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Results are reported from molecular-dynamics simulations on the structure of the amorphous, massive-
metallic-glass forming NEZrgoAl 5 alloy. The applied atomic-interaction model predicts radial distribution
functions for the glass and specific-heat values for the melt that fit well to the experimental data in the
literature. Analysis of bond-angle distribution and nearest-neighbor numbers reveal two types of short-range
order in the system, related to the environments of Al and of Ni atoms. While Ni atoms have a trigonal
prismatic neighbor shell under avoidance of direct Ni-Ni contacts, the Al atoms show an icosahedral surround-
ing with a tendency to form short segments of Al chains. It is the particular feature of the ternary alloy that its
structure has to simultaneously accommodate both types of ordering. Even at high temperatures, the local order
leads to prepeaks in the Ni and Al structure factors that experimentally should be detectable in the melt above
the equlibrium melting point.
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. INTRODUCTION differences to Zr-rich binary Ni,Zr, systems. The analysis
shows that in the ternary system two types of chemical short-
Although in the last decade a large amount of experimenrange ordefSRO prevail, related to the Al and the Ni sub-
tal work has been devoted to the study of the multicomposystems. It is the particular feature of the ternary alloy that it
nent “bulk-metallic-glass” forming alloys;” the micro- has to accommodate simultaneously both types of structural
scopic details of these exceptional new materials are still agrder, while the binary systems show only one type each.
open question. In order to advance on the atomic scale, the The particular order in the ternary NZrgpAl ;5 model is
basic understanding of the special properties of this noveleflected in its medium range ordévRO). MRO in liquids
class of amorphous alloys with their interesting technologicahnd amorphous solids has attracted increasing interest
perspectives, we present here results from molecularecently®-1°as it refers to the existence of structural order
dynamics(MD) simulations for one representative of this on a scale larger than the average nearest-neighbor distance.
class. MD simulations have been used successfully to anaMRO gives rise to the so-called first sharp diffraction peak
lyze the structural, thermodynamic, and dynamic propertie$FSDP in the structure facto®(Q) at aQ value smaller than
of simple and binary amorphous alloys at a microscopic levelhat of the main peak where the latter commonly is associ-
on a scale ranging from the vibratidtt ps to the mesos- ated with SRO. Our structural analysis reveals the existence
copic (1 us) times?™**For metallic glasses with more than of well-defined FSDP’s in the partial Faber-Ziman structure
two components, only a few computer studies have beefactorsS{%,.(q) and SiZ, (), a clear signature for ordering
performed so far, e.g., for G&n;sMgyo.'* Here we report  peyond the nearest-neighbor distance. Below, aspects of this
results of MD simulations on the thermodynamic and strucorder are described as visible in the bond-angle distribution,
tural properties of the ternary amorphous alloythe pair distribution functions, the structure factors, and the
NisZreoAl s, X which experimentally has a large glass- stress distribution around the atoms.
forming ability (GFA) and belongs to the bulk amorphous In the literature, MRO is attributed to various mecha-
alloys. According to our best knowledge, this is the first MD nisms. In the case of the network-forming “strong” glasses
simulation dealing with a ternary bulk-metallic-glass model(for the classification see Ang#ll, the FSDP is related to
system. the network structure following from the directional covalent
Experimentally, amorphous Ni-Zr-Al ternary alloys were bonding or the ionic-polarization effects.g., Refs. 19 and
developed first by Inoueetal! They exhibit a wide 21). FSDP’s have been also observed in some “fragile”
supercooled-liquid region and a high mechanical strength ajlasse$?-2*In this case the MRO is attributed to the forma-
the Zr-rich composition side. In particular, the compositiontion of structural units constituted of unlike atontgood
Ni»sZrgoAl 15 has a wide span between crystallization andmixing behavioy or like atoms(demixing tendency The
glass-transition temperatur&T,=T,—T,~80 K, whichis  MRO in this case could be dictated by steric conditi¢ios
the largest for this class of amorphous alloys. Therefore, w@ological ordey or by chemical affinities between the differ-
selected this particular composition for our study. The high-ent atomdchemical order These two orders are not neces-
est value of the reduced glass transition temperature is alsarily independent of each other. A further interpretation of
found in the vicinity of this composition, withTy/T,,  the FSDP is the void-based approach used by Saetigi'®
~0.64. to explain the MRO in a simple monoatomic liquid simulated
The present contribution is devoted to the analysis of thdy MD methods.
structural details of a ternary-alloy model and its possible As described below, our studies show that in the ternary
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Ni,sZrgoAl ;5 alloy the FSDP's are induced by well-described ~ TABLE 1. Stillinger-Weber potential parametef&q. (1)] used
chemical- and atom-size-related ordering effects in the meffor the atom pairs indicated in the table.
and in the amorphous solids. The simulations predict that this

structural order develops already at very high temperatures, A (eV) a(A7) & a n

well above equilibrium melting point, and thus should be yj_nji 1.150 0417 0 1.527 5
experimentally detectable in the melt. In a study of a selecteg;_z, 3.350 0.387 —0.135 1.665 5
group of Zr-based bulk metallic glasses, Busttal”® relate -, 5166 0337  —0025 1829 3
the large GFA of these materials to the presence of a compgg;_| 3.660 0.'429 .0 1'.717 3
rable chemical order in the melt. A 1305 0.339 _0068 1830 12

