = 0.0009  [6] N equilibrium Ag
terminal solid
solution

o 0.4030 = 0.0009  0.4030 + 0.0010 {4, 5] N4 NG discontinuous
reaction product
[4, 6] ; arises with §’

8 0.3628 = 0.0003  0.3627 = 0.0007  [6] N equilibrium Cu
terminal solid
solution

g 0.3644 = 0.0008  0.3653 = 0.0008 [4,5] v NG discontinuous
reaction product
[4, 6]; arises with «'.

g’ 0.3679 + 0.0008 N possibly the missing

Cu-rich phase arising
with " [4]

the observation of a variety of grain morphologies
and microstructures. Generally speaking, the
observed structures could be classified according
to the grain size as follows: (a) coarse-grained
material (grain diameter ~1um); (b) medium
grainsized material (grain diameter ~0.1 to
0.01 um); and (c) fine-grained material (grain
diameter 20.003 um).

The coarse-grained material could be examined
in detail and the only significant complication
observed in microstructures of this type was that
spherical eutectic cells were occasionally found
to be embedded within the large-grained material.
The morphological characteristics of the large
grains and the eutectic cells will be discussed in
Sections 3.2.1.1 and 3.2.1.2 respectively.

Material with an intermediate grain size was
usually observed to be faulted or twinned or
distorted to such a degree that it was impossible
to identify the phases present and their morpho-
logies. Detailed examinations of some of these
complex structures were carried out but the
results obtained will not be presented in this
communication as they do not bear heavily upon
the present discussion.

* BF = Bright field

The very small grain size of the fine-grained
material precluded a detailed investigation of its
structure by transmission electron microscopy.
However, two types of fine-grained material,
distinguishable by their diffraction effects and
imaging properties, were identified. These two
structures were found to compise 7y’ and (possibly)
v" phases, respectively, and Sections 3.2.1.3 and
3.2.1.4, deal with their morphological character-
istics. Finally, 8", the remaining metastable
phase detected by Xray diffractometry, could
not be located by transmission electron micro-
scopy so the morphology of this phase was not
investigated.

3.2.1.1. Coarse-grained material. Foil areas com-
posed of large (=1um diameter) grains were
frequently located and BF* micrograph of a typical
example is reproduced in Fig. 2a. It was noted
that these large grains were often elongated
(Fig. 2b) and that more equiaxed grain morpho-
logies gave symmetric extinction contour patterns
when the electron beam was exactly parallel to
certain crystallographic directions (Fig. 2c). The
former observation implied that a large heat flow
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Figure 2 Coarse-grained material: BF micrographs of (a) typical grains, (b) elongated grains, (c) a lens or dome-shaped
grains with symmetric extinction contour patterns (d) typical SADP, [100] zone axis, could be indexed in terms of v’

(@, = 0.388 + 0.006 nm).

component in the plane of the foil was established
during the solidification of the large grains [10].
The latter observation indicated that roughly
equiaxed grains were dome- or lens-shaped, due
to radial solidification from a nucleation site
located within the grains and either adjacent to a
foil surface (for dome-shaped grains) or removed
from the surface (for lens-shaped grains). All the
single crystal SADPs* taken from the large grains,
such as the pattern shown in Fig. 2d for a{100)
zone axis, could be indexed in terms of the v/
phase with a lattice parameter of 0.388 £ 0.006
nm.

The 7' grains shown in Fig. 2 revealed weak
mottling and their accompanying SADPs contained
diffuse diffracted intensity around matrix reflec-
tions. A detailed investigation of the origins of
these effects was undertaken. However, preliminary
results indicated that a very thin epitaxial oxide
layer had frequently formed on the surfaces of v'
grains during splat-cooling and this oxide was
observed, on occasion, to mask the underlying +'

*SADP = Selected area diffraction pattern.
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structure. The morphology of the oxide was de-
pendent on the crystallography of the v free sur-
face so in order to avoid confusion it was necessary
to examine grains with surface normals that were
parallel to specific ¥’ directions, and to the beam
direction. Observations were made with {100},
{110} and (1 11) zone axes parallel to the beam,
but since adequate examples of the observed dif-
fraction and imaging effects are provided by SADPs
and micrographs taken in (1 00) orientations, ex-
amples corresponding to {1 10} and <1 11) orien-
tations will not be presented. Furthermore, so as to
prevent misinterpretation of the diffuse scattering
effects, it was necessary to record diffraction pat-
terns taken with precisely orientated ' grains.

The dome- or lens-shaped grain morphology
facilitated the tilting-up of exact crystal orien-
tations because it was a simple matter to establish
symmetric contour patterns within the ¥ grains.
In cases where the grains did not have convex sur-
faces it was necessary to obtain the required orien-
tations by tilting the foil so as to equalize the



intensities of several high-order reflections that
were symmetrically disposed about the transmitted
beam. Unfortunately, the observed Kikuchi pat-
terns were very weak and could not be used to
establish exact orientations.

