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*Permanent address: College of Education, Osaka
University, 1-1 Machikaneyama-cho, Toyonaka-shi, Osaka
560, JAPAN

Abstract

Cu-Pd samples of compositions varying from 16 to 26 at.% Pd were irradiated in siru in a 1.5
MeV electron microscope at various temperatures. Low temperature (90 K) irradiation produced
completely disordered solid solutions. Irradiation at room temperature up to as high as about 500
K produced steady state short range order (SRO) which, for spemmens of 18% or more Pd, is
characterized by diffuse intensity at [1,£¢,0] and equivalent positions in reciprocal space (modu-
lated SRO). In general, ¢ is a function of composition, temperature and irradiation dose. High
temperature irradiation tended to produce the expected equilibrium long range order — either L1,
or a long period superstructure depending on composition and temperature. The 18 and 20%
samples irradiated at room temperature exhibited steady state modulated SRO even though the
expected equilibrium structure is one of unmodulated order (L1,). It is suggested that spinodal
ordering is responsible for this latter effect. An f.c.c.-based Cu-Pd phase diagram is proposed
incorporating ordering stability loci and a metastable Lifshitz point.

1. Introduction

It is well known that, below about 800 K, Cu-Pd f.c.c. solid solutions undergo ordering reactions
in the range of about 10 to 30 at.% Pd. Evidence has come from x-ray diffraction [1-5], and
electron diffraction and microscopy [5-9]. From these and other data, SUBRAMANIAN and
LAUGHLIN [10] proposed an assessed phase diagram of which Fig. 1 is a slightly modified ver-
sion. The modifications were introduced in order to attempt to incorporate the very recent results
of BRODDIN et al.[11]. The heavy solid lines in the figure indicate equilibria between the f.c.c.
solid solution (o) and the f.c.c.-derived ordered phases. Much of this diagram is of speculative
nature as no firm evidence for the peritectoid reactions exist. Nevertheless, certain basic features
are well established. The phase region (") of the simple ordered structure L1, (Cu,Au type)
peaks not at the expected stoichiometric composition of 25%, but at around 15% Rd. Near
stoichiometry, one-dimensional long-period superstructures (LPS) (a; region) are found, being
replaced at higher Pd content by two-dimensional LPS (o, region). At still higher Pd content, a
(B2) b.c.c. superstructure (B") becomes stable. Stable B2-related equilibria are indicated by light
lines in Fig. 1. The dashed lines are ordering spinodals, to be discussed later. The two open cir-
cles shown on the diagram indicate the presence of one-dimensional LPS according to BRODDIN
et al. [11]. Clearly, in that region, the one-dimensional LPS may well be metastable with respect
to the two-dimensional LPS, and both one- and two-dimersional LPS are certainly metastable
with respect to the stable o, + B’ equilibrium.

Recently, there has been a resumption of interest in alloys with LPS since it was suggested
[12-16] that generalizations of the so-called axial next nearest neighbor Ising (ANNNI) model
could serve as simple theoretical paradigms for these systems. The original explanation for the
stability of LPS, based on Fermi surface considerations [17], is certainly still considered valid,
especially now that GYORFFY and STOCKS [18] have given the idea a firmer quantitative basis.
Nevertheless, viewing these alloys as Ising systems with competing interactions has proven to be
a useful approach. Polytypes encountered in Ag,Mg [16] and Al,Ti [14], for example, agree well

with ANNNI model predictions.

The experimental Cu-Pd phase diagram certainly merits further study. However, kinetics in
this system are extremely sluggish and virtually nonexistent near room temperature. Conse-
quently, statements concerning equilibrium configurations at these temperature must be made with
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caution and are difficult to verify. In an attempt to increase the rate of kinetic processes we per-

formed in situ irradiation of several Cu-Pd specimens in a 1.5 MeV transmission electron micro-
scope (TEM).

