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Glass-forming ability determined by an n-body potential in a highly immiscible Cu-W system
through molecular dynamics simulations
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With an important aid frormab initio calculations, am-body potential is constructed under the embedded
atom method for a highly immiscible Cu-W system characterized by a positive heat of formatioB3of
kJ/mol. The obtained potential is capable of reproducing some realistic physical properties, such as cohesive
energies and lattice constants, etc., of Cu and W, as well as two nonequilibrigivt & CuW compounds.
Applying the potential, molecular dynamics simulations using solid solution models are conducted to calculate
the critical solid solubility, at which a metallic glass transition takes place, thus determining the glass-forming
range of the Cu-W system to be from 20 to 65 at. % of W, which is in good agreement with the experimental
results. Interestingly, an abnormally large volume expansion in association with the transition is found to be
within 6.9-13.1% in the Cu-W system and it is much greater than the typical value of 1-2% frequently
observed in the systems with negative heats of formation.
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[. INTRODUCTION been measured in experiments as Welllt is therefore de-
sirable to understand the amorphization mechanism at an
During the last two decades, several empirical modelsitomic scale as well as to find out if, or not, the GFA of the
have appeared to predict the glass-forming abilFA) or immiscible systems could be determined directly by the
glass-forming rangéGFR) favoring the formation of amor- inter-atomistic potentials through MD simulations.
phous alloys of a binary metal system. lgtial. proposed a Among the immiscible copper-refractory metal systems,
structural difference rule which predicted that an amorphoushe Cu-W system has the highesti; of +33 kJ/mol and is
phase would most likely be formed in binary metal systemshighly immiscible in both solid and liquid staté¥.In the
which consist of two constituent metals of different crystal-Present study, the Cu-W system was selected as a model

line structures, at an overall composition located in theSYStem. partly due to the potential application of W as a

middle of the two-phase region of the equilibrium phase_difflJSion barrier between Cu and Si/Si@ very large scale

- : ; tegration device$! Accordingly, we first construct an
diagram! Meanwhile, Alonso and Simozar proposed con-" .
structing a two-dimensional map for predicting a GFA with n-body potential under an embedded-atom mettBdM)

two parameters, i.e., the ratio of atomic radii of the mefals by fitting the cross Cu-W potential to some physical proper-

. . ties, which are obtained from first-principles calculations.
aan and the heat of formaftlorA(Hf)_calculated by Miede- Applying the constructed Cu-W potential, MD simulations
ma’s model at an equiatomic stoichiometrased on com-

s ) ; : ) are then performed with solid solution models to study the
prehensive experimental studies, l8ual. proposed, a little  5morphization transition and associated property change as
later, an empirical model on the basis of two intrinsic paramye|| as to determine the GFA of the Cu-W system.

eters, namelAH; and the maximum possible amorphization

range, e_md the model successfu_lly predicted the GFA or Q_FR Il. CONSTRUCTION OF AN N-BODY POTENTIAL

of the binary metal systems, which are accordingly classified

into three categories of readily, possibly, and hardly glass- It is well known that the EAM has become one of the
forming systems. In recent years, the molecular dynamics Most realistic methods to construgtody potentials and is
(MD) simulation has been proved as a powerful means t&apable of reproducing some physical properties of the tran-
study the amorphization transition, especially to understandition metals and alloys:™** Consequently, in the present
the underlying physics at an atomic scale. For instanceStudy, the Cu-Cu and W-W potentials take the EAM forms
Zhang and Lai have successfully conducted MD simulationg@dopted by Caiet al. and Johnsoret al. respectively;***
with realistic n-body potentials to study the amorphization With some modifications proposed by the present authors:
transition and calculate the GFA or GFR for the Ni-Mo, Ni- 1

Ti, and Ni-Ta systems, which are all characterized with nega- — (e = (.

tive AH;.%~% Immiscible systems with positivAH;, how- Brot Z File)+ 5 .21 Piy (1) @)

ever, have hardly ever been studied by MD simulations for (#1)

atomistic modeling, probably due to a formidable obstacle in p\" p\" o

deriving a realistin-body potential, as there does not exist F(p)=— Fo{l— In<—) }(— +F, —), 2
any equilibrium compound to provide necessary physical Pe/ I\ Pe Pe
properties to fit the cross potentials. In fact, amorphous al-

loys have been obtained in some immiscible copper- pi= f(ry), 3)

refractory metal systems and the corresponding GFRs have j#i
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F(1)=foexd — x(r/re— 1)1, @
bedr)=— o[ 1+ B(rIra—1)Jexd — B(r/ra—1)], ©)

