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Ag-Cu has been a classical example demonstrating the formation of a single-phase supersaturated solid
solution by rapid quenching in a system immiscible in equilibrium at room temperature. This study examines,
using molecular dynamics simulations, the local structures and homogeneity of these crystalline and amor-
phous Ag-Cu alloys produced by quenching from the liquid at different cooling rates1Q¥-2.5
X 10" K/s). It is observed that the retention of amorphous structures requires extremely high quench rates.
The amorphous alloys formed are chemically uniform in both long and short ranges. Meanwhile, topologically
significant local icosahedral order was able to develop during quenching even at these extreme cooling rates.
The Ag-Cu amorphous structures are discussed in comparison with those of Ag-Ni, a system immiscible even
in the liquid state. At moderately reduced quench rates, homogeneous crystalline solutions form instead. With
further decreasing quench rates, the chemical short-range-order parameter becomes increasingly more positive,
suggesting spinodal decomposition. Our simulations point to the need for a careful experimental study of the
ultrafine-scale composition modulations in the face-centered-cubic solid solution that is hitherto believed to be
homogeneously supersaturated for a wide range of rapid-quench conditions.
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[. INTRODUCTION ods were used to prove the formation, and characterize the
structure, of the new alloys. The possibility of overlap be-

The eutectic Ag-Cu system is one of the many binarytween broad diffraction peaks when crystal and domain sizes
systems with a positive heat of mixifgositiveAH) in both  are extremely small makes it difficult to ascertain if a single-
the solid and liquid states? In the equilibrium phase dia- phase homogeneous alloy is fori&dr to distinguish be-
gram the two elements are soluble in the liquid state due tbween a mixture of nanocrystalline grains/domains and a
the large entropic contributions to the free energy of mixingtruly amorphous structur€. Moreover, the development of
at high temperatures, but exhibit practically no mutual solushort- to medium-range clustering, or any other types of lo-
bility near the ambient temperatur@.Over the past several cal chemical or topological structures, remains unexplored so
decades, there have been a large number of publications riar. In comparison, it has been uncovered for many years that
porting that solid-solution alloys can be created in this systhe short-range chemical ordering and topological local order
tem through processing under far-from-equilibriumin the conventional negativAH amorphous alloys are ex-
conditions®~*8 In fact, the formation of a continuous series tremely important to their metastabilit)->3 For the crystal-
of fcc Ag-Cu solid solutions, and occasionally amorphousline solutions, it has been modeled recently that a decom-
Ag-Cu alloys, was one of the earliest demonstrations of nonposed microstructure, when coherent or semicoherent on the
equilibrium alloy formation by rapid quenching from the nanometer scale as in incipient spinodal decomposition, can
liquid®~® or vapor phase%:1° Since the early 1960's, there in itself also lead to a single set of Bragg peaks appearing at
has been an increasing number of claims of new alloys irthe positions corresponding to the average lattice parameter
systems with positive\H,**=? such as Cu-Co, Cu-Cr, Cu- of the two elements, close to that of a truly homogeneous
Fe, Ag-Cu, and sometimes even in systems that exhibit aupersaturated solutidh.As an example, a recent high-
large miscibility gap in the liquid state, such as Cu-Ta, Cu-resolution microstructure analysis of Cu-Co solid solutions
Nb, Cu-W, Ag-Ni, Ag-Co, and Ag-Fe. Typical processing prepared by melt spinniAg?* and room-temperature
techniques employed to achieve alloying include vapor depoeosputtering® indeed proved that spinodal decomposition
sition through evaporation and sputterfig®*”!® melt  was actually not suppressed for compositions near the center
quenching™ ion beam mixing**? and mechanical of the phase diagram due to the positivel in this system as
alloying*-16 the driving force for phase separation.