In general, irradiation of metals by high energy electrons results in a number of different
processes including the replacement and displacement of atoms. There is a consequent increase
in the concentration of vacancies and interstitials. In long range ordered (LRO) or short range
ordered (SRO) alloys, destruction of order may result at sufficiently low temperatures. On the
other hand, ordering during irradiation can occur if the temperature is sufficiently high to allow
the thermal motion of the irradiation-induced point defects. (A summary of these effects can be
found in URBAN, BANERJEE and MAYER [19] and references cited therein.) In the case of
Cu-Pdq, it was hoped that the excess“vacancies induced by the high energy electron beam would
enhance the ordering kinetics at room temperature. However, instead of obtaining a long range
ordered state, modulated short range order was obtained, even in regions where an unmodulated
long range ordered structure (i.e., L1,) was the expected equilibrium state. By ‘‘modulated short

range order’’ we mean the presence in diffraction data of broad, diffuse peaks of intensity located
away from one of the special points of high symmetry in the Brillouin zone. The displacement of
the peaks from the special point is the modulation wave vector. This is discussed further in Sec-
tion 3 below. The unexpected occurrence of this SRO state has revealed something of the nature
of the thermodynamic instabilities which underlie the first order transitions occurring in this sys-’
tem. We present in this paper a description of this result.

2. Experimental Results

Alloys of 16, 18, 20, 22, and 26 at.% Pd were prepared by arc-melting under an Ar atmosphere.
The ingots were held just below the melting point for several hours. Pieces of the original ingots
were then remelted and splat cooled through the courtesy of L. E. Tanner at Lawrence Livermore
Laboratory. The purpose of the splat cooling was to obtain a pronounced <100> texture. The

2
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Fig. 2. Schematic of diffraction patterns from the one-dimensional LPS and from the SRO state
XBL 866-7706

splat cooled foils were then homogenized in sealed quartz tubes at 1270 K under one atmosphere
of Ar for one day. Solutionized foils were quenched in ice water. Disks for TEM observation
were punched and electrolytically polished in a methanol solution of 15% HNO, at about -60° C.

After being quenched, the specimens were observed in a conventional TEM (100 kV) and
then transferred to the 1.5 MeV machine at the National Center for Electron Microscopy at
Lawrence Berkeley Laboratory. Use of both low and high temperature double tilting stages pro-
vided a temperature range of about 90 K to over 770 K. Diffraction patterns of all samples were
taken of the as-quenched samples in the [100] orientation. For some specimens, electron irradia-
tion was then performed at 90 K at which temperature all traces of SRO are destroyed. Subse-
quent evolution of the disordered regions under irradiation at room temperature could then be fol-
lowed in situ. In addition the heating stage was used to perform irn situ irradiation at tempera-
tures from about 470 K up to the disordering temperature.

In what follows, all temperatures cited are those of the thermocouple on the specimen stage
of the microscope. The actual temperatures of the irradiated areas were certainly hlgher, perhaps
by a few tens of degrees.

The most extensive observations were made on the 20% Pd specimen. We begin with a
description of these results. As a convenient reference, Fig. 2 is a schematic of electron
diffraction patterns in [001] incidence from modulated LRO and modulated SRO specimens. Pat-
terns (a), (b) and (c) show the three possible variants of the one-dimensional LPS which are,
respectively, modulation along [100], [010] and {001]. Pattern (d) is a combination of (a) and
(b), while (e) is a combination of all three variants. Pattern (f) is indicative of SRO. The small
open circles in (f) are meant to indicate diffuse peaks as opposed to the sharp superstructure
peaks in the LRO patterns. Note the absence of intensity at [100] and equivalent positions in (f).
In all cases, the modulation can be characterized by the separation 2q of the satellite pairs. The
quantity ¢ is then the distance of the peaks from the [100] (or equivalent) position; that is, g is

3



the modulation wave number. In contrast, Fig. 11 shows an example where the SRO or LRO
peaks occur at the special point (i.e., [100] and equivalent).

Figure 3(a) is an in situ high temperature pattern. It is clearly indicative of SRO fluctuations
above the transition temperature. The long wavelength modulation characteristic of the SRO
fluctuations in this alloy is in agreement with earlier observation [20, 21]. The diffraction pattern
of the specimen as quenched from 1270 K is shown in Fig. 3(b). At 1270 K no SRO fluctuations
are expected to be observable. The fact that they are present in the quenched specimen indicates
that a certain amount of spinodal orering (to be discussed later) has occurred during the quench.
The intensity pattern of Fig. 3(b) is similar in character to that of Fig. 3(a) but with an increase in
amplitude and sharpening of the satellites flanking the [100] (and equivalent) positions.

