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Structure functions in decomposing CuRh systems
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The time evolution of a CuRh alloy quenched within the miscibility gap is investigated by small and wide
angle neutron scattering techniques. Near fundamental Bragg reflections diffuse satellites arising from a lattice
parameter modulation induced by the precipitation pattern are investigated. The results show that in CuRh the
precipitation morphology and its time evolution are quite different from decomposition characteristics recently
observed in the system AuPt. The results are discussed and related to the larger lattice misfit present in CuRh
in comparison to AuPt.@S0163-1829~97!01405-7#
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I. INTRODUCTION

In recent years the characteristics of structure functi
during the decomposition of alloys were the subject of b
theoretical and experimental investigations. Knowledge
the width and the shape of the structure function gives
sight into the evolution of atomic correlations occurring du
ing a decomposition process.1,2

Both theoretical investigations and computer experime
show that during the late stages of decomposition a sca
law holds for the evolution of the mesoscopic precipitati
pattern whose time evolution can consequently be descr
by a single time dependent length.3,4 In scattering experi-
ments the decomposition process is analyzed in terms o
time dependent structure functionS(Q,t) which likewise
shows scaling behavior.5–10

In solid state systems the morphology of the precipitat
pattern is generally influenced by the presence of elastic
teractions. In some alloys characterized by a lattice misfi
a few percent between the solid solution and the precipita
phases the decomposition process induces a long r
modulated precipitation structure consisting of a periodic
rangement of platelets of the new phases.11–16 This modu-
lated precipitation structure induces the appearance of s
lites ~or sidebands! near fundamental Bragg reflections.16,17

In a recent paper the decomposition characteristics w
investigated in a AuPt system for a series of concentrati
within the miscibility gap.18 The measurements were pe
formed by neutron scattering techniques, i.e., the small a
scattering and the intensities occurring at sideband posit
near fundamental Bragg reflections were investigated du
the decomposition process. A main result of this investi
tion was that the sideband intensity had a similar functio
shape as the intensity distribution observed in the small a
scattering experiment. It followed that the lattice parame
modulation which gives rise to the satellite intensities
similar to the modulation of the atomic concentration whi
is seen in the small angle scattering experiment. Moreo
in the symmetric AuPt alloy a rather sharp structure funct
exhibiting a shoulder near the second order position is
550163-1829/97/55~5!/2818~6!/$10.00
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served. Both features, i.e., the sharpness of the struc
function and the intensity shoulder, indicate that the mo
lated precipitation pattern which consists of a sequence
alternating Au and Pt-rich platelets lying on~002! lattice
planes induces long range atomic correlations. Furtherm
in the symmetric AuPt system the modulated precipitat
pattern seems to be rather stable with respect to annea
treatments and no classicalt1/3 growth law was observed. In
the middle of the miscibility gap the system exhibits a ve
slow time evolution of the formt1/m with m yielding values
near 100. This time dependence may also be described
logarithmic growth law. However, the essential fact is that
symmetric AuPt the time dependence is nearly arrested.

The results of the AuPt system therefore indicate tha
order to reduce the elastic energy of the system the pres
of a finite lattice misfit induces the formation of a long ran
modulated structure consisting of platelets of Au and Pt w
coherent interfaces. Moreover this structure is rather sta
and its time evolution is drastically slowed down.

On the other hand, systems exhibiting modulated lame
structures with accompanying sideband intensities are kn
from the literature only to occur for a lattice misfit up to
certain size. For larger misfits no sideband intensities
reported during the decomposition process and it se
therefore that a coherent modulated structure is stable
within a finite misfit range.

The question arises what changes of the precipitation
tern occur when the lattice misfit is further increased in
decomposing system. In order to investigate this question
performed neutron scattering measurements of the decom
sition in a CuRh alloy. CuRh has a similar phase diagram
AuPt with a large miscibility gap but exhibits a significant
larger lattice misfit between the precipitation phases~misfit
Da/a is 0.0316 and 0.0367 in AuPt and CuRh, respective
wherea is the lattice parameter of the solid solution!.

II. EXPERIMENT

The starting material was a polycrystalline CuRh all
with three different concentrations, i.e., Cu75Rh25,
2818 © 1997 The American Physical Society
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55 2819STRUCTURE FUNCTIONS IN DECOMPOSING CuRh SYSTEMS
Cu50Rh50, and Cu20Rh80. From this material platelets with
typical size of 103 103 1 mm were cut and submitted to
homogenization treatment for several hours at 1200 °C.
ter two homogenization treatments some of the polycrys
line samples had become single crystals. The neutron s
tering measurements were performed on these si
crystals. After the homogenization treatment the plate
were quenched into water and annealed especially
600 °C where the CuRh system shows a significant time e
lution within a reasonable time range. At lower temperatu
the time evolution is too slow and at higher temperatures
fast in order to be able to investigate many different anne
ing times.