~ [ko+ka(r/re=1)+Ko(r/re= 1)24+Ka(r/re—1)%, resr=<r,
PODZ] (1) + kel b 1) — a1 ) (/o= 12, r=re, ©

whereE,; is the total energyk-(p) is the embedding energy, the vasp code was based on the density functional theory
pi is the total electron density at atomdue to all other within the local-density approximation. The electron-ion in-
atoms,¢(ry;) is the pair potential between atdnandj, and  teraction was described by pseudopotentials and the method
f(rj;) is the electron density for atoimcontributed by atom used to build the pseudopotentials was derived from Vander-
j. For simplicity, thef (r) of the W-W potential in the present bilt's  recipe  previously employed for ultrasoft
study takes the same function fofshown in Eq(4)] as that pseudopotential® The pseudopotentials allowed the use of
of the Cu-Cu potential, and it is different from the original a moderate cutoff for the construction of the plane-wave ba-
form proposed by Johnscet alX® In Eq. (2), Fy, pe, andn sis for the transition metals. The integration in the Brillouin
are three constant§0=Ec—EfV, in whichE, andEfV arethe zone was done on some special points in the reciprocal
cohesive energy and vacancy formation energy, respectivel}f-space determined by employing the Monkhorst-Pack
The parametep, represents the host electron density at arscheme?” Al calculations were performed with the
equilibrium state and the constamtin the present study, is 9generalized-gradient approximation proposed by Perdew and
set to be 0.333333 and 0.440653 for the Cu-Cu and W-WVang?® Accordingly, Fig. 1 exhibits the calculated total en-
potentials, respectively. For W with a bcc structufe, ergy versus average atomic volume for the nonequilibrium
equals 0. While for Cu of an fcc structuté, is an adjustable CusW phase with four selected structuresAdfS, L 15, L6,
parameter. In Eq(4), 1 is an equilibrium first-neighbor dis- andDOg, respectively. It can be seen that the;@Uwith a
tance, and, is a scaling factor determined by the relation- L 12 structure could be relatively stable. Meanwhile, similar
ship of f,=E./Q, where( is the atomic volume. In Eq6), ~ calculations indicate that the nonequilibrium CuW phase

k, is a constant and is expressed by with aB2 structure shows a relatively low energy, compared
with other possible structurdsalculated curves not shown
ka=4.5{1+4/[2C4,(Cq1—Cy»—0.1]}. (7)  As aresult, the cohesive energies of this, CuW andB2

o ) CuW phases are 4.2478 and 5.4765 eV/atom, respectively,
The cutoff function is adopted from the polynomial proposedang their lattice constants are 3.76 and 3.04 A, respectively.

H 14 .
by Guellil et al. and the cutoff distances are assumed 10 bérne computed data are then applied in fitting the Cu-W cross
between the second- and third-neighbor distances for CU'CHotential.

and W-W, respectively. In the above equations, there are t0- After the fitting procedure and optimization of the poten-

tally five parameters x,«,B.r.,F;) to be fitted for the ta) parameters, Table | lists the fitted parameters for the Cu-
Cu-Cu potential and also five parametexsk(,k; ,ks,k3) to
be fitted for the W-W potential.

The Cu-W cross potential takes a linear combination of 267 (d)\_/

the Cu-Cu and W-W potentials, which is the same function _2,8_'

—

proposed by the authors while constructing the cross Cu-Ta

potential®® § -3,0.:
3 32
bcud 1) =Aldcdr +B)+ dy(r+C)], (8) 3 ..
3.4
wherer is the distance between Cu and W atosB, and g

C are three potential parameters to be fitted. It should bel -3.6-

. L S 8
pointed out that the fitting of the Cu-W cross potential is a 8
challenging issue, as in the immiscible Cu-W system there is ]
no any equilibrium alloy phase and therefore no indispens- 404
able data available for fitting the cross potential. In this re- 1
spect, the first-principles calculation based on quantum me- 421
chanics is a reliable way for attaining some physical 0012 0016 0020 0024 0028
properties of the equilibrium as well as nonequilibrium alloy
phased>®We, therefore, performed first-principles calcula-
tions, based on the well-established Vieratainitio simula- FIG. 1. Theab initio calculated total energy vs the average
tion package(vasp),'” to obtain the cohesive energies and atomic volume for the nonequilibrium GW phase with the pos-
lattice constants of two nonequilibrium CuW and @ al- sible structures ofa) A15, (b) L1,, (c) L6, (c/a=0.863), andd)
loy phases in the Cu-W system. Briefly, the establishment obog, respectively.