The nonequilibrium alloys created in such positiéd It is therefore of interest to examine in detail the atomic-
systems are interesting because their formation has to sulevel structures of the unstable phases formed in positide
vive a thermodynamic driving force for phase decomposisystems to understand exactly what kind of alloys can be,
tion. As a result, in contrast to systems with a negatité  and have been, created. Several issues regarding the nonequi-
that drives spontaneous intermixing, true atomic-level alloydibrium Ag-Cu alloys will be addressed in this paper. First of
ing and the chemical homogeneity of the two constituentall, we will explore under what rapid quenching conditions
elements cannot be taken for granted. Unfortunately, for théhe amorphous alloys and fcc solid solutions form, respec-
vast majority of previous experiments only diffraction meth- tively, to explain the seemingly conflicting claims in the lit-
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erature of the appearance of both phases. Second, the natlr@th phases. Our prior experience indicates that an embed-
of the atomic-level structure of the amorphous Ag-Cu alloysded atom methoEAM) potential is adequate for describing
formed will be monitored. Specifically, we will probe into the behavior of the crystalline Ag-Cu phases including the
the chemical and topological short-range order developed dtc solid solution***® It does not, however, reproduce the
different stages of quenching. The results will be compare@xperimentally measured heat of mixing in the ligai@n
with those of amorphous Ag-Ni, a system with a larger posi-the other hand, the tight-binding Ag-Cu potential of Moz-
tive AH and immiscible in both liquid and solid stat¥s>®  zone et al*’ reproduces the liquid heat of mixing at high
and with local structures developed in negativel alloys. temperatures and is useful for simulating the liquid or under-
Third, for the repeatedly reported fcc Ag-Cu alloys, gener-cooled liquid alloy!® But this latter potential predicts a posi-
ally presumed to be homogeneous supersaturated solid soltive AH much too large for the fcc solid solution when com-
tions based on simple diffraction results, we will examinepared with recent experimental ddfaThe Sutton-Chen
the possibility that the solutions are not really random andAg-Cu potential*? after a minor modification, was found to
homogeneous and determine the extent of the nonuniformitpe able to reproduce all the available heat of mixing data for
developed during quenching due to incipient phase separ#oth the fcc solid solution and the high-temperature liddid.
tion on extremely findnanometerscales. This potential will be used to model both phases in the cen-
Molecular dynamics(MD) simulation is used in this tral concentration range. A cutoff distance of 6.5 A was cho-
work. MD modeling is very useful, and sometimes indis- sen for the atomic interactions, corresponding up to the fifth
pensable, for tackling the challenging tasks listed in the lastoordination shell in fcc Ag.
paragraph. MD simulations can provide details of the local Most of the results reported in this paper are for the
structures that are difficult to access in laboratoryslightly hypoeutectic composition of Agluzy, as an ex-
experiments’~*' MD also captures the structural develop- ample. Out of the several compositions we looked at in a
ment in different stages of quenching. The cooling rates usegreliminary survey, this composition is chosen for a system-
for MD simulations can be similar to or beyond what is atic study because, compared with more concentrégey,
achievable in laboratory rapid quenching experiments. Thequiatomig¢ alloys, the kinetics are faster and the MD runs
MD results may thus provide insight into the local structuralare thus more manageable in terms of simulation time. This
features and the corresponding thermodynamic propertiesllowed us to simulate at some fairly slow cooling rates and
possibly present in experimental alloys under variousobtain both the amorphous and the crystalline solutions at
guenching conditions. For Ag-Cu, reliable interatomic poten-this composition with a variety of local structures. The struc-
tials are availablé? so that a comparison of the MD results tures of the alloys obtained in MD are analyzed using the
with the experimentally determined structures and enthalpiesadial distribution functiorf(RDF), i.e., the pair distribution
is possible(a detailed experimental study is beyond thefunction g(r)], chemical short-range-ordéESRO param-
scope of this paper and will be reported in a forthcomingeter, three-dimensional atomic configurations, and the

publication. common-neighbor analysi€NA) method.
Il. SIMULATION METHOD . RESULTS
MD simulations were performed at zero pressure with the A. Amorphous solid solutions

Gibbs ensembleN-P-T) implemented using the Parrinello-
Rahman algorithi#? to control the pressure and the Nese
Hoover methof' to control the system temperature. Tests Figure 1 shows the RDF's of AgCus, after quenching
with the Wentzcovitch algorith a produced similar re- from the liquid at different cooling rates to 300 K. For high
sults. Equations of motion were numerically integrated usingluench rates of §10'*K/s and above, discrete crystalline
the fifth-order Gear predictor-corrector methddl with a  peaks are absent in the RDF's, suggesting amorphous or lig-
time step of 2 fs. Each simulation box has up to 2000 atomslidlike structures. The split second peak in the RDF’s is a
at the desired composition, under periodic boundary condifeature frequently observed for amorphous materfaEhe
tions. The initial velocities of atoms follow the Boltzmann evolution of the enthalpy was monitored during the cooling
distribution at the desired temperature. The enthalpy of th@rocess, and the results for several different quench rates are
system was determined by summing up the potential anghown in Fig. 2. Again, for quench rates ok3.0* K/s and
kinetic contributions. For each quench experiment, the startabove, the exothermic step associated with crystallization is
ing liquid state was obtained by heating the solid slowlyabsent during cooling. The glass transition temperafye
through the liquidus temperature. The system was meltedan be determined by monitoring the thermodynamic
and homogenized at a temperature well above the liquidus inroperties®®! during undercooling. The point at which both
the range of 1250—1500 K for 100 ps and then rapidly cooledhe enthalpy and volume change slope is taken a3 he\s
with the desired ratée.g., at 5< 10" K/s or 0.1° per time  shown in Fig. 3 as an exampl&, is 510 K for Ag;Cuk, at
step down to room temperature. the cooling rate of 2.8 10" K/s. This value is close to those
Since we are interested in the behavior of both the fcoof Qi etal. obtained for AgCuyy by similar MD
solution and the undercooled liquid that evolves into thesimulations>*
amorphous phase through glass transition, an appropriate At lower quench rates of 2:610'? K/s and below, the
Ag-Cu interaction potential must be chosen and validated foguenched AgCusq alloys all exhibit crystalline features in

1. Cooling rate dependence
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FIG. 1. Radical distribution functions of AgCus, quenched
from liquid at different cooling rates, showing the formation of
amorphous and crystalline solutions.