Fig. 3. Cu 20% Pd: (a) ethbnum
fluctuatons in situ at 810 K, (b) as
quenched from 1270 K

XBB 855-4048

(@ (b)

XBB 867-5478

Irradiation of the as-quenched specimen at room temperature does not produce the long range
ordered structure which, according to the phase diagram of Fig. 1, is the L1,. Rather, the state

depicted in Fig. 3(b) essentially persists with a slight increase in satellite intensity and a small
decrease in the value of ¢. This persistence of SRO is typical of all of our specimens at room
temperature. . The specimens of 18, 20, 22, and 26% Pd all displayed diffuse satellites around the
[100] position. The 16% Pd specimen displayed diffuse scattering ar the [100] position but, at
room temperature, the intensity never became sharp enough to allow the structure to be character-
ized as long range ordered. These results are in contrast to a previous HVEM study in which a
25% Pd specimen was irradiated at room temperature to produce the long range ordered one-
dimensional superstructure [22]. The difference between that experimem and the present one is
in the energy of the electrons and the electron dose rate. Our experiment employed hi hcr energy
electrons (1.5 MeV as compared with 1 MeV) and a higher ﬂux rate (an estimated 1 ! electrons

per cm? per second as compared with 2 x 10'? electrons per cm? per second).

In situ irradiation at 90 K completely destroys the short range order as seen in Fig. 4(a).
This effect is similar to that observed previously in Ni,Mo by other investigators [22-25]. At this
temperature, the high energy electrons are inducing disorder through several different mechanisms
including replacement collision sequences and random point-defect annihilation. The latter pro-
cess is enhanced by the supersaturation of vacancies. Despite this supersaturation, the mobility of
the vacancies is quite low at this temperature, and the reordering mechanism is effectively frozen.

When the temperature is increased to 290 K and irradiation resumed, the modulated SRO
state reappears as seen in Figs. 4(b) through 4(c). Thus, despite an initial condition of complete
disorder, the system still evolves toward a SRO state rather than the expected L1, equilibrium.
As in the previous example, where irradiation was begun with the SRO state already present, con-
tinued irradiation does not promote LRO but causes some sharpening of and increase in intensity
of the satellites accompanied by a small increase in the modulation wavelength, i.e., the satellites
move toward the [100] position. - The plot of Fig. 5 shows the modulation wave vector vs. time
for the specimen irradiated at room temperature.AThcre is also some indication that the value of
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Fig. 4. Cu 20% Pd: (a) after irradiation at 90 K, (b) after 185 s of irradiation at room tempera-
ture, (c) after 720 s of irradiation
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Fig. 5. Cu 20% Pd: wave number g as a function of irradiation time in the SRO state at room
temperature

g at which intensity initially appears depends on temperature. A disordered specimen irradiated
at 170 K exhibits an initial appearance of intensity at q 0.05 = 0.01 as compared with an initial
g of about 0.085 at 290 K as shown in Fig. 5.

Irradiation at 620 K produces what appears to be a mixed state. After irradiation at 90 K the
specimen was heated to 620 K where weak SRO appears even before irradiation is begun (Fig.
6(a)). Irradiation causes a dramatic increase in the intensity and sharpness of the satellites after
only 10 s (Fig. 6(b)). After prolonged irradiation intensity appears at the [100] position indicating
that some LRO must be present (Fig. 6(c)). Weak SRO continues to coexist with the LRO long-
period superstructure, howeyer. This is seen most readily at higher diffracting angles where the
film has not been saturated by the superlattice reflections. Figure 7 shows the intensity pattern
around the [300] position. Notice that the diffuse intensity does not lie on the line determined by
the sharp satellite reflections arising from the LRO. This is due to the tetragonality of the LRO
phase. The broad streaking of the SRO scattering makes determination of its modulation
wavelength impractical. Figure 8 shows the modulation wave vector vs. time. The onset of LRO
is also indicated. :