SADPs taken in (1 00),' orientations, as for ex-
ample the pattern of Fig. 2d, revealed crosses of
diffracted intensity centered on the transmitted
beam and all the v’ reflections, with the arms of
the crosses in cube directions. These crosses are
shown more clearly in the enlargements (Fig. 3) of
the (004) and (02 2) v’ reflections of the pattern
provided in Fig. 2d: it can be seen that the crosses
comprise triangular-shaped sidebands. The tilting
procedures outlined above ensured that exact crys-
tal orientations were established, so the sidebands
did not correspond to the intersections of continu-
ous rel-rods with a slightly misoriented reciprocal
lattice section. There was a small asymmetry of
the sideband intensity in a given cube direction
due to the presence of the epitaxial oxide layer. In
the case of a [100] zone axis, this layer was

Figure 4 Partially decomposed v grain corresponding to
the SADP of Figs. 2d and 3: (a) BF micrograph, (b) DF
micrograph (both [100] ' zone axis parallel to beam
and foil normal), (c¢) enlargement of dynamical 2-beam
area of (b),g=(002).

*DF = Dark Field.

022

Figure 3 Enlargements of the (004) and
(02 2) ' reflections of Fig. 2d.

observed to produce regions of diffuse intensity on
the low diffraction angle side of the y' reflections.
Identical diffraction effects have been reported to
arise from thin epitaxial Cu, O layers on the {200}
surfaces of copper crystals [11]. These regions of
weak intensity, combined with those produced by
double diffraction, frequently modified the side-
band intensities in the manner demonstrated by
the enlargements of Fig. 3.

Fig. 4 gives BF and DF™* micrographs of a large
7' grain with wide {002} type extinction contours
running across the grain. Weak contrast striations
in (100, directions can be observed in dynamical
regions near the contours. It was noted that the
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high-resolution (tilted illumination) DF image re-
vealed the striations over a larger area than the
corresponding BF image and an enlargement of a
dynamical region of the DF micrograph of Fig. 4b
is reproduced in Fig. 4c: the zone axis is (1 00),,
the reciprocal lattice vector of the operating reflec-
tion g =(002), and the striations are normal to g.
An orthogonally orientated set of striations arose
in the same grain with g =(020) and the average
striation spacing Aeyp for both sets was estimated
tobe 5.5 1.5nm.

While it is appreciated that fine scale microstruc-
tures developed as a result of nucleation and growth
processes generally cannot be distinguished met-
allographically, or on the basis of electron diffrac-
tion patterns, from spinodally decomposed struc-
tures [12], nevertheless it is possible to examine
whether or not the observed imaging and diffrac-
tion effects can be consistently interpreted in terms
of the latter type of structure. The Fourier spectrum
of a spinodally decomposed, compositionally
modulated crystal has two components, namely a
radial component describing the range of wave-
lengths and a tangential component describing the
range of orientations of the modulations [13].
These two components could give rise to the
crosses of diffuse intensity shown in Fig. 3 [12].
It will be assumed that the wavelength of the radial
Fourier component receiving maximum amplifi-
cation),, isequal to the wavelength A4, calculated
using the Daniel—Lipson relation [14],

_ aoh tan 8 )
VE + K+ 12)A0

7\calc

where Af is the observed angular separation be-
tween the sidebands and the main {h k I} reflection,
0 is the diffraction angle of the main reflection,
and a, is the lattice parameter of a cubic crystal.
This expression gives an average calculated Aqye Of
5.0 + 1.0 nm for several reflections of the SADP of
Fig. 2d and an average A\oge of 54 £1.2nm for
SADPs taken from five other striated ' grains in
different foils. The errors in the A.ye values
calculated from Equation 1 are considerably smaller
than the errors in Aep wavelengths estimated
from micrographs because the latter are subject to
large microscope calibration errors and measure-
ment errors [15].

Compositional modulations produced by
spinodal decomposition frequently develop net
matrix contrast in the elastically soft directions of
the matrix ({100} in the case of ") [15]. Hence
1884

the observations, in BF and DF micrographs, of
{100} striations that are produced by strain con-
trast effects and which have average separation dis-
tances Aexp approximately equal to A.ye suggest
that the y' phase spinodally decomposed. More-
over, both Aexp and Ay were found to be con-
stant, within experimental error, throughout foils
that had been splat-quenched to 150K and ex-
amined after ageing at room temperature for
2 x 10%s, this being the total time required to
mount the foils in the microscope and to sub-
sequently locate a suitable area.

3.2.1.2. Eutectic cells. Occasionally, spherical
eutectic cells, composed of radially diverging
lamellae of the terminal o and § phases, were
observed to be embedded within partially de-
composed 7’ grains identical to those described in
the preceding Section. Fig. 5 shows typical ex-
amples of the cells and also demonstrates the
tendency for the ¥' grains surrounding the cells to
be elongated in directions normal to the boundaries
between the thin electron-transparent area and the
adjacent thicker regions. The eutectic cells should
not be confused with the discontinuous precipi-
tation reaction products described by Stoering and
Conrad [4] because the latter were reported to (a)
nucleate at 4 grain boundaries, (b) consume 7'
grains which had partially decomposed during
splat-quenching to give Ag-rich clusters in a Cu-

Figure 5 Eutectic cells embedded in partially decomposed
v’ phase.



Figure 6 Fine-grained material; v’ phase: (a) BF micrograph, (b) SADP (c¢) DF micrograph, all with foil normai parallel

to beam, (d) SADP with foil normal at 45° to beam.

rich matrix,and (c) comprise irregularly distributed
o' and ' phases. The average interlamellar spacing
of the cells was estimated to be 30 = 5 nm, and this
dimension will be referred to in subsequent sections
dealing with the cooling rates experienced by the
splat-quenched foils and the solidification behav-
iour of representative foil areas.