FIG. 2. Evolution of the enthalpy during quenching of Qus,
at the six different cooling rates.

eter close to zero at all temperatures, indicating little decom-
their RDF's, Fig. 1. A heat of crystallization is associatedposition during quenching. The alloy obtained can thus be
with the crystallization of the undercooled liquid into the regarded as a random amorphous solid solution. A projection
crystalline solution, seen in Fig. 2 as a stepwise downwaraf the amorphous structure is displayed in Fig. 5, in compari-
jump. The crystalline solutions will be discussed in Sec.son with a crystalline structure obtained at a lower quench
[11B. Incidentally, for more concentrated alloys such asrate. The CSRO development in the crystalline solution at
AgsCus, the alloy remains amorphous at the quench rate ofower cooling rates will be discussed in Sec. Il B.
2.5x 102 K/s due to slower atomic movements. As men-
tioned before, we will focus on a fixed composition of
Ag,;Cug, to observe the wide range and trend of structural
deve|opments_ 20 quenching rate: 2.5x10" K/s

21 1 1 1 1 1 [l ]

2. Chemical short-range-order parameter in the amorphous state

We now proceed to analyze the structural properties. The
tendency for ordering or clustering can be characterized us
ing the Warren-Cowley chemical CSRO param&teefined
as

/atom)

CSRO-1- A8 (1)
NCg'

Volume (ZX3

where N,g is the nearest coordination number Bfatoms

around arA atom,N is the total coordination number in the
nearest-neighbor shell, a@} is the atomic concentration of
B. Positive and negative CSRO parameter values indicate 15 , . :

T T T

T
clustering and ordering, respectively. Figure 4 shows the 200 400 600 800 1000 1200 1400
eyolution of the CSRO parameter during quen_ching at four Temperature (K)
different quench rates for AgCusy. For the rapid cooling
rate of 5x 10*? K/s (and presumably any rate above jhise FIG. 3. Atomic volume changes slope at the glass transition

undercooled liquid amorphous alloy shows a CSRO paramtemperatureT,, for Ag;Cug at the quench rate of 2510 Kis.
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FIG. 4. CSRO parameter as a function of temperature during .“- .k (4 < c.c ... C Ob
quenching at different rates. The final structure is amorphous at \,‘ .‘()K (®) < © @ _
5x 102 K/s, and those for the other three rates are crystalline. ¢ % o ¢’ .‘~~ ¢ ]..Co\
3. Common-neighbor analysis of local icosahedral order .‘“. e _© ¢ .(‘ c‘»’
in the amorphous solution 9L ©T0T
A number of simulation§ ~*! have predicted short-range
topological ordering based on icosahedral or distorted and 5.0x10"" K/s
fragmented icosahedral arrangements in elemental amor-
phous solids and binary amorphous alloys with negalikt FIG. 5. Two-dimensional cross sectional projections of amor-

Experiments of metallic glasses have also detected the fivous vs crystalline structures obtained at two different quench
fold symmetry and icosahedral arrangeméité,out mostly  rates. Dark balls are Cu atoms.

in systems where quasicrystalline alloys form. It is therefore ) _ _

of interest to examine whether icosahedral ordering also exthe pairs can then be obtained and the total RDF is the sum-

ists, and the degree of its development, in an amorphoudation of these pair RDF's. _
alloy in a binary system such as Ag-Cu with a positivel The CNA can be used to distinguish between various lo-
and no quasicrystal formation. cal packing orders, in particular fcc, hcp, and icosahedral

One instrument that can be used to analyze the local er{e_nvironments. Specifically, all bonded pairs in an icosahe-
vironments is the common-neighbor analy&&NA).3” The dron arrangement of 13 spheres are of type 555 because the

: . .central sphere forms a 555 pair with each of its 12 neighbors.
CNAs a method for a’?a'yz'”g structures py a decompOS|If one bond is broken between a pair of outer spheres in an
tion of the RDF according to the local environment of the:

. ; . icosahedron, two of the 555 pairs get transformed into 544
bonded pairs. The first RDF peak, for example, is composeffairs and two get transformedpinto 233 pafé’ This repre-

of bonded nearest-neighbor pairs with different environ-ggniq 5 tyne of distorted icosahedral order. In contrast, 421
ments. -Here the “bonded” nearest ne|gh_bors are those within .4 422 pairs are characteristic of fcc and hcp order. The
the radius range from zero to a cutoff distamge wherer;  only ponded pairs in the fcc crystal are 421, while the hcp
is taken as the pOSition of the first minimum of the total RDF.CryStaj has equa| numbers of 421 and a_éz

