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Intermixing of a system with positive heat of mixing at high strain rates
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This paper investigates a mode of mechanically driven alloying of elements that are otherwise immiscible at
temperatures well below the equilibrium melting point. Using molecular dynamics simulations, we have
studied the alloying between Ag and Cu, a positive-heat-of-mixittiA ) binary system with little solid
solubility near ambient temperature, during high strain rate deformation at temperst6@8sK. Above a
critical strain rate, both elements undergo mechanical melting into undercooled liquids, which are miscible at
600 K due to the reduced magnitude of th& H in the liquid state compared with that in the crystalline state.

The nonequilibrium deformation maintains the melt state and assists the intermixing reaction between elemen-
tal Ag and Cu through stress-directed atomic flow. Upon unloading, the intermixed amorphous Ag-Cu crys-
tallizes towards a supersaturated fcc solid solution. The scheme described is a process of low-temperature
amorphization and intermixing of elements, and as such differs from the well-known liquid quench route that
starts from an already-mixed liquid alloy at high temperatures.

DOI: 10.1103/PhysRevB.63.224205 PACS nuniber64.75+g, 62.20.Fe, 64.70.Kb, 81.40z

I. INTRODUCTION AND STRATEGY Ag and Cu are in the liquid or undercooled liquid state,
atomic level stresses and strains due to atomic substitution
As seen in the equilibrium phase diagrams, a large numare relaxed due to the changes in the local atomic arrange-
ber of binary metallic systems characterized by a positivanents and coordination number, such thatth&H is much
heat of mixing ¢AH) are virtually immiscible in the solid less positive. As a result of this reduced energy penalty to
state near the ambient temperathihis fact severely limits  intermix liquid Ag and Cu, their liquid solubility is much
the opportunities to study the properties of the solid solutioniigher than their solid solubility at all temperatures. In fact,
formed by a given metal with various other elements. A wellat high temperatures with the help from the entropy of mix-
known nonequilibrium approach to create alldgsy., super- ing liquid Ag and liquid Cu are well known to be completely
saturated solid solutions and amorphous phasesuch sys-  miscible, as seen in the equilibrium phase diagram. An ex-
tems is to go to the melt or vapor phase and quench the alloyapolation of the existing enthalpy and entropy data suggests
obtained at high temperatures to ambient temperature at vetjat liquid Ag and Cu can also be miscible over the entire
high cooling rate$~* The formation of highly supersaturated composition range at a temperature as low as 6(0fkg|l
solutions through the melt quench route has been demonhe solid fcc crystals can be prevented from forming and thus
strated before for many AH systems including Ag-C&*  excluded from entering the picture. This is especially true if
Such an alloying mechanism may function even in somehe liquid alloy develops short-range structures that further
nominally “solid-state” processes such as ion irradiatfon, lower its free energy.
shock compressioh,or severe mechanical deformation, In our approach, melts of Ag and Cu will be produced
where local regions can melt due to energy dissipation conthrough high rate straining; here heat dissipation is assumed
centrated in thermal spikes or at “hot spots™ under adiabatidto be so fast that there iso temperature increase during
conditions. deformation, as opposed to the other extreme boundary con-
Here we demonstrate using molecular dynamics simuladition of adiabatic heating. Such a constant temperature
tions a different mechanism for alloying # AH system, scheme is easily implemented in molecular dynanidp)
using Ag-Cu as an example. The strategy is to react twgimulations so that only dynamic loading effects are consid-
elemental melts, rather than two fcc crystals which wouldered independent of the temperature effécse possibility
not react due to the absence of a thermodynamic drivingf mechanically melting fcc crystals at ambient temperature
force, at a temperature well below the equilibrium meltingby application of sufficiently large strain rates in uniaxial
point. Normally an elemental liquid cannot be kept fromtension has been demonstrated very recently using MD
crystallizing upon such large undercooling. A key ingredientsimulations’ Other deformation modes are bypassed at such
in our strategy, therefore, is to create such melts at low temstrain rate%!° so that above a critical strain the metal loses
peratures mechanically through straining at very high ratests shear rigidity due to the vanishing of shear moddftid?
It is believed that Ag and Cu elemental liquids, if kept from The instability triggers a homogeneous transformation to the
crystallizing, can be mutually miscible down to fairly low amorphous state. For Ni, the critical strain rate is 5%ps
temperatures. This is because the two elements are intrinsnd the resulting amorphous alloy has a calculated viscosity
cally much easier to mix in the liquid state than in the crys-of 0.6 poise. In this work, we show that this strain-rate in-
talline state. In the equilibrium solid state, fcc Ag and Cuduced melting process also occurs in Ag and Cu upon
crystals show a mutual solubility of no more than 1 at%uniaxial compression. We further demonstrate that the mis-
below 600 K! This low solid solubility originates from the cible Ag and Cu liquids are maintained under deformation,
positive AH of the fcc solid solution due, in a large part, to exhibiting deformatior(stres$-assisted intermixing. Crystal-
the large size difference between Ag and @8%). When lization of the mixed amorphous Ag-Cu subsequent to defor-
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FIG. 1. (a) The initial Cu (full circles)/Ag/Cu multilayer configuration equilibrated at 600 K for 100 fis) a snapshot of the same
structure after 30% compressive stain alongxiuéirection at a constant strain rate.0% ps%), and(c) RDF of the amorphized Afdashed
line, open circles irb)] compared with that of fcc Agsolid line).