The small angle scattering measurements were done
the spectrometer PAXE of the Laboratoire Le´on Brillouin in
Saclay. Incident neutron wavelengths of 8 and 4 Å w
used. The intensities occurring near satellite positions du
the decomposition were measured on the conventional tr
axis spectrometer VALSE located on a cold neutron gu
position.

The measurements were finally performed on
Cu75Rh25 and Cu50Rh50 samples. Due to the high neutro
absorption of Rh samples with a thickness of only a f
tenths of a mm were required for the Rh-rich Cu20Rh80 alloy
which inevitably broke during the preparation.

III. RESULTS

A typical small angle scattering pattern as obtained fr
the Cu-rich Cu75Rh25 alloy annealed at 600 °C for 24 h i
shown in Fig. 1~a!. The figure shows intensity lobes alon
@002# fcc directions.

An experiment with a similar Cu75Rh25 sample annealed
at 700 °C for 1 h gave an intensity pattern likewise show
pronounced streaks along cubic@002# directions@Fig. 1~b!#.

From basic arguments of scattering theory19 it follows
that intensity streaks along@002# directions indicate the pres
ence of platelike precipitates lying on~200! planes of the fcc
lattice. In the dilute Cu-rich alloy the measurements the
fore indicate a platelike morphology of the Rh-rich precip
tates within the fcc matrix. This finding is in general agre
ment with theoretical considerations predicting the format
of plate-shaped precipitates under equilibrium conditions
cases of large elastic strain energies.20,23,16

On the other hand, contrary to expectations, in the sy
metric CuRh system the small angle scattering patterns
no indication of intensity streaks~Fig. 2!. The isointensity
contours are essentially characterized by a square shape
especially the outer contours do not show any protrusi
along @002#. The measured intensity distributions for all a
nealing times at 600 °C always show peaks located on@002#
fcc directions and no intensity streaking is observed e
after annealing treatments of 32 h at 600 °C~Fig. 2!. The
four intensity maxima on@002# fcc directions indicate tha
the precipitates are located on crystallographic@002# direc-
tions. The square appearance of the small angle scatte
pattern is observed within a well-defined reciprocal latt
plane, i.e.,@002# reciprocal lattice plane as easily seen fro
Fig. 2~b!. Cube-shaped precipitates with cube axes alo
@002# fcc directions induce a square appearance of inten
contours in the@002# reciprocal lattice plane.
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The absence of any streaking along@002# in the symmet-
ric CuRh alloy is a scattering feature significantly differe
from that found in the dilute Cu-rich Cu75Rh25 alloy. More-
over, the CuRh results are also quite different from that p
viously found in a symmetric AuPt system where pr
nounced intensity streaks along@002# directions were
observed@for comparison the previous results of AuPt a
included in Fig. 2~c!#.

From the measured intensity distributions the struct
functionsS(Q,t) were evaluated. Figure 3 shows the resu
for a series of annealing treatments at 600 °C. The fig
indicates that in the symmetric alloy the intensity distributi
shifts towards smallerQ values with increasing annealin
time. It follows that in the symmetric CuRh system coarse
ing occurs at 600 °C. An analysis shows that the time e
lution of 1/Qmax (Qmax gives the position of the intensity
maximum! is in accordance with a classicalt1/3

dependence24 ~see Fig. 4!.
Furthermore, the dynamic scaling behavior of the str

FIG. 1. Two-dimensional small angle scattering distribution re
resented by equally spaced isointensity contours.~a! Cu75Rh25 an-
nealed at 600 °C for 24 h.~b! The same alloy annealed at 700 °
for 1 h.
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FIG. 2. Two-dimensional small angle scattering distribution o
served in the symmetric CuRh system annealed at 600 °C:~a! 1 h;
~b! 32 h; ~c! for comparison the previous results of Au40Pt60 an-
nealed at 600 °C are included exhibiting a pronounced strea
along @001#-fcc directions.
ture functions was analyzed following the general relation6,7

S~Q,t !5VRdF~x!.

F(x) is a time-independent scaling function wher
x5QR. R is a typical length scale characterizing the precip
tation pattern.V is the integrated intensity which is related t
the total clustered volume andd is the dimension of the
system.Rmay be related toQmax(R;1/Qmax), whereQmax is
the value which maximizes the structure function.