Setting a different cutoff for each of the Ag-Ag, Ag-Cu, and Using the atomic positions stored for the Ag-Cu alloy
Cu-Cu bond types is not necessary because the first minguring cooling, its RDF was decomposed into a set of
mum in the total RDF can be used to separate the nearedRDF’s, each for a specifiejil type. The seven major types
neighbor bonds in all three partial RDF’s. Each such bondedf pairs (555, 433, 544, 421, 422, 311, and 666, others with
pair of atoms is systematically classified according to its surpopulations less than 2% are neglegtéor Ag,,Cusg are
roundings in the following way: A set of three indicgd  monitored during quenching. Figure 6 shows the normalized
specifies the local environment of the pair. The firstinfsx ~ number, or the relative fraction, of the various CN pair types,
the number of neighbors common to both atoms. The secoras a function of temperature during a quench at 5
indexKk is the number of nearest-neighbor bonds between thex 10'? K/s. For the amorphous alloy obtained, the 555 pair is
common neighbors. The third indéxs the number of bonds apparently the most abundant and 433 and 544 pairs are
in the longest continuous chain formed by théonds be- second, indicating the dominance of icosahediratluding
tween common neighbors. After each pair has been assignefistorted icosahedrabrder. Only small percentages of 422
to one of the variougl types, a RDFg;(r) for each type of  pairs and 421 pairs are found, indicating that crystalline hcp
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FIG. 6. Abundance of various common-neighlGN) pairs in ) _ o
(amorphous Ag,Cus, at different temperatures during quenching  FIG. 7. Abundance of various common-neighlfGN) pairs in

at 5x 10" K/s, showing the dominance of CN pairs characteristic (fcc) AgzoCug, at different temperatures during quenching at 2
of icosahedral local order. x 10 K/s, showing the dominance of the 421 pairs characteristic

of fcc local order in the product alloy.

and fcc local orders are insignificant. Dense random packing
thus apparently also plays an important role in controlling=10% K/s,* although a definitive determination is difficult
the local topological order in these homogeneous Ag-Curhis is in agreement with experimental findings. In fact, the
amorphous alloys with little chemical partitioning, contribut- only two groups that produced amorphous rather than fcc
ing to the reduction in system energy. The predominance ofAg-Cu solutions employed procedures that are likely to yield
the local icosahedral features over crystalline short-rang¢he highest possible effective quench r&tesThey used
packing can be viewed as a supporting evidence for thevaporation rather than sputtering so that the arriving par-
amorphous nature of the structure. ticles have less kinetic energy, and it was found that the
Figure 6 clearly indicates that there is a substantial anéimorphous phase only appeared when the liquid-nitrogen-
continuous increase of 555 pairs in the quenching processooled substrate is a fast heat-conducting nfetaln all
The increase of 555 pairs representing the icosahedral ordepther quenching experiments from the vapor or liquid
ing is a major contributor to an excess specific heat in theohase>"%8the product alloy is crystalline. This is consis-
amorphous structut®®3¢ and consequently the rate of en- tent with the MD results of Figs. 1 and 2 for the more typical
thalpy reduction during undercoolin@ig. 2). It is interest- quench rates for depositions(2.5x 10'? K/s).
ing that the local icosahedral order develops to such a high As shown in Fig. 4 for Ag,Cugg, it is apparently possible
degree even though the guench rate is extremely high at ® obtain a crystalline solution close to being homogeneous,
X 102 K/s. Apparently, such local atomic arrangements re-as the CSRO parameter is practically constant and only
quire only very limited short-range diffusion. In addition, slightly positive after the quench if a high cooling rate of 5
while 555 pairs increase in the quenching process, the popu< 10* K/s (or higher at 2.5 10'? K/s) is adopted. Chemical
lation of 422 and 421 pair§representing fcc and hgpe-  partitioning is largely suppressed at such quench rates, and
mains low in the entire quenching process, in sharp contraghe polymorphous crystallization is pushed to a fairly low
to the dominant fcc local order in the crystallized solutionstemperaturéFig. 2). There are approaches that may possibly
obtained at reduced quench rates, to be discussed in the fakach such high quench rates in laboratory experiments, e.g.,
lowing section(Fig. 7). by employing a low deposition rate to reduce substrate heat-
ing and a highly conductive and cold.g., cooled by liquid
nitrogen or liquid heliun substrate. Considering the fact
there have been a couple of reports of amorphous phase for-
As shown in Fig. 1, amorphous alloys can only bemation in Ag-Cu by vapor quenching, which requires even
obtained at extremely high quench rates, at the high endligher cooling rates(Sec. IllA), a rate at or above 5
of the effective quench rates achievable in laboratoryx 10 K/s ought to be possible with carefully chosen depo-
vapor quenching experimentgusually estimated to be sition parameters.