mation leads to the formation of a supersaturated fcc solighotential. This value is reasonably close to the assessed value
solution. This is another example of externally driven alloy-of +3.79 kJ/mof We therefore decided to choose this po-
ing of immiscible elements under highly nonequilibrium tential since we are interested in the behavior of the liquid
conditions. Ag-Cu alloys. Note that such & AH is much smaller than
that for the fcc solid solution, calculated by various authors
to be in the range o#6.8—13.2 kJ/mol relative to the fcc Ag
and Cu references®'#1® Using this same potential, the

The MD model used consisted of a layer of fcc /8P4 + AH of the fcc S(_)Iutior) is predict_e_d to be as high-8%3.2
atoms sandwiched between two layers of fcc Cir96 at-  kJ/mol at the equiatomic composnbﬁAs such, our model
oms. The thickness of the middle Ag layer, approximately 1 System is one that exhlblt_s a_Iarge dlsparlty in the ma_gn_ltude
nm, was chosen to be larger than the cutoff distance of thef the +AH between the liquid and the solid alloy. This is a
potentials used in this simulation. Periodic boundary condiféature that will highlight the strategy outlined in Sec. I.
tions were applied in all directions. Both t00 planes
and the[100] directions of the Cu and Ag crystals were set
parallel. A(013 plane of Cu and &031) plane of Ag were
set to contact each other. Additional tests using other inter- Figure Xa) displays the initial configuration of the fcc
face configurations showed little dependence of the mixindCu/Ag/Cu sandwich equilibrated at 600 K. Intermixing be-
of Ag and Cu on the sample geometgs explained below, tween fcc Ag and Cu is minimal and remains so after long
amorphous structures develop first such that the initial crysMD runs, in agreement with the known small equilibrium
tal orientation does not have a strong influence on the alloysolid solubility. As shown in Fig. (b), deformation to 30%
ing results. Simulations have been carried out in the con-compressive strain along thedirection at a constant strain
stant pressure-constant temperaturéNoseParrinello-  rate of 1% ps' leads to predominantly cooperative shear
Rahman ensemble. A fifth-order predictor-corrector events in Cu, while the Ag interlayer turns completely amor-
algorithm with a time step of 210 °s has been used to phous as confirmed in the radial distribution functi®DF)
integrate the equations of motidh.We used the Nose- plot of Fig. 1(c). Cu also becomes entirely amorphous when
Hoover thermostat, where the system was coupled with athe strain rate is increased to 5% psin comparison, Ikeda
external heat bath by an extra degree of freedom. The inteet al. observed a similar twining mode at or below a strain
nal temperature of the system during simulation was monifate of 0.5% ps* in Ni, which amorphized at 5% ps.° The
tored and the temperature fluctuation was found to be naritical strain rate for amorphization is the lowest for Ag
more than 50 K.(Note that, in experiments, the adiabatic probably due to its comparatively low melting point.
heat dissipation during high-strain deformation would cause In Fig. 1(b), some intermixing of Ag and Cu is already
significant temperature increase8g-Cu atoms interact via noticeable near the interfaces where Cu begins to amorphize.
a many-body tight-binding potential developed recently byThe intermixing becomes more obvious at higher strain rates
Mazzoneet al!* The + AH of the equiatomic liquid mea- when both metals meltsee below, increasing with total
sured in an early experiment;4.58 kJ/mol at 1423 K rela- strain (time for interdiffusion). At large strains and strain
tive to liquid Ag and Cu, was used as input in deriving thisrates, however, the shape of the MD box changes signifi-