Irradiation at higher temperatures rapidly results in the formation of the LRO one-
dimensional LPS. Figure 9 shows the evolution in time of the diffraction pattern. The initial
state already exhibits intensity peaks since the temperature is sufficiently high to allow the
occurrence of normal kinetics. These peaks are quite sharp (dlscouragmg their characterization as
SRO) although no peaks are present at [100] or equxvalent positions. After 30 s of irradiation,
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Fig. 6. Cu 20% Pd at 620 K: (a) weak SRO, (b) after 10 s of irradiation, (c) after 1440 s of irra-
diation . S

Fig. 7. Inténsity surrounding the [300] posi-
tion in Cu 20% Pd irradiated for 1440 s at
620 K
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Fig. 8. Cu 20% Pd at 620 K: wave number g as a function of irradiation time
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intensity appears at [100], indicative of the normal one-dimensional LPS, accompanied by a
decrease in the modulation wavelength (i.e., movement of the satellites away from [100]). This is
in contrast to the behavior of irradiated SRO at lower temperatures where the modulation
wavelength increases. The change of wave vector vs. time is shown in Fig. 10.

Next, let us fum our attention to the 16% Pd specimen. In both the in situ high.temperamrc
diffraction pattern and the as-quenched pattern no splitting or departure from spherical symmetry
. 6 .



XBB 855-4051

(@) () , (©)
Fig. 9. Cu 20% Pd‘ at 720 K: (a) before irradiation, (b) after 30 s of irradiation, (c) after 720 s
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Fig. 10. Cu 20% Pd at 720 K: ¢ vs. irradiation time
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(a) (b)
Fig. 11. Cu 16% Pd: steady states at (a) room temperature and (b) 520 K
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is detectable in the intensity at the [100] or [110] positions. If any satellites are present, their
separation must be very small as may be seen by extrapolating the data of OHSHIMA and
WATANABE [21] or the calculated values of GYORFFY and STOCKS [18]. The as-quenched
specimen was disordered, as was the 20% specimen, at 90 K, and the temperature was then
increased to room temperature whereupon, after prolonged irradiation, the spots are sufficiently
intense to show clearly that no long wavelength modulation is present. Similarly, at 520 K and at
670 K no modulation is present. Figure 11 shows the steady states at room temperature and at
520 K.

For the 18% Pd specimen, destruction of SRO at 90 K followed by irradiation at room tem-
perature results in the modulated SRO state with g smaller than that at 20%. Similarly, modu-
lated SRO persists at 480 K (Fig. 12(a)). At 630 K, however, sharp superstructure peaks appear
only at the <100> positions, as seen in Fig. 12(b), indicating unmodulated 1RO, the L1, struc-
ture, which is the expected equilibrium structure at this temperature. However, room temperature
irradiation of the LRO L1, structure (which had been obtained by a furnace anneal at 623 K) did

not result in modulated SRO. The superlattice peaks became broad and diffuse but maintained
their spherical symmetry. This observation agrees with the interpretation of the modulated SRO
as being spinodally developed since it appears that the system must first be in the disordered state
before the modulated SRO appears. (See the discussion of spinodal ordering below.)

XBB 850-8127

(a) (b)
Fig. 12. Cu 18% Pd: steady states at (a) 480 K and (b) 630 K

For specimens of 22 and 26% Pd, the general tendencies are the same as those of the 20%
Pd specimen. Modulated SRO persists at room temperature with the satellite spacing becoming
progressively larger as the Pd content increases, while at sufficiently high temperatures the one-
dimensional LPS develops. The two-dimensional LPS, expected at 26% Pd, was not observed.
This may be.due to insufficient time to allow nucleation of this phase.