-3.8—. (a)

(b) ()

average atomic volume ( nm’ / atom )
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TABLE I. Fitted parameters for the Cu-Cu, W-W, and Cu-W potentials. The cutoff distancék) and
r. (A), are also listed.

Cu-Cu W-W Cu-W

X 11.134231 x 6.180480 A 0.362 635
a (eV) 0.725977 ko (eV) —0.581 958

B 3.457434 Kk, (eV) —2.175060 B (A) —0.229870
ra (R) 1.629356 Kk, (eV) 17.053 662

F, (eV) 0.676 073 k3 (eV) -8.215108 C (A) 0.094 444
rq (RA) 3.7 rs (A) 3.2

re (A) 4.4 re (A) 4.4

Cu, W-W, and Cu-W potentials, as well as the cutoff dis-tively and periodic boundary conditions are adopted in three
tances ofrg and r, for the Cu-Cu and W-W potentials, dimensions.

respectively. Table Il shows a comparison between some Employing the constructed Cu-W potential, MD simula-
physical properties reproduced by the constructed potentialons with the fcc solid solution model are carried out with
and experimentadb initio values used initially for fitting the  Parrinello-Rahman constant pressure scheme and the equa-
potentials. It can be seen that the constructed Cu-Cu potetions of motion are solved through a fourth-order predictor-
tial shows a better description of the pure Cu than that of theorrector algorithm of Gear with a time step=5
original potential proposed by Cait al,'? and the con- x10 15s.2%To simulate the Cu-W solid solutions, the initial
structed W-W potential gives the better results in reproducfcc solid solution model is obtained by randomly substituting
ing some physical properties of the pure W than those oba certain amount of Cu by W atoms in the original lattice.
tained by Mehlet al. employing the total-energy tight- The solid solution model is then run at a constant tempera-
binding potentiaf?> Evidently, the constructed Cu-W ture 300 K to reach a relatively equilibrium state, at which
potentials work fairly well in terms of reproducing some all the dynamic parameters show no secular variation. The
physical properties of the pure Cu and W, as well as twoaamount of W solute atoms is gradually increased to find out
nonequilibrium CyW and CuW phases in the system. the critical compositions, at and beyond which the solid so-
lutions would become energetically unstable and collapse
into the corresponding disordered states.

The process of solid-state crystal-to-amorphous transition
in the model is monitored by the projections of the atomic
In the present study, we adopt an fcc solid solution modelpositions, the planar structure fact& (k, z), the pair-

which is set to consist of X 7X7xX4=1372 atoms in a fcc correlation functiong(r), as well as the density profiles of
structure. In the model, thgl00], [010], and[001] atomic  each species along tlzelirectionp,(z). S (k, z) is a Fourier
crystal directions are parallel to they, andz axes, respec- transformation of the density in each crystallographic plane

Ill. SIMULATION MODEL AND CHARACTERIZATION
METHODS

TABLE Il. Comparison between calculated values and experimentaladbeitaitio results of the cohesive
energyE, (eV), lattice constana (A), elastic constant@vibar), and vacancy formation ener@{ (eV) in the

Cu-W system.
E. a Cu Ci2 Cua E,
Structure (eV) A) (Mbar) (Mbar) (Mbar) (eV)
Experimental 3.5% 3.618 1.7¢ 1.228  0.758 130
Cu fcc Caié 3.52 3.615 1.68 1.263 0.752 1.31
This work 3.54 3.615 1.70 1.225 0.758 1.30
Experimental ~ 8.66  3.16478  5.326 2.05 1.63F 3.95
w bce Mehl§ 3.14 5.29 1.70 1.98 6.43
This work 8.66 3.16475 5.326 2.05 1.63 3.95
CusW L1, Ab initio 4.2478 3.76
Fitted 4.2112 3.728
Cuw B2 Ab initio 5.4765 3.04
Fitted 5.3920 3.047

%Reference 12.
bReference 13.
‘Reference 21.
dreference 22.
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parallel to thex-y plane. Accordingly, the planar structure @
factor S=1 refers to an entirely ordered crystal, whige

=0 is for a completely disordered st&feAs one of the main
criteria to determine an amorphous structugé,) is com-
monly used to identify the structure of a block material by
sampling the atoms involved in the blotkp (z) is calcu-

lated to define the position of a single atomic layer, indicat-
ing the local structural and compositional properties of the
models?®