Il. METHOD OF SIMULATION

IIl. RESULTS AND DISCUSSION
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FIG. 3. RDFs of the alloys in Fig.(2) (dotted ling and Fig.
2(d) (dashed ling compared with that of pure Cgsolid line),
showing the intermixing and amorphization as well as the subse-
qguent crystallization into an fcc supersaturated solid solution after
loading.

have now returned to elemental fcc crystals. The intermixed
amorphous layer, on the other hand, crystallizes into a non-
equilibrium alloy. This alloy is an fcc supersaturated solid
solution, to be discussed below.

Even more intermixing is observed after four deformation
cycles as shown in Fig.(®), due to more straining intro-
duced during the cycling and more time for interdiffusion. It
is obvious that now Cu atoms have spread throughout the Ag
layer, and vice versa. The intermixing is clearly much more
pronounced and uniform than that in FigaRand 2b). The
intermixed layer is now a concentrated liquimorphous
alloy, as demonstrated by the features of the broad halos in
cantly, with dramatic elongation along thedirection and  the RDF plot shown in Fig. 8compare the halos with those
shrinkage in thec direction(Fig. 1). To prolong straining to  peaks of pure metalsUpon unloading, the amorphous inter-
observe more mixing, we performed cyclic loading in beth layer again begins to crystallize towards the fcc structure, as
andy directions(1 cycle=1 loading alongx and 1 alongy). s evident in the RDF shown in Fig. 3. The alloy is a super-
Alternative to constant strain rate, we used loading at a fixedaturated fcc solid solution, as suggested by the peak shifts in
increment of 0.5 MPa per time step in tRedirection. The the RDF, i.e., the changes of the interatomic distances rela-
stress-strain curve is monitored during loading, and so is théve to pure Ag or Cu. In fact, the uniform and random mix-
strain rate. After the strain rate reaches 5% pst which  ing of Ag and Cu in a twelve-coordinated fcc structure is
point the total strain is in the 30—40 % range, the externatonfirmed through an analysis of the nearest neighbor bonds
stress is withdrawn at 5 MPa per time step. The same operder the snapshot in Fig.(d), by counting the Cu-Cu, Cu-Ag,
tion is then performed along The simulation box regains a and Ag-Ag bonds corresponding to the first RDF peak. Such
shape similar to that at the outset of the straining. Figuae 2 a bond analysis for Cu shows that, on average, the number of
shows the system configuration at the end of the seconlike bonds is 9.4 and that of unlike bonds is 2.6. The per-
cycle. It is readily seen that due to the high strain ratesentage of Ag neighbor€1.6% corresponds very well to
reached, now both Cu and Ag are melted, and the penetraticthe statistical average expected for a random solution alloy
of them into each other is much more pronounced than if our sample configuratio(23% Ag). Similarly, on average
Fig. 1(b). There appears to be more mixing of Cu into Ag each Ag has 9.4 unlike neighbors and 2.6 like neighbors.
than vice versa. This is probably because Ag has a lowePotential energy calculations using MD confirmed that the
melting point so it melts earlier than Cu and is relatively lesscrystallized fcc solution state had a lower energy than the
viscous, such that there is more Cu incorporation througtamorphous structure created by deformatibithis is con-
liquid diffusion. Signs of these can be found in Fig. 1. Also, sistent with the experimentally observed transformation of
we noticed that in the equilibrium phase diagram, at lowamorphous Ag-Cu, once formed by coevaporation onto cold
temperatures Cu has a larger equilibrium solubility in Agsubstrates, into a single-phase fcc solution at a fairly low
than vice versa. Similar asymmetric scenario may exist in th@annealing temperatur@70 K) prior to decomposition into
nonequilibrium undercooled liquid case. After the dynamicAg and Cu'® However, due to the kinetics required, in simu-
loading is over, the system solidifies and crystallizes. Figurdations it is difficult to fully complete the crystallization into
2(b) shows the configuration of the system in Figa)2after  fcc solution on MD time scales, more so in the case in Fig.
subsequent relaxation for 100 ps. The unreacted elemengd) than the less concentrated alloys in Fig&) 2nd 2b).