-

g

FIG. 3. Time evolution of the spherically averaged small ang
scattering intensity observed in the symmetric alloy Cu50Rh50 dur-
ing annealing at 600 °C for 1 h~squares!, 4 h ~triangles!, 8 h ~dia-
monds!, and 32 h~circles!.

FIG. 4. 1/Qmax versus time in the symmetric alloy Cu50Rh50
during annealing at 600 °C.
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55 2821STRUCTURE FUNCTIONS IN DECOMPOSING CuRh SYSTEMS
The scaled intensity distributions are represented in Fi
showing as a general behavior that all measured inten
distributions can be represented by a single scaled struc
function. The scaled function, however, is rather broad a
no intensity shoulder is observed in the data.

Moreover, the elastic diffuse intensities occurring ne
fundamental Bragg reflections were measured in the s
series of CuRh alloys as a function of annealing time
600 °C. A typical result is shown in Fig. 6 after an anneali
time of 1 h. The figure gives evidence for diffuse satellit
and therefore indicates, as expected, the presence of a la
parameter modulation in the annealed alloy. The measu
satellite intensities were analyzed in terms of the above m
tioned scaling relation and the results were compared to
small angle scattering data~Fig. 7!. The comparison show
that the scaled satellite intensities and the scaled small a
scattering data are similar and can again be represented
single curve.

IV. DISCUSSION

First, the present experimental data show that in the di
Cu75Rh25 alloy the precipitation occurs into plates parallel
~002! fcc matrix planes. This result is in agreement w
theoretical treatments predicting plates as equilibrium sh
of the precipitates in cases of large elastic strain energie

Secondly, in the symmetric CuRh system precipitates
aligned along~002! fcc matrix directions as borne out by th
location of the intensity peaks in the small angle scatter
patterns. During annealing the precipitation pattern sho
coarsening in accordance with the classical Lifshitz-Slyoz
t1/3 behavior. However, the absence of any streaking in

FIG. 5. The scaled structure function in the symmetric Cu
system as determined from the small angle scattering data.
symbols are the same as in Fig. 3. Experimentally observed s
ture functions generally show a scatter of the data at very sm
Q values where the data are contaminated by the presence o
direct beam. These data points were included to show the val
range, however, from thisQ range no information can be deduce
Outside this range all data points are represented by a single c
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scattering pattern provides evidence that no platelike prec
tates are formed in the symmetric CuRh alloy. From t
squared shape of the isointensity contours observed wi
the ~100! scattering plane~Fig. 2! it can be concluded tha
the mean shape of the precipitates may be described by c
whose cubic axes are aligned along@001# fcc directions.

Moreover, the scaled structure function in CuRh is dr
tically broader compared to that observed in AuPt and d
not show any shoulder at the second order position. It
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FIG. 6. Sideband scattering near the~200! fundamental reflec-
tion measured in Cu50Rh50 after annealing at 600 °C for 1 h. Th
horizontal bar indicates the measured width in the as-quenche
loy representing the experimental resolution. The dashed ver
lines indicate the expected positions of the~200! reflections of the
Cu-rich and Rh-rich precipitated phases, respectively. The ba
ground is flat.

FIG. 7. The scaled structure function evaluated from the si
band scattering in Cu50Rh50 ~filled symbols! in comparison to the
structure function of Fig. 5~open symbols!.
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2822 55M. PREM, O. BLASCHKO, AND L. ROSTA
lows that the long range atomic correlations in CuRh are
pronounced than in the AuPt system. The observed widt
the structure function in CuRh is even somewhat larger t
that measured in a melt-spun AuPt alloy where the fin
grain size inhibits the formation of a long range modula
structure.18,25

Furthermore, satellite intensities near fundamental ma
reflections are likewise found in CuRh. The intensity dist
bution of the satellites is similar to the intensity distributio
observed in the small-angle scattering experiment, i.e.,
scaled intensity distributions obtained from the small-an
scattering experiment and from the satellite intensities can
represented by the same curve. The small angle scatte
technique investigates fluctuations and modulations of
atomic concentration whereas the sideband scattering es
tially arises from a modulation of the lattice parameter. Fr
the similar functional shape of the scattering observed
small and highQ values it follows that the modulation of th
atomic concentration and of the lattice parameter are sim
in the decomposed system.

The precipitation morphology in the symmetric CuR
system appears to be significantly different from that fou
previously in the symmetric AuPt alloy. In AuPt a cohere
configuration of parallel plates inducing long range atom
correlations was found. In CuRh the precipitation patte
consists of an arrangement of cuboid precipitates alter
ingly rich in Cu and Rh where the atomic correlations are
much shorter range as borne out by the broader struc
function.