3.2.1.3. Fine grained material: v' phase. A bright
field (BF) transmission electron micrograph of the
first type of very fine-grained material is given in
Fig. 6a together with the corresponding selected
area diffraction pattern (SADP) and a dark field
(DF) image taken by tilting the illumination so
that a portion of the first ring of diffracted inten-
sity passed through a 20um objective aperature.
The DF image shows that the 7' grain size is ap-
proximately 3 nm. The microdensitometer trace of
the SADP (Fig. 6b) is the lower curve shown in
Fig. 7. This curve could be satisfactorily indexed
in terms of the ' phase with a lattice parameter of
0.388 £ 0.006 nm, in agreement with the X-ray
results,

Tilting the foil gave SADPs containing arcs of
intense diffracted intensity with the arcs lying on
ellipses (Fig. 6d), indicating that the fine-grained
7' is strongly textured. Moreover, DF images taken
in these tilted orientations showed elongated
grains, The fine grained 7y therefore arose as

111” ‘2'00 ‘ ¥ a,=0-400nm
lx a,=0-388nm
(\,\
220 3n
! \ | 222
. \ \ z’ \ !
.g "‘/ \
E \ N 331
\\/ \ | 420
i I J
0 02 01

d,nm

Figure 7 Microdensitometer trace of SADPs of (a) Fig. 6b;
v phase, and (b) Fig. 8b; v structure.
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columnar grains with preferred growth directions
normal to the foil surfaces.

3.2.1.4, Fine-grained material: " phase. A BF,
DF, SADP set given by the second type of fine-
grained material is reproduced in Fig. 8 and a
microdensitometer trace of the SADP is the upper
curve plotted in Fig. 7. The SADP could not be
indexed exactly in terms of any of the lattice para-
meters for the various fcc phases that were detected
by X-ray diffractometry (see Table I) or have been
reported to arise in splatcooled and vapour-
quenched foils (6). Equally unsuccessful were
attempts to index the pattern by assuming (a) that
{200}, {220} and {111} texturing, or combi-
nations thereof, were present, and (b) that the
polycrystalline ring pattern was based on numer-
ous, overlapping single-crystal v’ patterns character-
ized, as has been shown above, by sidebands dis-
posed symmetrically around matrix reflections.
Nevertheless, an indexing in terms of the v” phase
(4o = 0.400nm) was the most satisfactory and
Fig. 7 gives vertical lines at positions corresponding
to the calculated diffraction angles of the various
reflections for this phase. However, it must be
emphasized that the proposed indexing only rep-
resents an approximate, but convenient, description
of the second type of fine-grained structure because
the observed positions of all the peaks of the
microdensitometer trace are not equal to the calcu-
lated positions of the appropriate " reflections.
The micromorphology of the very fine-grained
7" structure was markedly different to that for the
fine-grained v’ phase. In particular, DF images
showed the y" grains to be extended in the plane

Figure 8 Fine-grained material; " structure: (a) BF
micrograph, (b) SADP, (c) DF micrograph, all with foil
normal parallel to beam.
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of the foil while weak intensity variations in SADPs
indicated that the elongation direction was parallel
to a preferred {100} " growth direction. The "
phase therefore arose as columnar grains lying in
the plane of the foil, rather than extending normal
to it as was observed to be the case for the ¥’
phase. Since the preferred columnar growth direc-
tion is generally parallel to the predominant heat
flow direction, this difference implies that heat re-
moval normal and parallel to the foil surface gave
rise to the ' and 7" micromorphologies respect-
ively. The significance of this observation in
relation to the structure and origin of the y" ma-
terial will be expanded upon in Section 4.3.

3.2.2. Foils aged at room temperature

Extended room-temperature ageing of the partially
decomposed ' phase gave gradual increases in the
striation spacing and contrast, and accompanying
decreases of the radial sideband separation and
tangential sideband intensity. For example, the
two-beam image of Fig. 9 ([100] zone axis, g =
(002)), taken after an ageing time of three weeks,
shows clearly resolved stirations in BF. The average
striation spacing was 7.0 £ 1.5nm, in agreement
with Agye value of 7.6 £ 1.0nm calculated from




Figure 9 Coarsened spinodal structure obtained by ageing
the as-quenched, partially decomposed v’ phase at room
temperature for 3 weeks: BF image; [100] zone axis,
g=(002).

the sideband separation of the corresponding
SADP. It therefore appears that the as-quenched y'
structure has coarsened to give more widely separt-
ated modulations with a smaller range of orien-
tations.

Further ageing led to the development of large
regions of diffuse diffracted intensity. In particular,
{20 0}reciprocal lattice sections revealed unusually-
shaped crosses at matrix reflections, as for example
in the SADP of Fig. 10a obtained after three
months ageing at room temperature. The enlarge-
ment of a {200} reflections (Fig. 10b) shows that
the crosses at {200} reflections are composed of

diffuse streaks in (1 10} directions and triangular
shaped intensity regions extended in (1 00 direc-
tions: the streaks are centred on points lying on
the low diffraction angle sides of the triangular
shaped regions. The SADP can be indexed in terms
of coherent Cu-rich zones in a tetragonally distorted
Ag-rich matrix. The plate-like zones lie on {200}
matrix planes and give rise to lattice distortions
that are manifested by strain-diffuse rel-rods in
{110} directions. Two-beam micrographs taken at
this stage, as for example, the BF image of Fig.
10c corresponding to a (1 1 0) orientation with g =
(022), revealed contrast striations along the traces
of {110} planes. In all cases, these “basket-weave”
striations behaved as if there were lattice displace-
ment vectors in {1 10 directions, parallel to the
(110 strain-diffuse rel-rods. Hence extended
room-temperature ageing changed the direction of
lattice displacement from {100}, to <11 0)y.