FIG. 2. Snapshots of the Qtull circles)/Ag (open circles sys-
tem, showing(a) the full amorphization of Ag and Cu and inter-
mixing after two cycles of deformatioiih) crystallization after sub-
sequent relaxation for 100 p$;) extensive and uniform mixing
after two additional cycles, an@l) the final random solid solution
structure after relaxation.
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on the order of 1 poise. This value is similar to that of the
amorphous Ni at 5% pg.° Such viscosity values for our
undercooled liquids are to be compared with those at the
equilibrium melting points of these metals, about 0.04
poisel®
Several observations can be made from the results pre-
sented above. First of all, liquid Ag and Cu are apparently
miscible at 600 K, while no observable intermixing between
fcc Ag and fcc Cu is expected at this temperature. The
amount of diffusion seen can be compared with the liquid
diffusivity extrapolated from the known Arhennius laf%
(b) or estimated based on its inverse dependence on viscosity
(Stokes-Einstein relatiort® Such miscibility and interdiffu-
FIG. 4. Quenched liquid C(ull circles) and liquid Ag (open sion are expected from the increased free volume and re-
circles in contact,(a) as-constructed an) after 30% of compres- duced magnitude of the AH in liquids. Secondly, high rate
sive strain along thg direction at 1% ps* at 600 K. straining directly drives fcc Ag and Cu into the undercooled
liquid state at a constant temperature way below the equilib-
Therefore, residuals of amorphous structure and unsettledum melting point. While elemental liquid Ag and Cu crys-
atomic positions seem to remain at 600 K in Figd)2and tallize quickly at 600 K, high strain rate deformation main-
the resulting RDF is not yet that of a perfect fcc single phasdains the miscible melts, greatly facilitating the intermixing.
solution, Fig. 3. Our additional MD result also confirmed Thirdly, under high-rate flow, the melts exhibit a viscosity
previous MD simulation findings that amorphous Ag-Cu canexpected for liquids at such a temperature. Moreover, the
be obtained at room temperature in the central concentrationonequilibrium external forcing introduces shearing forces
rangé’ by using extremely rapid MD quench of a liquid and stresgstrain gradients in the undercooled melts, caus-
Ag-Cu alloy. However, we see here that the fcc solution ising stress-directed atomic flow favoring intermixifft?* MD
the lower enthalpy phase. This more stable phase forms irsimulations have suggested that the local heterogeneous
stead of the competing amorphous alloy if a lower MD stress field at the interface in the disordered media can make
quench rate is used, or if the liquid alloy is quenched to andtach atom feel a different value of the net foféeSuch a
held at an intermediate temperature such as 600 K. force can drive each individual atom, one at a time, to jump
In addition to creating the melts by deformation of crys-pass its saddle point configuration separating two possible
tals, one can also obtain and retain the elemental Ag and Clocations?® Each of this localized, random process contrib-
liguids by rapid quenching from 2000 to 600 K in the utes a minute amount to the overall strain as well as inter-
computer’ To observe and confirm that undercooled liquid mixing, superimposing on and modifying the normal ther-
Ag and Cu would react, these undercooled elemental meltally activated diffusion. As such, the enhanced mixing
have to be kept from crystallizing. This again can be done bybserved is believed to be a result of deformatistiess-
deformation. In this simulation, the Ag/Cu/Ag sandwich is assisted interdiffusion. Finally, after the deformation is over,
formed by bringing together undercooled Ag and Cu, with arnthe intermixed Ag-Cu melt freezes and crystallizes into a
interspacing chosen to minimize cohesive energy at zersupersaturated fcc solid solution in a way similar to quench-
temperature. As expected, without straining, elemental liging from the high-temperature liquid in laboratory
uids cannot be sustained when being held at this temperaturexperiments:® This fcc alloy results because it has a lower
However, as shown in Fig. 4, after 30% compressive strairenergy than the amorphous allbyand is relatively easy to
alongy at a fixed strain rate of 1% p$ both elements attain because it comes from the amorphous alloy almost in a
remain amorphous and the intermixing between Ag and Cypartitionless fashion. Phase separation of the solid solution,
is observable. The amount of mixing is much less than thadriven by its positive heat of mixing, into the ground state
in Fig. 2; this is because in this case only one action ofpure fcc Ag and Cu would require partitioning in the solid
straining was performed, rather than the multiple cycles usedtate and thus prolonged annealing at 600 K way beyond
in Fig. 2. It appears that in this case 1% pss sufficient to ~ what is realizable in MD simulations. For concentrated al-
keep the majority of the system from crystallizing for the loys, even the amorphous state may(partially) retained at
duration of this computer experiment. As a comparisonfoom temperature after a rapid MD quertéh.