Before proceeding to the next section to discuss the theory of spinodal ordering, we remark
on the possibility that local compositional changes may occur in a specimen as a result of irradia-
tion by a strongly focused high energy electron beam. Calculations have demonstrated the possi-
bility of this phenomenon [26], and there is some experimental evidence for it as well [27]. We
attempted to detect such a possible change of local composition using energy dispersive x-ray
aqalysis. A specimen irradiated in the HVEM was wransferred to a JEOL JEM 200CX analytical
microscope equipped with an energy dispersive x-ray detector. No change of composition in the
irradiated regions was detected, although it is possible that such a change would be below the

8 .



detectability of such a system which is accurate to about 1%. In this regard, we note that the
modulation wave vector of the 22% and 26% specimens does not change under irradiation at
room temperature whereas those at 18% and 20% do change. A possible explanation for the
change of wave vector in the 18 and 20% specimens is, of course, a local beam induced composi-
tion change. However, the lack of change with time in the 22 and 26% specimens argues against
the occurrence of a composition change. It seems reasonable to assume that if a local composi-
tion change occurs it should do so for all of our specimens. Therefore, we suggest that the
change in modulation wave vector in the 18% and 20% specimens is a real thermodynamic effect
(possibly induced by the electron beam) and not the result of a composition change. Since the
rate of change of ¢ with respect to ¢ is approximately constant from about 17 to 30% Pd, one
would expect to see a change in wave vector in all the samples under irradiation provided that
any possible com gosmon change is of the same order of magnitude for all specimens. (The near
constancy of dgq/dc can be deduced from previously published data such as that of OHSHIMA
and WATANABE [21].)

3. Theo Discussion

The present results are explainable, in part, in terms of the phenomenon of spinodal ordering.
The theory of spinodal ordering as developed by DE FONTAINE [28, 29] is a theory of early
stage kinetics in an unstable disordered solid solution. It should, in a phenomenological sense,
explain why, for example, the unstable disordered solid solution of Cu 20% Pd initially evolves
toward modulated SRO in a region of the phase diagram where the equilibrium ordering wave
vector is an unmodulated one, i.e., the special point <100>.

The theory of spinodal ordering was originally developed to explain the appearance of peaks
of diffuse intensity in rapidly quenched ordering systems [28]. This phenomenon is understood
most easily in reciprocal space where the configuration of the alloy is described by a set of con-
centration waves [30-32]. To begin, one writes the configurational free energy in terms of local
concentration deviations

Y(p)=c(p)-7C,

where c(p) is a suitably averaged concentration at lattice point p and ¢ is the average concentra-
tion of the alloy. The free energy is written as an expansion in powers of the y(p):

Fy(pD.Y(®, - . YPN) =Fo+F  +Fy+F3+..
where N is the number of lattice sites. The terms F, are given by

1 o "
F = — — | F,
"= [}Ev(p)a o) L 1)

where the subscript O indicates that the derivatives are to be evaluated in the disordered state.
Since the disordered state corresponds either to a minimum of F (stable or metastable) or to a
saddle point (unstable), then F; = 0. So we can say

AF =F —F0=F2+F3+F4+
where AF is the difference in free energies between a given state (described by the set {y(p)} for

all p) and the completely disordered state. In Fourier space, the preceding expansion contains
terms like the following:

Fo= 23 00 1T0 12
k

Fy=a

Y fky, ky, k3) k) T(ky I‘(1‘3) 8(k; +ko+k3 - g), )
Ky ko ks

where the {I'(k)} are the Fourier transforms of the {y(p)}. In other words, I'(k) is the amplitude
9



of the concentration wave of wave vector k. The quantities (k) and f;(k;,k,,k3) are the Fourier
transforms of the second and third derivatives, i.e., the derivatives that arise in the expansion as
given in (1). For the third order term, if the three wave vectors k;, Kk, and k3 sum to a recipro-
cal lattice vector g, then the Kronecker delta in (2) equals unity.

It is the term F, which will interest us here. According to Landau theory, a second order
transition occurs when f(k) changes sign for the pamcular wave vector k° at which LK) is a
minimum. The temperature for the second order transition is then determined by the condition

£L&%¢c,T) =0, 3

where we have indicated that f, in addition to being a function of k, depends on the concentra-
tion ¢ and the temperature T. Equation (3) then defines a critical temperature Ty(c) for each
concentration ¢.