The BF image of Fig. 11 was obtained after
ageing for four months and it can be seen that
light-contrasting Cu-rich particles had formed in a
dark-contrasting Ag-rich matrix. The accompanying
SADP could be satisfactorily indexed in terms of
the @ (Ag-rich) and 8 (Cu-rich) terminal solid sol-
utions with (00 2), (00 2)s planes approximately
normal to the beam direction and [100],l
[100]g. The BF micrograph showed a tendency
toward alignment of the f particles in (100,
directions and the separation between the rows of
particles was 7.5 £ 1.0nm.

It is relevant to note that Stoering and Conrad
[4] argued from their bright-field electron met-
allographic observations of dark-contrasting regions

Figure 10 Tetragonally distorted structure obtained after
3 months’ ageing at room temperature; (a) SADP, [100]
zone axis, (b) enlargement of the (0 0 2) reflection, (c) BF
image (g = (022), zone axis near [110], shows contrast
striations parallel to {1 10} traces.

1887



Figure 11 Equilibrium g phase particles in an « matrix obtained after 4 months’ ageing at room temperature; (a) SADP,

[100] zone axis; (b) BF image showing particle alignment.

in a light-contrasting matrix of v’ that Ag, rather
than Cu, clustering occurred during the decompo-
sition of large v’ grains. However, as was discussed
above, epitaxial oxide layers on the surfaces of 7'
grains were observed in the present investigation.
These layers probably formed during splat-cooling,
even though quenching was conducted in a vacuum
with a graphite susceptor that gettered oxygen.
Since Stoering and Conrad employed considerably
more oxidizing splat-cooling conditions, it is likely
that their foils were heavily contaminated. As a re-
sult, they probably misinterpreted contrast effects
due to the oxide as originating from Ag-rich clus-
ters. This being the case, it may be necessary to re-
consider many of their conclusions drawn from
correlating X-ray and electron metallographic re-
sults. A complete re-examination of Stoering and
Conrad’s results lay outside the scope of this inves-
tigation.

In summary, the electron metallographic obser-
vations obtained in the present study showed that
the extended ageing of the as-quenched modulated
structure gave morphological changes similar to
those observed in other systems [16] during the
coarsening and subsequent equilibration of struc-
tures which most likely arose via spinodal decom-
position. These changes involved the slow devleop-
ment of a tetragonally distorted structure followed
by the rapid formation of spherical §-phase par-
ticles, with dimensions that were of the same order
of magnitude as the original compositional modu-
lations. The observed structural and transfor-
mational characteristics of the striated v’ phase are
therefore fully consistent with those expected for
a spinodally decomposed structure.
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4. General discussion

4.1. The Metastable Ag—Cu Phase Diagram
Silver—copper alloys form a simple eutectic system
between Ag-rich o, and Cu-rich § fce solid solutions
and the equilibrium phase diagram (Fig. 12) given
by Hansen [17] is well established. Since the
atomic radii of Ag and Cu atoms differ by only
12%, and the « and § phases are both face centred
cubic, it is reasonable to assume that the solid free
energy curve is continuous, though “humped” at
large solute concentrations over a temperature
range extending from the eutectic temperature T'g
to absolute zero [7, 18]. In this event, there will
be a metastable, solid state, miscibility gap which
has been constructed on the equilibrium phase

At.% Cu

Figure 12 Ag—Cu phase diagram with extrapolated
miscibility gap, spinodal curves, 7', lines for massive
solidification and coupled zone for co-operative eutectic
growth.



diagram of Fig. 12 by extending the a/a + f and
/o + 8 solvi. The chemical spinodal given in the
diagram was then calculated using an expression
developed by Cook and Hilliard [19] namely:

C, = C, +(C, — C)H[1 + 0.422T/T,]

where C; and C, are the compositions of the
chemical spinodal and the miscibility gap limits at
a temperature T, while T, and C, are the tempera-
ture and composition of the critical point. The
compositions of the chemical spinodal at Tg,
which were obtained from this application of the
Cook—Hilliard relation to graphical extrapolations
of the equilibrium solvi, agree well (to within
* 5at. %) with the compositions determined from
Sundquist’s [18] calculated curve for the free
energy of the 7' solid solution at Tg. Finally, the
equations and parameters detailed in the Appendix
were used to estimated the coherent spinodal
curve.