B. Crystalline solid solutions
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Note that a clearer visualization would require a three-
dimensional view with crystal rotations. However, some dif-
ferences in terms of homogeneity can already be seen in
these two-dimensional cross-sectional projections. For the
two slower cooling rategFig. 8), the crystalline solutions
exhibit clustering and nonuniformity. The bottom view in
Fig. 8b), from an angle different from the projections in Fig.
8(a), demonstrates that the region with higher solute concen-
tration is not much more positionally disordered than the
neighboring regions, but may be a result of coherent

‘f:f‘fk AR
< A I X FIET 1
DLCeedne .(.(:. [ .‘

twining.>® Figure 7 monitors the development of local topo-

P T Y e logical order during quenching at10' K/s. It shows that
L DR R T 4

while the six major pairs are of similar fractions in the high-
temperature liquid as in the faster cooling case that resulted
in the retention of amorphous alloyig. 6), the local fcc
order, in terms of the number of 421 pairs, jumps abruptly
during crystallization at the expense of icosahedral order.
After crystallization practically no 555 pairs are left, while
the 421 pair reaches very high percentages, consistent with
the final product being an fcc solid solution. Note that the fcc
solution is indeed the predominant phase in laboratory
quenching experiments under various conditibhes identi-

fied based on diffraction results.

From the CSRO parameter in Fig. 4 and the atomic con-
figurations shown in Fig. 8, we conclude that the solution is
no longer homogeneous for the slower cooling rates em-
ployed in this study. Real-world quench experiments can
have cooling rates even lower. For example, for melt quench-
ing experiments the cooling rate is estimated to be as low as
10° K/s.%° It would be interesting to examine the structural
details of Ag-Cu solutions prepared using such quench rates.
Unfortunately, MD solidification experiments with cooling
rates slower than those used in this study are not practical

FIG. 8. Two-dimensional cross-sectional projections of the crys-g'ven the. limited MD%)S'mUI"_mOn Capab|I|_t|es. For gxample,
talline structures obtained at the two slower quench rates in Fig. 407 @ cooling rate of 10K/s, it would require one microsec-
showing the trend of increasing segregation. The viewgishow  ONd to cover a temperature range of 1000 K during the

the close-packed planes, while those(im reveal the structure of guench. This is beyond the10 ns time scale available to us
the regions with higher solute concentrations. in our MD runs. The possibilities of phase separation for

much slower cooling rates will be discussed in the next sec-

However, in many deposition experiments slower effec-l1on.
tive cooling rates of<5x 10" K/s are also likely. In this
case, the positive CSRO parameters seen in Fig. 4 for the
two lower quench rateg2x 10'* and 5x 10'° K/s) predict
that there will be clustering and incipient phase decomposi-
tion inside the solution. Slowing down the quench also ren- The absence of the development of appreciable clustering
ders the crystallization of the undercooled liquid possible ain the undercooled liquid/amorphous solution deserves a
higher temperatures, as shown in Fig. 2. At 20! K/s, the  comment. Such a homogeneous alloy is expected only at
CSRO parameter indicating local clustering rises over thénigh temperatures in the equilibrium liquid. The heat of mix-
same temperature range where crystallization of the undeing in the Ag-Cu liquid is positive, but relatively small
cooled liquid takes place, Fig. 2. Upon quenching at the evep+3.62 kJ/mol at the equiatomic composition at 1423 K
slower rate of 5 10'° K/s, the CSRO parameter increases in(Ref. 2)]. The relatively large entropy contribution at suffi-
the undercooled liquid during cooling and jumps sharply atciently high temperatures renders the free energy of mixing
about 880-850 KFig. 4), a temperature similar to what is negative, and as a result, the Ag and Cu are homogeneously
predicted for the critical temperature for the liquid miscibil- intermixed in the equilibrium liquid. At lower temperatures
ity gap usingCALPHAD extrapolation$(see the next section  in the undercooled liquid, a metastable miscibility gap is
Crystallization sets in afterwards at a slightly lower temperapossible. An estimate based on the extrapolation of the sub-
ture of 830 K. regular solution model for the Ag-Cu liquid in Ref. 2 places

Figures 5 and 8 compare the structure snapshots of thihe critical temperature for the liquid state miscibility gap at
crystalline solutions discussed in the last two paragraphsabout 800 K. However, this temperature is fairly close to the