. : . Zr
The paper is organized as follows. In the following sec-
tion some details of the potentials used in this investigation

are described. A thermodynamic study is given in Sec. ”'A'ordered binary alloy NiZres are adopted. Regarding the Al
Calculated structure data are compared with a_valllableT eXperEoupling,(I)A,_N is described by the pair potential suggested
mental data in Sec. IlIB. In Sec. IIIC, an insight in the . petifor and Wartf for pure Al within the framework of
topological ordering is given by analyzing the bond-anglegaond-order pseudopotential theBty.
distribution. The medium range order is discussed in Sec. ’
[I1D. Some concluding remarks are added at the end. 72 3

<1)(r)=ZT > Ajcog kil +ay)e < 2)

n=1

Il. MODEL AND METHOD _ o _ o
with values given in Table II. As this potential is of a long-

~ The MD calculations are carried out as isothermal-range nature due to the asymptotic Friedel oscilllations, we
isobaric (N, T,p) simulations for an orthorhombic basis cell impose a cutoff radius at a distance of 5.5 A.
containingN=1100 atpms with CyCllC bOUndary conditions. For the remaining cross-interaction potentiéj&i_Al and
The equatlonS of motion of thd partlcl.eS at_temperatufé CDZI‘-Al , We assume the empirica| Sti”inger_Weber form, Eq
and(zerg external pressungare numerically integrated by a (1), The parameters of the potentials are deduced by fitting to
fifth-order predictor-corrector algorithm with time stéflo the experimental values of the cohesive endigy the bulk
typically 2.5<10°*> s. Temperature here is introduced asmodulusB and the lattice constants of the crystalliné,
the kinetic temperature determined from suitable time averstryctures NjAl and ZrAl. The experimental value of the
ages of the kinetic energy. _ bulk modulus of ZgAl is not available in the literature, to
Well-relaxed structures are generated by cooling ancyyr knowledge. We used, therefore, a value of 0.62 eV A
at 3000 K. The equilibration time lies between about 0.8myffin-tin orbital (LMTO) calculation, which is close to the
x10° integration stepg2 n9 at highest temperatures and concentration-weighted average of the bulk moduli of pure
20x 10° integration step$50 n9 at lowest temperatures. In Zr (Ref. 3) and AI%20.58 eVA 3.
order to evaluate the various physical parameters, data analy- Tap|e | presents SW parameters obtained by standard fit
bration run. Taking into account the equilibration time, the assumption of a short-ranged potential. Table Ill compiles
effective cooling rate is of the order of ¥810° K/s. ~ the experimental values of the input quantities and their cal-
In order to model the interatomic couplings of the binary ¢j|ated counterparts from the SW parameters.
Zr-rich Ni, _Zr, reference systems, we follow the approach |n each subsetNi-Zr, Ni-Al, and Zr-Al) the interaction
from Refs. 8 and 9 using short-ranged pair potentials, aimegdnergy between the pair of unlike atoms is found to be lower
at taking care of the electronid-state interactions, and a than the mean interaction energy in like-atom pairs
volume-dependend-state partE, (V). For the pair poten-
tials @ ;(r)(1,Je{Ni,Zr}) an expression of a slightly gen-

1
eralized Stillinger-WebetSW) form?® is used, D (rap) <5 |P(ran) + P(rep)l )

for rj;, the potential minimum distances. This means a
a ) (r<asl/a). compound-formation tendency or a heterocoordination pref-

2 ) erence in the three binary subs&this trend is experimen-
tally well established for the binary compounds as reflected

For estimating the pair-potential parameters, we combine in-
formation from the Hausleitner-Hafner hybridized nearly
free-electron tight-binding-bond modélfor NiggZrgs with

experimental data about the partial distribution functions of

dbij(r)=A[(ar—a1)‘”—1]ex;{ -

TABLE II. Pair-potential parametef€q. (2)] for pure Al after
Pettifor and WardRef. 28.

amorphous NiZres (Ref. 22 and its particle density. In An (V) kn(A) (M) /T

Table | are given the SW parameters for the NiZr-system 57.317 0.546 2.776 —0.441

used here. 2 9.176 2.254 2.443 0.832
In order to model the ternary hZrgAl, 5 alloy for the 3 0.216 3.353 0.977 0.431

Ni-Zr subset, the above-described pair potentials for the dis
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TABLE lll. Experimental values of NiAl and Zr;Al properties

used in the fit of the parameters of the Stillinger-Weber pair poten-

tials ®pia and®,, 5, respectively.