The minimum supercooling, below the equilib-
rium melting point, required for the solidification
of the 7' phase is given by the T, line [7]. This
line is the locus of points defining the temperature
at which solid and liquid of a given composition
have the same free energy, and it represents an
upper limit of the temperature for the “massive”,
composition-invarient solidification of y'. The T
curve given in Fig. 12 was plotted as follows: the
compositions of the curve at the eutectic tempera-
ture Tg were estimated by superimposing Sund-
quist’s calculated solid free-energy curve and a
liquid free-energy curve. The latter was obtained
by displacing the experimental free-energy curve
[18, 20] so that the common-tangent construction
gave the equilibrium eutectic composition (39.9 at.
% Cu). The intersections of the solid and liquid
free-energy curves gave the compositions of the two
alloys with the same free energies in both the liquid
and solid states. Finally, straight lines through the
points corresponding to these compositions, and
through the points defining the melting points of
the pure components, were extrapolated below Ty
in the manner shown in the phase diagram (Fig.
12).

The conditions required for the growth of the
second solidification product described in this
communication, namely the eutectic cells, are
given, phenomenologically, by the coupled zone
[21]. This zone defines the temperatures at which

alloys of various compositions can solidify by the
co-operative growth of the terminal « and 8 phases.
Fig. 12 includes two Ag—Cu coupled zone bound-
aries between Tg (1058 K) and 980K that have
been determined by Jones et al. [22]. Structures
comprising massively solidified v’ grains, without
coexisting eutectic cells, were often found through-
out large volumes of the splat-cooled foils examined
in this investigation. This result indicates that it is
realistic to suppose there to be a third coupled
zone boundary, defining temperatures below
which alloys of various compositions form
insignificant amounts of the eutectic solidification
product. The two experimentally determined
boundaries will therefore be referred to as “upper”
coupled zone boundaries TSz. These boundaries
probably tend to converge at high undercoolings
due to kinetic effects [23] and they will merge
into the third, or ‘lower’ boundary Ty as is
shown in Fig. 12.

The lower coupled zone boundary plotted in
this figure was caiculated by applying classical
nucleation and growth theories. Uhlmann [24] has
summarized the equations that can be derived,
using these theories, for the nucleation and growth
rates of a solid phase in an undercooled liquid
phase. These equations can be used to calculate
the time required for the solidification of a
selected, but small (< 10%), volume fraction of
solid if it is assumed that the liquid cooled instan-
taneously to a particular solidification tempera-
ture and thereafter crystallized by the isothermal
nucleation and growth of solid. In the case of
splat-cooled Ag—Cu alloys, since the examination
of micrographs containing images of co-existing
massive and eutectic solidification products
showed that these products appeared to have
nucleated independently, it was further assumed
that there were two independent solidification
reactions involving the crystallization of eutectic
cells and of massive v’ grains. Time—temperature—
transformation curves were calculated for the
solidification of 1vol% of the two products and
these “start” curves are shown in Fig. 13 for the
Ag—50at.%Cu alloy. The equations and the
values of the material parameters used in cal-
culating these T—T—T curves are detailed in the
Appendix,* A reasonable, bui arbitrarily drawn,
estimate of the completion or “finish” curve for
the massive reaction has also been plotted and a
comparison of the eutectic “start” and massive

*Note that the transformation curve labelled “eutectic” was derived assuming somogeneous nucleation whereas the
coupled zone relates to the co-operative growth region and is not specific about nucleation.
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Figure 13 Time—temperature—transformation diagram for
an Ag—50at.% Cu alloy: superimposed: continnous lines
are cooling curves for Newtonian conditions with
indicated values of N =h/pcd; likely departures from
calculated cooling behaviours for constant foil thickness
d are indicated by dashed lines. Calculated spinodal
“start” curve assumes retention of the melting-point
vacancy concentration.

“finish” curves demonstrates that less than about
1vol% of the eutectic product is predicted to
form upon complete solidification at 800 K. This
temperature represents an estimate of the tempera-
ture T&z of the lower coupled zone boundary for
the equiatomic alloy and similar considerations for
other alloys gave the complete lower boundary
given in Fig. 12. It should be noted that T&y is
weakly dependent on the eutectic volume fraction
taken to correspond to the limit of the coupled
zone so there is only a small error in 7%y on
assuming the fraction of eutectic cells to be 1%,
rather than say 0.01%. Besides, larger errors are
introduced by the approximations made in cal-
culating the nucleation and growth rates, and by
the assumption that solidification under splat-
quenching conditions occurred isothermally
instead of during continuous cooling.

4.2. The spinodal decomposition of the v’
phase

Fig. 13 also gives time—temperature—transfor-
mation curve for the “start” of the spinodal de-
composition of ', calculated using expressions
developed by Cahn [25] and Hilliard [26] . Details
of the calculation are summarized in the
Appendix. The most important assumption
invoked in applying Cahn’s linear theory of
spinodal. transformation, related to the vacancy
concentration at the ageing temperature. In
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particular, there was assumed to be retention, at
the transformation temperature, of the vacancy
concentration at the equilibrium melting tempera-
ture Ty,. This is a realistic assumption because it
can be shown that the vacancy diffusion distance
in the 7 phase during splat-quenching is typically
less than 5% of the thickness of the grains
examined by electronmicroscopy under two-beam
imaging conditions. Hence 7' grains that were ob-
served to have spinodal transformed probably con-
tained a large non-equilibrium vacancy concen-
tration which served to accelerate the transfor-
mation.