5.0x10" K/s

< .
[RETS SRR N NS N e ) > SO Tt L Vi
. R Ok p o
‘ 5 S

5.0x10"° K/s

IV. DISCUSSION

A. Amorphous solutions
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glass transition temperature of500 K (Fig. 3 where the arise from topological local order with little extra contribu-

undercooled liquid freezes into a glass, such that the tention from short-range ordering or segregation. This may have
perature window favorable for phase decomposition is smaltontributed to the relatively low stability of the amorphous

in a rapid quench. As the amorphous phase is obtained #g-Cu phase. Reducing the quench rate would facilitate the
extreme|y rapid quench rates at or abowvéd X 1012 K/s, development of local structures to hE|p stabilize the amor-
there is insufficient time for the undercooled liquid to catchPhous Ag-Cu; however, as shown in Figs. 1, 2, and 4, while
the nose in the temperature-time-transformat@mT) dia- _slower cooll_ng indeed makes chemlqal partitioning possible,
gram to yield obvious phase separation. A homogeneou$ also glle_vlates the kinetic constraints _that suppresses the
amorphous solution is obtained as a result, as demonstraté&ySt?‘||'Zat'°” pf the undercooled liquid into the crystalline

by the CSRO parameter in Fig. 4. sol_utlon, allowmg_ the latter to replace the amorphous phase

This scenario is very different from that observed in the@t increasingly higher temperatures.
amorphous structures in the Ag-Ni liquids quenched at simi-
lar cooling rates, where one observes spinodal-like phase
separation features with modulation wavelengths of the order
of one nanometer as well as a positive CSRO parameter as Figure 4 suggests that a rapid quench at an effective cool-
large as above 0¥~*¢This difficulty in bypassingincipi-  ing rate of approximately 5 10**-5x 10'2 K/s would allow
end decomposition in the Ag-Ni case is clearly associatedhe phase decomposition to be bypassed in the undercooled
with the huge liquid miscibility gap due to the large magni- liquid. These quench rates, however, are no longer able to
tude of the positiveAH. As seen in the Ag-Ni equilibrium suppress the polymorphous crystallization observed in Fig. 2.
phase diagram, the liquid miscibility gap persists to very This latter transition occurs at a fairly low temperature for
high temperatures. Again, using tlaLPHAD approach the these relatively high quench rates. The resulting fcc solid
critical temperature for the liquid miscibility gap can be es-solution is by and large homogeneous. Crystallization be-
timated to be as high as 2800°KAs a consequence, there is comes possible at higher temperatures with decreasing
driving force for phase separation over a wide range of temguench rates. When the quench is slowed down to 2
peratures in the liquid and undercooled liquid states during< 10 K/s, phase separation sets in almost concurrently with
the quench, with sufficient time spent at temperatures whererystallization(compare Figs. 2 and)4Slowing down the
diffusion kinetics are sufficient for nanometer or quench further to % 10'° K/s enables the compositional par-
subnanometer-scale segregation. titioning to occur at still higher temperatures before the crys-

Note that in diffraction studies both the vapor-depositedtallization event. The different temperature dependence is
amorphous Ag-Cu and Ag-Ni alloys exhibit similar diffused understandable by comparing the kinetics of the two process-
halos®~924-3¢ They would be considered similar positive es: the easier polymorphous crystallization has a lower ac-
AH amorphous alloys and presumed homogeneous consitivation energy than that of chemical segregation. Note that
ering the extremely rapid quench used to deposit them. Butnce composition modulatiori#\g-rich and Cu-rich regions
in actuality they are very different: one close to being trulyare developed to sufficiently large dimensions in the under-
homogeneou$Ag-Cu) and one undergone phase separatiorcooled liquid, crystallization of the inhomogeneous alloy
on a scale so fine that it could easily escape dete¢fgn  is easier and likely to immediately follow, as observed in
Ni). Fig. 2.

These amorphous alloys are also different from those ob- Once crystallization is over, it appears that there is insig-
tained in easy glass-forming systems where strong shorhificant further development of partitioning inside the fcc
range ordering to increase the number of unlike bonds is theolution, as suggested by the more or less constant CSRO
norm due to the large negativkH. Phase separation and parameter after the jumps in Fig. 4. At first glance this would
two-phase coexistence in the amorphous state are also occggem to be inconsistent with the equilibrium phase diagram,
sionally reported for these negatiséH amorphous alloys’  which indicates that the fcc state would have a stronger ten-
Either clustering or ordering helps to stabilize the amorphouslency to phase separate than the liquid stateleed, at the
structure by reducing the enthalpy and hence the free energgutectic temperature of 1053 K there is a miscibility gap in
of the amorphous phase. As a result, such an amorphotbe solid, but not in the liquid. The calculated critical tem-
phase is often stabilized to a rather low-energy state, with thperature of the fcc miscibility gap is at 1385%igher than
heat of crystallization typically of the order of only a few that of the liquid miscibility gap. Clearly, there is a larger
kJ/mol®%61 The amorphous structure is often more energetipositive AH in the fcc state due to the size mismatd3%
cally favorable than the competing crystalline solid-solutionbetween the two elements and hence the strain energy asso-
phase and forms relatively readily in nonequilibrium ciated with forming the regular lattice. However, the compo-
processing®®! In this regard, the Ag-Cu amorphous phasesition profiles inside the fcc solution can be retained due to
appears to be different. It forms not because it has a lowekinetic constraints, more so than for the undercooled liquid.
energy than the competing fcc supersaturated solution, bdthe clustering kinetics inside a crystalline structure at low
because of kinetic trapping at very high quench rates thaiemperatures significantly below the critical temperature will
keeps it form crystallizing. The fcc phase in fact has a lowerbe a lot slower than in the undercooled liquid at higher tem-
enthalpy and a lower free energy at low temperatures, ageratures above the glass transition temperature.
seen in Fig. 2. In this Ag-Cu case, the amorphous phase is Over a range of quench rates of approximately 5
largely homogeneous, and the reduction in energy has t&x 101°-5x 10! K/s, the product crystalline solution is inho-