The system of interest here, Cu-Pd, undergoes not a second order transition but rather a first
order one. In this case, one or more concentration waves combine to give negative contributions
to some of the higher order terms F3, Fy, . . . in the expansion. Thus, AF can change sign at
some temperature T, > T;. In this case, T is no longer a transition temperature but an instabil-
ity, or spinodal, temperature below which the disordered state 1s unstable with respect to the
spontaneous growth of concentration waves with wave vectors k® and those obtained from k° by
the point group symmetry operations of the reciprocal lattice [28, 29]. This growth of concentra-
tion waves is what has occurred, for example, in the Cu-Pd specimens quenched from 1270 K.
More significantly, it is this same phenomenon which was observed in siru in the specimens
which had been disordered at 90 K and heated to room temperature where the kinetics (enhanced
by the electron beam) allowed the development of the SRO state. This same explanation has also
been successfully applied to the growth of the SRO state in irradiated Ni,Mo [23-25]. That the
SRO state below T is qualitatively similar to the fluctuating state above T, follows because in
both cases it is the second order term in the free energy expansion which governs the
configuration of the alloy. The SRO state below T is energetically favorable provided the con-
centration wave amplitudes remain small. (Of course, higher order terms must prevent the unlim-
ited growth of the concentration waves.) Likewise, above T, the fluctuations in the alloy as
measured by the diffracted intensity of x-rays, for example, are described by the fluctuation-
dissipation theorem [29]:

ky T

ION

If one uses a Bragg-Williams (mean field) approximation to obtain a form for f(k), one obtains
the Krivoglaz-Clapp-Moss formuia [31, 33].

Ispo (K) o=

The quantity f,(k) must exhibit the symmetry of the f.c.c. latuce and, consequently, must
have extrema at certain special points, namely, <000>, <100>, <150> and <t 7T +> [28]. Often,
the absolute minimum of fy(k) will be at one of these special pomts as it is, for example, in
Ni,Mo [23-25]. What distinguishes Cu-Pd in this regard is that for Pd content greater than about

16% f,(k) presents minima gway from the special point [100] in the Brillouin zone; it is at the
[q 10] and equivalent positions that the diffuse intensity appears as the disordered state evolves
into the SRO state. In analogy to the definition of a Lifshitz point in modulated systems with
second order transitions [32], we can define and attempt to locate a metastable Lifshitz point [16,
34]. Such a point is defined as follows: the metastable Lifshitz point L divides an ordering ins-
tability (spinodal) line into two segments on one of which the instability occurs at a special point
(the [100] point in this example) and on the second of which the instability occurs at a wave vec-
tor k whose coordinates (in this example, [g 10]) vary as some other system parameter (concentra-
tion) is varied. The point L is also the terminus of a second line which separates the phase
diagram into two regions, one in which £, is minimized at the special point corresponding to the
previously mentioned spinodal (i.e., [100] in this case) and the second in which £, is minimized at
10



a point removed from the special point by some vector q (in this case q = [¢00]). In the Bragg-
Williams approximation this second line must be vertical.

Any k-space function such as fy(k,c,T) having the required f.c.c. symmetry can be expanded
in a sum of ‘‘shell functions’’ (one for each coordination shell). At the point k = [¢g 10], for arhi-
trary ¢, if we make the definition

fk, ¢, T)lyq109 = ®(q,c.7),
this expansion reduces to the following cosine series [35]:

D(q,c,T) = wylc,T) + Y w,(c,T)cos2nng. @)

In a Bragg-Williams approximation, the @, would be independent of T. Note that if the series is
truncated at n = 2, one has the f.c.c. ordering analog of the ANNNI model. A reasonable model
for Cu-Pd, however, would likely require terms beyond n = 2 [11, 15].

From (4), it is apparent that if we expand ®(q,c,T) in a Taylor series about ¢ =0, only
even powers of ¢ appear:

<D(q,c,T)=d>0+d>2q2+d>4q4+.".. S)

The @, in (5) are linear combinations of the ®, appearing in (4). It was shown elsewhere [13]
that @, will most likely be positive so that when examining (5) one can neglect terms of order 6
and higher. (The expansion is uninteresting, of course, unless @, changes sign as ¢ is varied.)
Recall that the instability occurs when the minimum of f changes sign. The minima of
®(q,c,T) are at

q=0 for ®, > 0,
qg = _l‘\j“¢2/2¢4 for 02 <0.
The values of @ at these points are

@, for @, > 0.