Ruhl [27] has shown that the cooling rate T
from the solidification temperature Ty, to T,
where T’ is the temperature given by (7' — Ts)/
(T — T,)=20.25 for a substrate temperature T,
are well described by the equation

T = LE (T—T,).

oed @

This equation can be derived by assuming that
Newtonian cooling conditions prevail during the
quenching of a foil of thickness d, specific heat ¢,
density p, and heat-transfer coefficient 4, at the
foil—substrate interface with heat flow normal to
that interface. Below T, Ruhl’s [27] calculated
cooling rates with decreasing temperatures became
increasingly smaller than the rates given by
Equation 2. Newtonian cooling curves for various
values of N = h/pcd, are superimposed upon the
transformation diagram of Fig. 13, together with
arbitrarily drawn, but reasonable, curves describing
the decreasing cooling rates predicted for tempera-
tures below 7. This figure now demonstrates that
N values greater than 1sec™ (< 10K sec™ from
Equation 2) are required for spinodal decom-
position to occur during continuous cooling. The
same conclusion can be reached by calculating
directly the critical cooling rate below which a
reasonable amount of spinodal decomposition
takes place during the quench [28].

Moreover, reference to Fig. 13 shows that
cooling rates large enough to form single phase 7'
structures (i.e. structures which do not contain the
other experimentally observed solidification
product, namely the eutectic cells) would not lead
to a significant amount of spinodal decomposition
during continuous cooling. For example, if N >
103 sec™ (Curve A in Fig. 13) then it is predicted
that an insignificant amount (less than 1vol %) of
the eutectic product would be formed during



splat-cooling. This value of N corresponds (from
Equation 2) to a critical cooling rate T, = 10® x
(820 — 150) =7 x 10° Ksec™! at the solidification
temperature (820K), or a rate of 10% x (610 —
150) =5 x 10° Ksec™® at the coherent spinodal
temperature. The latter rate is two to three orders
of magnitude greater than the maximum cal-
culated cooling rate (10% Ksec™) for the spinodal
decomposition of y' during continuous cooling
and is in apparent disagreement with the obser-
vation that single-phase 7y structures (i.e.
structures containing no eutectic cells) had
spinodally decomposed.

In analysing the origin of this discrepancy
between the experimental conditions that give rise
to spinodally decomposed 7' and the calculated
cooling rates for spinodal decomposition during
continuous cooling, it is first necessary to examine
the accuracies of the calculated transformation
curves and the cooling curves. In this context, we
note that Cline and Lee [29] have shown experi-
mentally that S°G = 1.4 x 10717 m3sec™! for co-
operative growth (at a rate G and interlamellar
spacing S) of the terminal & and § phases in an
eutectic Ag—39.9 at. % Cu alloy. Hence the average
interlamellar spacing of the eutectic cells observed
in this investigation (Fig. 5) corresponds to a
growth rate of 0.016 msec™! at their solidification
temperature (800K from Fig. 13). Assuming
Newtonian cooling conditions, the cooling rates
Ty required to establish this eutectic growth is
GL'Jcd, where L' is the latent heat per unit mass
for eutectic solidification and d is the effective foil
thickness, or equivalently, the length of the heat
transfer path. For L'=200Jg! and c=
0.385Jg!, we have Tg ~8/dKsec™!. The ¥’
grains surrounding the eutectic cells shown in Fig.
5 were elongated in a direction normal to the
boundaries between the electron-transparent area
and the surrounding opaque material, indicating
that heat flow took place in the plane of the foil.

The half-width of the thin region was =~ 5 um and.

if it is assumed that this distance is equal to d,
then Ty = 10% K sec™ . This rate is in good agree-
ment with the critical cooling rate 7, =7 x
10° Ksec™ (calculated from Equation 2 and the
transformation curves of Fig. 13) less than which
the simultaneous solidification of %' and the
eutectic product could occur. The high tempera-
ture segments of the cooling curves plotted in Fig.
13 are therefore representative of the cooling con-
ditions experienced by the foils. However, the
cooling rates at lower temperatures may diverge

more drastically from values predicted by
Equation 2 than has been indicated in Fig. 13 by
the dashed lines. These lines were drawn assuming
a constant d but it is likely that the effective
length of the heat transfer path increased during
splat-cooling in the solid state due to foil detach-
ment from the substrate brought about by con-
traction of the foil. Nevertheless, this length is
unlikely to increase by the several orders of
magnitude required for the critical cooling curve
for single phase v solidification (Curve A in Fig.
13) to intersect the nose of the spinodal C curve.
It is therefore concluded that spinodal decom-
position did not take place during splat cooling
but during room-temperature ageing prior to
electron metallographic examination of the splat-
cooled foils.

In support of this conclusion are the obser-
vations that (a) the modulation wavelengths,
Aeate and Aeyp Were constant in different foils aged
for the same time; (b) the smallest Aoy, that could
be resolved (5.5%1.5nm) was equal to the
theoretically predicted value, Ay of 5% 1nm;
and (c) the calculated room-temperature transfor-
mation time (2 x 10* sec, accurate to within plus
or minus one order of magnitude giving 2 x 10° —
2 x 10° sec) is not significantly different to the
actual room-temperature ageing time (2 x 10 sec)
required for the detection of resolvable sidebands.
Cahn’s [25] linear theory of spinodal decompo-
sition therefore describes the transformation
characteristics if the decomposition of the 7'
phase took place during ageing at room tempera-
ture.