B. Crystalline solutions
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mogeneous. The partially decomposed regions, as estimatézhger diffusion times available during the quench than the
from Fig. 8 with a two-dimensional cut of the atomic con- cases in Fig. 4, it is possible that phase decomposition would
figuration, have dimensions as small as fine as a couple eflso become gradually more and more pronounced in the
nanometer¢modulation wavelength less than a few nanom-crystalline alloy. The early stage of spinodal decomposition,
eters. Similar spinodal decomposition features with modu-often proceeding in a coherent or semicoherent manner,
lation wavelengths of 1-3 nm have been observed before iBould have easily escaped detection since the alloys have
annealed Au-Nf?~%4a system with an atomic-size mismatch only been analyzed using diffraction methdds.
similar to the Ag-Cu case. We stress again that the MD results only provide insight
into the trend of structural evolutions, while the exact quench
rates at which structural changes occur may be dependent on
MD details such as the algorithms, the interatomic potentials,
None of the experiments on the Ag-Cu system reported itand the system size and thus may differ from experimental
literature explored in a systematic way the atomic-levelindings. In fact, from the experimental perspective, it is also
structures and the homogeneity of the nonequilibrium alloydifficult to assign a precise effective quench rate to a given
produced’*® A meaningful comparison is therefore not pos- set of experimental deposition/quench parameters. Neverthe-
sible at this point. We have started a series of systematiess, it is well known that a wide range of effective quench
experiments, and the results will be reported in a forthcomrates including those comparable to what have been used in
ing publication. this MD work is possible through the choice of processing
Note that all our MD quench experiments started from thetechniques and parameters. Typical rapid quench methods at
liquid phase. While it is possible that during vapor quenchour disposal are melt quenching, laser quenching, evapora-
the material may indeed go through the liquid temperaturgion, sputter deposition, ion implantation, and ion beam
range, caution should be exercised if one is to compare dimixing.>®
rectly our results with vapor deposition experiments. Our \We also note that we used a relatively small simulation
results cannot be directly applied to those melt quench excell (2000 atomysto speed up MD runs and facilitate data
periments either because they typically have slower effectivenalysis. Although the periodic boundary condition may
cooling rates. However, we believe that the trend of struchinder the evolution of the spinodal decomposition by sup-
tural evolution towards the fcc solution and towards inhomo-pressing the long-wavelength fluctuations, the main cluster-
geneity with decreasing quench rates should be present iRg and decomposition features we are interested in are on
samples prepared in laboratory experiments. Over the thre@e scale of 1 nm and would thus remain observable, and
decades of quench rates employed in this study, our MDQvere indeed observed. Due to the rapid and deep quench
results suggests three regimes. At the high end above f@sed, long-range diffusional spinodal decomposition with
X 10'*K/s, a homogeneous amorphous solution is obtainedarge wavelengths do not get to develop and small wave-
Such a rate is difficult to reach in laboratory experimentsiength modulations dominate. In fact, we kneav priori
except in limited vapor deposition conditiois’ The slower  from preliminary extended x-ray absorption fine structure
quenches at rates over the next decade until6' K/s pro-  (EXAFS) and small-angle x-ray scattering experiments in
duces crystalline alloys instead, but retains the homogeneitsapidly quenched Ag-Cu as well as in Ag-Ktiee Sec. IV A
inside the alloy. Such rates are more likely in vapor deposithat the main phase separation features would have modula-
tion experiments, such that some of the experiments magions of the order of only a couple of nanometers. In the
indeed have resulted in single-phase, uniform, Ag-Cu supedesign of MD cells, as shown in Fig. 8, we decided to choose
saturated solution§.However, if the effective quench rate is to have one dimensiof1D) much longerup to about 8 nm
reduced by another order of magnitude to betweeril8'*  than the others to allow us the possibility to observe longer-
and 5x 10 K/s, the fcc solutions obtained can be only “x- wavelength fluctuations at least in 1D, if they do develop.
ray homogeneous,” but actually nonuniform. This is a strong  Similar to most published MD work, we repeated a few
possibility for many reported Ag-Cu solutions since theyruns with different starting configurations for each MD
were prepared by procedures that are unlikely to yield suffiquench experiment. The limited number of chemical com-
ciently high quench rate&@lthough a one-to-one correspon- plexions probed may limit the chances of the structure to
dence with MD quench rates is not appropriao far, they  evolve away from certain metastable frozen states to further
have not been scrutinized carefully to detéotipien de-  lower its energy. Note, however, that we are interested in
composition. establishing a trend toward decomposition when different
For quench rates below>510%° K/s, MD simulations be- quench conditions are compared, not all the possible states
come impractical at present. It is likely that crystallization the solutions could reach, or the solution structure that defi-
occurs at a temperature higher than the critical temperatungitely has the lowest energy among all possible complexions,
such that the undercooled liquid does not get to enter ther an accurate determination of the free energy or ordering
miscibility gap. In this case, all the decomposition has toparameter. Therefore, a limited number of chemical com-
proceed in the crystalline state. We have shown in Fig. 4 thaplexions should be sufficient to at least show us the high-
the development of local clustering is slower in the crystal-probability events and the general tendency. Also note that in
line solution than in the undercooled liquid. However, con-the real-world rapid quench experiments kinetics are also
sidering the fairly low quench rate often used in melt quenctextremely limited and metastable frozen structures are actu-
experimentsdown to 16 K/s (Ref. 55] and hence much ally what people often observe after the quench.