without straining the Ag and Cu layers crystallize quickly, Enhancement of solubility well above equilibrium values
becoming fully crystalline within 100 ps. Only slight inter- can also be observed at lower temperatures, e.g., at 300 K,
mixing was observed to occur between Ag and Cu before thbut with smaller solubility and intermixing rates. This obser-
completion of crystallization. Note that here again more Cuwvation suggests that the intermixing observed is due to both
is entering Ag than vice versa, confirming that this asymmethermally (subject to chemical driving forgeand mechani-
try seen in Fig. 2 is not due to the relatively small thicknesscally activated atomic movements. The thermodynamic driv-
of the Ag layer used there. ing force for interdiffusion in the liquid diminishes with de-
In addition, the internal stress is monitored as a functiorcreasing temperature as the positive, albeit small, heat of
of strain. After the stress reaches a plateé#he viscosity of mixing becomes increasingly dominant. At sufficiently low
the assembly is estimatéstress divided by strain rgteo be  temperatures, the effects of the entropy of mixing are over-
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whelmed by the positive heat of mixing and intermixing has In summary, our MD simulations allowed the decoupling
to come entirely from mechanically driven mixing againstof dynamic structural/chemical changes from mechanisms
the demixing flux driven by the now unfavorable thermody-associated with temperature spikes and heat transfer. At ul-
namic driving force. Note again that our alloying scheme istrahigh strain rates, conventional deformation modes are by-
different from the conventional liquid quench route which passed and strain-induced amorphization/melting of metals
starts from thermodynamically melted and already-mixedorovides an avenue for alloying of elements otherwise im-
equilibrium liquid alloy at high temperatures above the melt-miscible at low temperatures. During such deformation,
ing point. metal melts are created and maintained. Different from the
The extremely high strain rates used in this study, alcrystalline state where there is a relatively large strain energy
though at the high end of and even beyond those observed penalty associated with alloying size-mismatched Ag and
shock wave and high velocity impact experiments, are typi-Cu, in the more accommodating liquid state elemental Ag
cal for MD simulations»'’ However, caution must be exer- and Cu are easier to mix and hence miscible at a temperature
cised if one is to attempt to compare the MD findings withas low as 600 K. Under these mechanically driven condi-
alloying in real-world experiments such as milling or cold tions, which also introduce localized, stress-directed, random
rolling. For example, in mechanical alloying experiments us-atomic motions in a disordered medfssignificant intermix-
ing ball milling, the average strain rate is much lowerg., ing occurs at 600 K within very short time, forming Ag-Cu
10%/s) so that other plastic deformation mechanisms in crysalloys far beyond the equilibrium solubility. While the amor-
tals, such as dislocation activities, twining, and void forma-phous state of the metals and the intermixed layer is only
tion, may preempt strain-induce@bcal) melting or amor-  transient at 600 K, after dynamic loading a nonequilibrium
phization. Also, in real experiments adiabatic heating isbinary alloy is obtained through crystallization towards a su-
difficult to avoid at high strain rates inside shear bands. Orpersaturated fcc solid solution. Both the amorphous and the
the other hand, due to the heterogeneous nature of the plassolid solution phases can be retained if a rapid quench to
deformation and the deformed microstructure, there may beoom temperature is implement&d.
local regions where amorphouslike structures are present, Taken together with our earlier work on Ag-Cu intermix-
such as at the cold welded Ag/Cu interfaces or high-energing on free surface¥, our studies show examples of new
grain boundaries created during severe plastic deformatioschemes designed to enhance solid solubilitytHiAH sys-
(milling or rolling). In fact, local amorphous regions have tems at low temperatures. Both of our schemes take advan-
been observed in heavily cold worked Ag-&uand amor-  tage of the structural configurations that lower the magnitude
phous alloys can form even in immiscible systéthgr such  of the positiveAH. At the same time, these configurations
cases, deformation may proceed in a way similar to what i®lso open new kinetic pathways that allow fast mixing at
observed above at the interfaces, or inside amorphous réairly low temperatures; the mixing is realized either through
gions, and cause relative motion of contacting gr&ims  atoms swapping positions in relatively open regions near free

intermixing of neighboring atoms. surfaces, or through stress-biased/assisted interdiffusion to
result in random mixing in the viscous flow of an under-
IV. SUMMARY REMARKS cooled melt under dynamic and externally driven conditions.
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