4.3. The v’ grain size
The proposed solidification model, based upon

Uhlmann’s analysis [24], also accounts for the
presence, in splat-quenched Ag—50at.% Cu foils,
of ¥ with a wide range of grain sizes (3nm to
1 um). Briefly, the model can be used in con-
junction with the theory of transformation
kinetics to calculate the completion time for
solidification of ' at a particular temperature.
This completion time, together with Uhlmann’s
expressions for the homogeneous nucleation rate .
and the massive growth of 4’ (see the Appendix)
are then combined to give the average grain size
following massive solidification of the alloy at the
specified temperature. This calculated grain size,
for isothermal transformation, also represents a
reasonably accurate estimate of the grain size
produced by continuously cooling the melt along
1891



a cooling curve that intersects the massive solidifi-
cation “start” curve (Fig. 13) at the specified tem-
perature. Further details of this procedure for cal-
culating the massive grain size in splat-quenched
foils will be presented elsewhere. However, pre-
liminary results for a Ag—50 at. % Cu alloy predict
that the ' grain size is 0.5 um after cooling under
Newtonian conditions with N =10%sec™! (I'=
7 x 10° Ksec™!, Curve A in Fig. 13); and 3nm on
cooling with N = 10® sec™® (7= 5 x 10'® Ksec™).
The former value of the grain size is approximately
equal to that observed in areas containing ¥’ and a
small volume fraction of the eutectic product (Fig.
5), i.e. in areas that experienced a thermal history
given by Curve A. Secondly, it is predicted that
the observed grain-size range (3 nm to 1 um) is pro-
duced by a five fold change in h/d (h/d <N,
Equation 2). Variations of this order of magnitude
within a single foil are thought to arise in electron-
transparent areas of splat-quenched alloys [7].
Hence the proposed soldification model, based
upon homogeneous nucleation and massive growth,
accounts for and predicts satisfactorily the wide
range of observed ' grain sizes.

Evidence for columnar growth of the 4 phase
normal to the foil surfaces was obtained in this
investigation, suggesting that surface nucleation,
rather than homogeneous nucleation, took place.
However, it can be shown that for a given high
cooling rate, the average size normal to the
columnar growth direction of surface-nucleated
grains is approximately equal to the average size,
in all directions, of homogeneously nucleated
grains. Hence, the solidification model can be
extended to provide reasonably accurate estimates
of the grain sizes in surface nucleated structures.
The significance of this result will be demonstrated
in the next section dealing with the fine-grained
" material,

4.4, Lateral heat flow splat-cooling: a
possible origin of the fine-grained v"”
structure

The cooling rate calculations presented were

shown to be consistent with the observed inter-

lamellar spacing of the eutectic nodules if lateral
heat flow had taken place during solidification.

The frequent observations of large elongated 7'

grains, both separate from, and in conjunction

with, the nodules support this conclusion.

Similarly, it will be shown below that while the

origin of the remaining structure described above,
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namely the fine-grained ¥" material, could not be
rationalised directly in terms of the solidification
model presented in Section 4.1, it is possible to
argue that some of the fine-grained ' areas de-
composed to the y” structure during splat-cooling
under lateral heat-flow conditions. It should how-
ever, be noted that although there was no evidence
for the transformation of vy’ to y" on ageing at
room temperature, the possibility of this trans-
formation sequence at higher temperatures during
splat-quenching cannot be discounted.

Proceeding accordingly, we observe that if the
v" material is assumed to be partially decomposed
7', then it is only necessary to consider the solidifi-
cation of y'. The proposed solidification model
discussed above, predicts that the formation of 7'
with a given grain size only requires a particular
cooling rate to be established during solidification.
The fine-grained ' and " (partially decomposed
') have similar grain sizes, in the columnar growth
directions, so they solidified at approximately the
same cooling rate. However, the fine-grained 7'
material arose as small columnar grains orientated
normal to the splat-cooled foil surfaces, in contrast
to the 7" structure which comprised columnar
grains of a similar size lying in the plane of the
foil. Maintaining the proposal that v transformed
to 7", these morphological characteristics imply
that the v’ phase, with a small grain size, grew
during solidification in directions both normal and
parallel to the foil-substrate interface as a result of
vertical and lateral heat flow. In the case of
vertical heat flow, d~=0.1um (the true foil
thickness of an electron-transparent area) while for
lateral heat flow d ~ 5 um (the average half-width
of a typical fine grained y" area). Jones [7] has
pointed out that cooling will be Newtonian (7" « d)
for d=~0.1uym and £ =10° Wm 2 K™!, the latter
being the average of several experimentally deter-
mined values of the heat transfer coefficient for
splat-cooling. On the other hand, to attain the
same cooling rate (~ 10® Ksec™) with d = 5 um,
it is necessary for # to be 10’ Wm 2K~} and
consequently, “intermediate” cooling conditions,
with T«d™™ where x ~ 1.5, will be established
[7]. In other words, for a given grain size, the
cooling rates of those areas experiencing lateral
heat flow are more dependent on d than those
experiencing normal heat flow. Thus any increase
in d, due to the foil detachment effect referred to
above, would lead to more severely reduced solid-
state cooling rates in the case of lateral heat



transfer. Hence the observation of laterally
solidified ¥ grain structures does not conflict with
the proposal that the y" material formed as a
result of the solid-state decomposition of the fine-
grained 7' phase.