C. Comparison with laboratory experiments
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Our MD modeling results will be useful in supplementing random packing and hence energy reduction. Our data sug-
the experimental investigations currently underway in ourgest that such local icosahedral ordering can occur in posi-
laboratory using probes sensitive to fine-scale structures sudlve AH binary amorphous alloys and even under the severe
as extended x-ray absorption fine structure and small-anglguench conditions used to retain the amorphous structures.
x-ray scattering. A combined simulation-experiment ap- (iv) At moderately reduced effective quench rates compa-
proach will be required to fully understand the nature of therable to those experienced in typical vapor deposition experi-
structures of these unconventional supersaturated alloys preients, the undercooled Ag-Cu liquid transforms to the
pared under a wide range of different far-from-equilibrium lower-energy supersaturated crystalline solid-solution state.

conditions. For a range of quench rates, phase separation remains sup-
pressed in both the undercooled liquid and crystallized states,
V. SUMMARY AND CONCLUDING REMARKS leading to a close to homogeneous solution as a result of a

] o . ] more or less polymorphous crystallization transformation.
This MD study is aimed at uncovering the atomic-level () At further reduced cooling rates, including those used
structures of the Ag-Cu alloys obtained through rapidin many vapor deposition conditions that are customarily
quenching at extreme cooling rates. It is designed to providgresumed to produce homogeneous alloys, spinodal decom-
insight into what kind of alloys are produced and the extenhosition in the undercooled liquid can no longer be sup-
of nanoscale inhomogeneity that is possibly present in sucBressed upon temperature excursions into the metastable lig-
unstable positiveAH alloys created far from equilibrium. ig miscibility gap. The ensuing crystallization results in fcc
The main conclusions are as follows. solutions containing composition modulations on the nanom-
(i) Our MD simulations indicate that amorphous alloys eter scale and a positive chemical short-range order param-
can be formed in the positiv&H Ag-Cu system. The effec- gter.
tive quench rates required are extremely high that they may (vi) Our results point to the need for a careful experimen-
be achievable only under carefully controlled vapor deposita| study of the local structures and homogeneity of the
tion conditions. This may explain why amorphous Ag-Cu is pg-Cu solutions and similar positivaH alloys, including
only seen so far in a couple of thin-film deposition experi-those produced under vapor deposition conditions that have
ments. ) been taken for granted for years to produce homogeneous
(i) The amorphous phases formed via such extremelyonequilibrium alloys. Such studies are even more necessary
rapid quenching are homogeneously alloyed on the atomigy the fcc solutions formed under less severe quench condi-

level, with little or only slight chemical segregation. This is tions (e.g., melt quenchinghat are not accessible in current
attributed to the fact that the metastable liquid miscibility pjp simulations.

gap does not appear until a relatively low temperature not
much higher than the glass transition temperature, allowing a
guench at sufficiently rapid cooling rate to bypass the de-
composition. The authors thank Weikun Luo for hissLPHAD modeling

(iii ) While chemically homogeneous, significant topologi- efforts and Dr. Yue Qi for useful discussions. This work is
cal short-range order develops in the amorphous Ag-Cu. Theupported by the U.S. National Science Foundation, Grant
icosahedral packing is favored due to the tendency for denddo. DMR-0080361.
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