IV. RESULTS AND DISCUSSION

Based on extensive data concerning the amorphous alloy
formation by various techniques, Let al. have proposed to
define the experimentally determined GFR as the nominal Y
GFR, for it depends on the specific applied producing tech-
nigue, e.g., by using the liquid melt quenching technique, the
faster the cooling speed, the broader the GFRrom a
physical point of view, however, a binary metal system
should have its own GFA or GFR, which has nothing to do
with the practically applied producing technique, as the
atomic configuration corresponding to a disordered state is
determined by its intrinsic characteristics. Naturally, such a
GFA or GFR is therefore considered as an intrinsic one. In
principle, the nominal GFR is frequently smaller than the
intrinsic GFR and, apparently, the greater the GFR observedN
by a specific technique, the closer the nominal GFR to the
intrinsic GFR. It has been proved that ion beam mixing is
one of the most powerful techniques in producing amor-
phous alloys and that in the binary metal systems, amor-
phous alloys, namely, metallic glasses, could be formed
within a broad composition range, extending from the central
portion to the edges, where the formation of solid solutions Y
of simple crystalline structures becomes energetically more
favored than a disordered state. A scientific issue of deter- FIG. 2. The projections of atomic positions @ CusgW-o and
mining the intrinsic GFR of a system is thus transferred to anb) Cu;sWgs solid solutions after annealing at 300 K for 0.5 ns,
objective by comparing the energetic levels of a disorderedespectively. Open circles: Cu. Filled triangles: W.
state versus the solid solution as a function of alloy compo-
sition to determine the critical solid solubility. The composi-
tion range bounded by the two terminal solubility limits is 3. Apparently, it can be deduced from Fig. 3 that after an-
therefore the intrinsic GFA or GFR of the systéfrFor the  nealing at 300 K for 0.5 ns, the G4W,5 and CuoW5, solid
Cu-W system, solid solution models are therefore used isolutions still remain in crystalline structures, while the
MD simulations based on the newly constructed Cu-W po-CugoWyg, CusgWsp, and CysWes solid solutions all become
tential and the intrinsic GFA or GFR is determined to beamorphous, indicating that 20 at. % of W and 65 at. % of W,
within 20—65 at. % of W, which is in good agreement with are two critical compositions for amorphization transition in
experimental observations reported in the literature. the Cu-W system. Furthermore, Fig. 4 shows the calculated

We now discuss in detail the results obtained by MDdensity profilesp,(z), of Cu and W atoms along thedi-
simulations. As a typical example to show the determinatiorrection in CysW;5, CggWyg, CusoWsg, CulesWes, and
of the critical composition, Figure 2 exhibits the projections CuzpW-q solid solutions after annealing at 300 K for 0.5 ns,
of atomic positions of CitWgs and CugW, solid solutions — respectively. It should be noticed that a relatively uniform
after annealing at 300 K for 0.5 ns, respectively. It can bedistributed density profile,(z) is achieved only when the
seen vividly that a uniform disordered structure is formed inalloy composition is in the range of 20—65 at. % of W, pro-
the CusWsgs solid solution model, while the GgWyo solid  viding supplemental evidence to the above determined two
solution still remains in an ordered state, indicating that 35critical compositions in the Cu-W system. It follows that the
at. % Cu or 65 at. % W is the critical composition to trigger GRF of the Cu-W system is from 20 to 65 at. % of W.
amorphization transition. Besides, the structural change dur- It is of interest to compare the above simulation results
ing annealing was monitored by the partial and total pair-with the experimental observations. Rizzoal. claimed that
correlation functions, which are considered as the decisivéhe vapor-deposited Cu-W alloys containing 25-55 at. % W
measure to confirm a disordered state and displayed in Figecame completely amorphotgt should be noted that this
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FIG. 4. The calculated density profiles,(z) of Cu and W at-
FIG. 3. Partial and total pair correlation functions ¢  °MS along thez direction in (8) CugsWis, (b) CugWa, (0)
ClgWys, (B) CugWa, (©) ClsgWeo, (d) ClseWes, and (e Cusow_r,o, (d) CugsWgs5, and (e) Cue,OV\_/70 solid s_olutlons after an-
CuoW5( solid solutions after annealing at 300 K for 0.5 ns, respec-nea"ng, at. 300 K for 0.5 ns, rESpECt'\’,e%U(Z) 1S rgprese.nt.ed by,
tively. The solid line is for the totag(r), the dashed line is for the SO"‘_‘ line ancby(z) by the dotted line. The ordinate is in arbi-

Cu-Cu partialg(r), the dotted line is for the W-W partigi(r), and trary units.