5. Conclusions

(1) X-ray diffractometry indicated that foils of a
splat-cooled Ag--50at.%Cu alloy, prepared by
quenching in a vacuum on to a cold (150K) sub-
strate, were predominately composed of the 7'
phase, an extended solid solution with a lattice
parameter of 0.3878 nm, corresponding to a + 1%
deviation from the Vegard line.

(2) Immediate examination of electron-
transparent areas of the as-quenched foils by trans-
mission electron microscopy revealed that the '
phase possessed grain sizes ranging from = 3 nm to
2 um.

(3) The coarse grained ' phase was shown by
transmission electron microscopy to have micro-
structural and transformational characteristics
similar to those expected of a spinodally decom-
posed structure.

(4) Since suppression of the spinodal decom-
position of y' was not observed, the X-ray results,
which were identical to those previously reported
by other workers and which imply that untrans-
formed v’ in splat-cooled Ag—50at.%Cu alloys
can be retained at room temperature, are mis-
leading.

(5) Calculation of the theoretically predicted
“start” times for the spinodal decomposition of v’
indicated that the solid-state reaction took place
during ageing at room temperature, prior to elec-
tron metallographic examination of the thin foils,
rather than during the quench.

(6) A model for the solidification of rapidly
cooled eutectic alloys was developed and applied
to the Ag—Cu system. The model satisfactorily
described the overall microstructural features of
the splat-quenched foils.

6. Appendix

6.1. Coherent spinodal

Following Cahn [25] and Hilliard [26], the tem-
perature of the coherent spinodal Ty assuming
ideal entropy of mixing is given by

T* = T, — 202 YNK/Co(1 — Co)

where T is the temperature of the chemical
spinodal for an alloy composition cg; the elastic
constant function Y, is equal to Cy; + Cpp —2

(C%4/Cy1) for modulations on {200} planes in
cubic crystals with 2 Cy —Ciy +Ci1, >0, n=
—(dInag/dc),, where aq is the lattice parameter;
N, is the number of atoms per unit volume; & is
Boltzmann’s constant; and Cj are the elastic
constants.

The elastic constants of an Ag—50at.%Cu
alloy were taken to be the averages of the tempera-
ture dependent constants for pure Ag and pure Cu
[30]; the value of n for the same alloy was cal-
culated from a fourth-order polynomial fitted to
the reported lattice parameters for v phases of
various compositions [1, 2, 6, 9].

6.2. Time—temperature—transformation
curve for spinodal decomposition

The “start” time for spinodal decomposition was

assumed to be the reciprocal of Ry, the ampli-

fication factor of the Fourier component of the

wavelength A,,, receiving maximum amplification

[25]. For an ideal entropy of mixing,

Ry = (T—THANK*M8KcE(1 —co)?,
where the atom mobility M, is such that,
M = [eo(1—co)/kT] X
[Do exp (—E/kT)exp (—E* [kTy)]

The constant Dy was assumed to equal the average
of the pre-exponential constants for Ag tracer
diffusion in Cu and Cu tracer diffusion in Ag (i.c.
Dy = 0.93). Assuming retention, at an ageing tem-
perature T, of the vacancy concentration at Ty =
Ty, We have E = E,, and E™* = E;. The activation
energies for vacancy formation £y and migration
E,, were taken to be 99.6 and 78.1 kI mol™* [31].
The gradient energy coefficient, K, was assumed to
equal N AT W2 [4co(l —co) = 11 NET a3 /56 ¢,
(1 —c¢p) for an interaction distance y, given by a
Leonard-Jones 6/12 potential.

The assumptions presented above also predict
[25,26]

22 = 88mTad/7(T—TF)

6.3. Time—temperature—transformation
curves for massive and eutectic
solidification

Following Uhlmann [24], the time for the for-

mation of a volume fraction X at a temperature T,

is approximately (3X/[,G®)Y? where the nu-

cleation rate per unit volume I, =N kT exp

[=PT3, (T, —T)? T3] /3m®n. For massive solidi-
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fication, P=1.024, and the growth rate, G =
BkT [1 — exp(—LAT/RTT)] 3naoun [24, 32].
R, B, u and 7 are the gas constant, a geometric
constant, the correlation length for liquid diffu-
sion and the liquid viscosity respectively; L is
the latent heat per mole for massive solidification;
Ty is the equilibrium melting point; Ty has been
defined in the text and AT = T — T,. For eutectic
solidification, p~2 and G = Wng(T — Tg)*T/
4¢’nTr where W= S?G and ¢ = 20,4Tg/L’ [31]:
nE is the viscosity at Tg, the eutectic temperature;
S is the interlamellar spacing; L' is the latent heat
per mole for eutectic solidification of the « and
phases and 04 is the interphase boundary energy.

The following values of the parameters appearing
in the above expressions were used in calculating
the T—T-T curves:

ay = 0.3876nm, u = 2a,,

N, = 6.2 x 10% atomsm™3

g =10, W = 14.x 1077 m3sec™? [27],
Oap= 0.2Jm™2

L =1L =200Jg?

n = Cexp(—Q/RT)

where 0 =20.0kIJmol™, C=0.56 mPasec these
values Q and C being the averages of Arrhenius
equation constants for the viscosities of pure Ag
and pure Cu. '
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