@ . (c,T)= o .Y ]
0—7-¢— ord>2<0.
4

Thus the spinodal lines in the (c,T) plane on either side of the metastable Lifshitz point L are
given by the conditions @, = 0 for for the special point mstablhty and @7 - 4<D0CD4 = 0 for the
non-special point instability. The second of these two equations is valid only in the vicinity of
the metastable Lifshitz point. In general, we can write simply @p;, = 0 as the condition which
determines the instability. Point L then has coordinates (¢, ,T; ) dctermmcd by

Dylcr, Ty ) = Polcr,Tp) = 0,
which is the intersection of the special point spinodal and the non-special point spinodal.

Figure 1 shows estimates for the three metastable loci,

(DO = 0,

®pin =0 for d, <0,
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indicated as dashed lines. The metastable Lifshitz point has been labeled as L. The loci have
been drawn in a manner which best accounts for the available data and which is consistent with
general theoretical knowledge of alloy phase diagrams and instabilities. The most significant
result of the present data is the position of the ®, = O instability which is rather far to the left of
the two phase region which separates the " and o, phases. The present data are lacking in detail
since no composition between 16% and 18% Pd was examined, but at room temperature and up
to about 520 K this instability must lie at or near 17% Pd since at these temperatures the SRO
steady state under irradiation appears to be unmodulated for the 16% composition but modulated
for the 18% composition. As mentioned above, for a GBW approximation the @, line would be
vertical. Here, it was drawn curved for the following reasons. At low temperatures (room tem-
perature to about 520 K) its position was estimated as just described. On the other hand, extrapo-
lation of previous data [21] and first principles calculations [18] indicates that high temperature
SRO fluctuations remain modulated for concentrations of Pd as low as 16% or even slightly
lower, although this conclusion is not clear from the present data. Furthermore, as mentioned pre-
viously, we have seen some indication that the value of ¢ at which the instability appears may
decrease with decreasing T. Also, CVM calculations for two-dimensional models [36] clearly
yield curved @, lines.

As for the other two instabilities, ®, = 0 and ®,;, = 0, they have been drawn close to the
equilibrium first order transitions because experimental evidence [10] indicates very narrow two
phase regions so that the postulated peritectoids must be close to being critical endpoints through
which instability lines must pass [37]. It must be emphasized, however, that the location of insta-
bility lines cannot be determined rigorously by experiment because the temperature at which the
system becomes unstable to some set of concentration waves must depend upon the past history
of the specimen unlike an equilibrium transition which is independent of history. Nevertheless,
approximate determination of stability limits is useful in understanding the behavior of quenched
or irradiated solid solutions as is clear from the present discussion.

4. Conclusion

We have reported the serendipitous discovery that room temperature irradiation of a completely
disordered solid solution could produce steady state modulated SRO for Cu-Pd samples in regions
of the phase diagram where only simple L1, ordering could be found at equilibrium. The authors

believe this to be the first observation of its kind ever reported.

This effect could be explained qualitatively by applying spinodal ordering ideas to irradiated
systems and by extending the model ‘‘beyond the Lifshitz point,”’ i.e., to cases for which the har-
monic coefficient f; of the free energy possesses minima away from the special points of high
symmetry. These generalizations lead to the noton of special point (commensurate) and non-
special point (incommensurate) stability limits and of a metastable Lifshitz point.

The experimental portion of this investigation was made possible by use of a high voltage
TEM with which it is possible to study, in situ, various types of equilibria: (a) high temperature
equilibrium SRO fluctuations, (b) equilibrium LRO at various temperatures and (c) steady state
SRO under irradiation at low temperatures. In addition, high energy electron irradiation at very
low temperatures may be, in some cases, the best (or perhaps only) way to obtain completely
disordered systems.
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