the dash-dotted line is for the Cu-W partir). .
these values\(;), rather than the original volume of the pure

nominal GFR observed from experiments is very close toCu lattice, as the initial volume of the solid solution. We then
and reasonably a little smaller than the intrinsic value ofdefine AV=(V;—V,)/V, to describe the actual volume ex-
20-65 at. %W derived by the present MD simulations.pansion, wheré/; is the final volume of the solid solution
Based on x-ray diffraction and differential thermal analysis,

Gaffet et al. found that after ball milling, the GgWs, T
CUgoW,0, ClsgWeo, CueWss, and CugWe, alloys became 12f /./.._.’-/.\'*') .
amorphous, whereas the &Ws, CugWig, and CysWis 10 o @ ]

alloys retained ordered structurésGrzeta et al. reported
that the magnetron-sputtered W5, and CygWs, were in
the amorphous staté8Obviously, these experimental obser-
vations are also in good agreement with the present MD Ll
simulation results, as the alloy compositions, i.e.; @,
CUggWay, CUsoWag, ClsoWsg, ClysWss, and CugWeo, are 1
all within the presently calculated GFR of 20—65 at. % of W,
whereas CgtWs, CuggWqg, and CygW 5 are all out off the
calculated GFR. In addition, Chest al. discovered that the
structure of the CgW,¢ multilayers upon annealing at
around 350 °C for about 0.5 h kept still in crystalline fic, _ _ _ . )
which is also consistent with the present simulation results. 10 20 30 40 50 60 70 80
In summary, the GFR determined directly by the Cu-W po- W(at.%)
tential through MD simulation is of relevance, which in turn - £ 5 The actual volume expansion) and molar enthalpy
confirms the newly constructed Cu-W potential is realistic ashange AH) vs the W solute composition in the Cu-W solid solu-
well. tions. AV=(V;—V,)/V;, whereV; is the calculated volume of the
We now turn to determine the volume expansiaV) in  solid solution according to Vegard's law an is the final volume
association with the amorphization transition in the immis-of the solution after annealing at 300 k for 0.5 His.andH; are the
cible Cu-W system. We first calculate, according to Vegard'senthalpies of the initial and final states of the Cu-W solid solution
law, the volume of the Cu-W solid solution after substituting after annealing at 300 K for 0 and 0.5 ns, respectively. The enthalpy
with various compositions of W solute atoms, and regarcchange is presented kyH=H;—H;.

AV (%)

\

AH(kJ/mol)

o8 8888
] J
?\"
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after annealing at 300 K for 0.5 ns. Figure 5 exhibits the V. CONCLUSIONS
actual volume expansionAV) as well as the enthalpy
change AH) of the Cu-W solid solution as a function of
alloy composition. The enthalpy change is expressed b
AH=H;—Hy, in whichH; andH; are the enthalpies of the
initial and final states, corresponding to annealing at 300
for 0 and 0.5 ns, respectively. It can be seen thdtandAH

We have shown that thab initio calculation is a unique
means to provide some physical properties of the nonequi-
Yorium CuW and CuW phases for fitting the Cu-W cross
Ié)otential and consequently, a realistic EAM Cu-W potential
is constructed for the highly immiscible Cu-W system. Based

increase with increasing of the solute concentration, and at > the potential, it is determined through molecular dynam-
9 ' ics simulations that the intrinsic glass-forming range of the

Xw=20 and 65 at. %, the slopes of the enthalpy and VOIumPCu-W system is from 20 to 65 at. % of W, which is in good

expansion are discontinuous, giving additional evidence t%greement with the experimental observations. In addition

the calculated GFR of the CUW SySIem' AS shqwn in Fig. 5‘the volume expansion in association with the amorphization
the actual volume expansion in association with the amor:

phization transition in the immiscible Cu-W system is from transition is from 6.9% to 13.1%, which is unusually large
6.9 % to 13.1 %, which is surprisingly greater than the typi_probably due to the repulsive interaction between the Cu and

cal value of 1-2 % usually observed in the binary metalW atoms.
systems with negativa H, .%>33 From a physical point of

view, such a large volume expansion upon the amorphization
transition reflects the repulsive interaction between the Cu

and W atoms, which is revealed by the newly constructed The authors are grateful for the financial support from the
n-body Cu-W potential in the present study, and is compatNational Natural Science Foundation of China, The Ministry
ible with a large positiveAH; of the system characterized of Science and Technology of Chig@20000672, as well as
from the thermodynamic calculation. from Tsinghua University.
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