These findings should be related to the different latt
misfits in the two systems. The experimental results indic
that in symmetric alloys a further increase of the lattice m
fit induces a transformation within the mesoscopic precip
tion pattern, i.e., from a long-range modulated coher
structure~AuPt! consisting of parallel plates to an arrang
ment of cuboid precipitates where the long range correlati
are drastically reduced~CuRh!.

This observation of such a behavior seems to be at v
ance with theoretical treatments showing that in the cas
large lattice misfit and consequently large elastic strain
equilibrium shape of precipitates should be a plate which
characterized by a lower clastic energy.20–22 These treat-
ments deal, however, with the behavior of isolated partic
within the matrix and do not consider a modulated struct
as a structural entity of its own. Moreover, most experim
tal work was performed on systems showing a signific
smaller lattice misfit (;1%) than the present CuR
alloy.15,16,26

Within a modulated structure a significant contribution
the elastic energy of the system arises from the cohe
interfaces between, e.g., Au-rich and Pt-rich platelets.
coherent interface is present the lattice misfit has to be
commodated by elastic strain within the interface region. T
accommodation of the interfaces by elastic strain is easie
the lattice misfit is small. If the misfit is increased it may n
longer be accommodated by elastic deformation alone
plastic deformation may occur and the coherency betw
the interfaces is lost. Therefore, in symmetric CuRh
modulated structure appears to be no more coherent a
interfaces between the Cu-rich and Rh-rich regions thus
plying the occurrence of plastic deformation. The broaden
s
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of the ~002! matrix reflection shown in Fig. 6 with respect t
the measured resolution~horizontal bar in the figure! con-
firms that plastic deformation has occurred during decom
sition. The plastic deformation and the loss of coheren
deteriorates the long range correlation of the modula
structure thus inducing the significant broadening of
structure function as observed. Moreover, the loss of coh
ency seems to facilitate processes of atomic diffusion at
interfaces which are responsible for the observed;t1/3

coarsening of the modulated structure.
The most peculiar result of this investigation is the a

sence of platelike precipitates in the symmetric CuRh al
which is in contrast to the results of AuPt and is not expec
by theoretical work based on elastic strain energy consid
ations.

First, it may be argued that if plastic deformation occu
during decomposition general results obtained from con
erations about elastic strain energies alone may not app

Secondly, it can be seen that a coherent modulated st
ture consisting of alternating plates breaks up at the cohe
interfaces when the lattice misfit increases. From this con
eration it may be conjectured that an arrangement of al
nating coherent plates is not a favorable configuration
cases of large lattice misfit.

The transition in the mesoscopic precipitation patte
found between the AuPt and CuRh system is schematic
shown in Fig. 8. Both structures induce zero strain along
axis of modulation~horizontal axis in the figure!, i.e., in a
sequence of alternating precipitates~e.g., Au-rich and Pt-rich
or Cu-rich and Rh-rich! the variation of the lattice paramete
is compensated along the axis of the modulation.

On the other hand, perpendicularly to the modulation a
both systems induce elastic strain in the matrix. This ela
strain may be reduced if the lateral dimensions of the pla
lets within the modulated structure are likewise reduced
follows that a transition from a configuration shown in Fi
8~a! to that depicted in Fig. 8~b! may result in agreemen
with the present experimental observation.

FIG. 8. Schematic representation of the transition in the mo
lated structure observed with increasing lattice misfit between
AuPt and CuRh systems. The figure is not drawn to scale. Along
horizontal axis of the figure the lattice misfit is compensated by
alternating sequence of Cu-rich and Rh-rich~or Au-rich and Pt-
rich! precipitates. The main elastic strains occur perpendicularly
the axis of modulation. The modulated structure as a whole ma
considered as one precipitate creating a strain field with cylindr
symmetry around the axis of modulation. With increasing latt
misfit the strain energy can be decreased by reducing the la
dimensions of the modulated structure as observed in this exp
ment.
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55 2823STRUCTURE FUNCTIONS IN DECOMPOSING CuRh SYSTEMS
In summary, the present investigation confirms that in
dilute Cu75Rh25 alloy the precipitates are plates in acco
dance with theoretical expectations. On the other hand, in
symmetric CuRh system a modulated structure is fou
showing, however, long range atomic correlations which
significantly reduced with respect to that previously obser
in a AuPt system. The measurements in symmetric Cu
give no evidence of the formation of precipitation plat
within the modulated structure. The present results ra
indicate that a coherent arrangement of parallel plates o
-
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ternating atomic concentrations becomes unstable if the
tice misfit is increased, i.e., the coherency and the long-ra
atomic correlations related to it are reduced within the mo
lated precipitation structure.
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