NizAl Zr3Al

Expt. Calc. Expt. Calc.
a(A) 3.572 3.54 437 4.38
E. (eV) 4572 4.45 5.8 5.90
B(eVA~9) 1.032 1.05 0.62 0.65

%Reference 32.
bReference 34.
‘Reference 35.
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FIG. 2. Specific heaC, versus temperaturé for the ternary
NiysZrgsAl 15 and binary NigZrg alloys as calculated from our

by a pronounced negativity of their respective heats of mix/nedel(circles. The experimental results are measurements in the
ing and a strong tendency to short-range order in theiplassy statgfull square$ (Ref. 1) and in the undercooled liquid
structure?2353%The heterocoordination seems to be stronget(triangles and star(Refs. 39 and 40 The dashed line is calculated

for the binary systems Ni-Al and Ni-Zr than for Zr-Al. This
feature implies that there may be a competing mechanism i
the chemical short-range order in the ternary alloy Ni-Zr-Al.

Ill. RESULTS
A. Enthalpy and specific heat

Cp (Ref. 40 using the associate model.

h the ternary system. This reflects slower atomic dynamics
in the binary model or a reduced probability for transitions
into altered configurations, in the spirit of the potential-
energy-landscape picture.

By differentiating the enthalpid with respect to the tem-

perature, we obtain the specific heat at constant pre€syure

In this section, we report results of the simulations con-c  ¢an be, alternatively, evaluated from the time-average

p

cerning thermodynamic quantities of the binary and ternaryj,ctuations of the enthalpy at a given temperafir®,

model. Figure 1 presents the enthalpy per atom reduced
the energy of the harmonic oscillatdd,—3kgT, as a func-
tion of temperature. Experimentally and from MD simula-

tion, this quantity is found to undergo significant changes in

the glass-transition region, which commonly are interprete
in the way that the system falls out of equilibrium beldy.

The changes manifest themselves in our simulations at the

temperatureT~1050 K for the ternary and ai~=1200 K
for the binary NjgZrgg alloy. We identify these temperatures

as the caloric glass temperatures for the correspondin

model.
Since in our case the cooling rates in both cases are co
parable, the highef for the binary system suggests, thus,

that there structural relaxations take place more slowly thal
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FIG. 1. EnthalpyH —3kgT per particle versus temperaturdor
the ternary NjsZrgsAl 15 and binary NjgZrg alloys.

by

((8H)?)=(H?—(H)2=KkgT?C,. (4)

The validity of this formula supposes that the system is in
hermodynamic equilibrium. Use of Ed4) is particularly
avorable when the enthalpy data are spoilt by noise or not
ufficiently precise to allow the evaluation of the derivative.
The values ofC,, at temperatures abovig are calculated
here by using the fluctuation formuld). For temperatures
@elong, this formula turns out to underestimaig , which
probably due to the fact that far<T, the simulation time

pscale is too short to describe all possible fluctuations of the

system. Therefore, we evaluat€g in this temperature range
II]rom the direct differentiation of the enthalpy. The results are
displayed in Fig. 2. There also are included the experimental
results Cp oxp from the differential scanning-calorimetry
(DSC) measurements for the amorphousXig:Al ;5 alloy

by Inoue et al,! for the undercooled melt by Zappel and
Sommet® and for the melt by Zhou and Somnf&rAddi-
tionally we show in Fig. 2 the interpolation curve deduced by
Zhou and Sommé? for the undercooled melt in the frame-
work of their associate model. Our MD-simulation data ex-
trapolate quite well experimental data to higher tempera-
tures, indicating that our model describes sufficiently well
the density of states in the equilibrium melt.

At very low temperatures, the experimental and the cal-
culated values o€, tend both to the classical Dulong-Petit
value expected for a harmonic soli€ {~25 JK *g™%).

The experimental glass temperatufg ¢, from DSC
heating measurements for the binary Niznd the ternary
Ni,<ZrsAl ;5 alloy are around 652 KRef. 41) and 720 K!
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1 2 3 4 5 6 7 8 TABLE V. Nearest-neighbor distanced;; and coordination
T T T T T T numbersz;; in amorphous NiZregAl1s. The experimental results
1 are from measurements of Matsubara and WasReé 44.

—— Ni-Ni dij(A) (calc) dij(A) (expt) z; (calc) z; (expt)

\ o aeA | Ni-Ni 2.65 0.50

‘ Zr-Ni 2.63 2.67 3.02 2.2
Ni-Zr 2.63 2.67 7.25

zZr-zr 3.30 3.17 9.93 103
Ni-Al 2.60 1.20

Al-Ni 2.60 2.00

Zr-Al 3.02 2.25 0.0
Al-Zr 3.02 8.99

Al-Al 2.59 1.06

g:(n

\

‘ —— Ni-zr
! - — = Ni-Al
\ —--Zr-Al

g,(r)

the Zr-Zr distribution. This manifests the tendency for Ni
atoms to be preferentially surrounded by Zr as nearest neigh-
bors. Such an ordering between Ni and Zr atoms has been
already observed experiment&fly® and confirmed
theoretically® in binary Ni-Zr alloys, and is attributed to the
strong negative heat of mixing or the pronounced nonaddi-
tivity of the pair potentials as argued by Hausleitner and
Hafner?3

FIG. 3. Partial pair-correlation functiorgs;(r) of NiysZre:Al s Inthe subsystem Zr-Al, the pronounced first peak and first
atT=300 K. minimum inga. (1) deserves particular attention. While the

peak has a marked height, its integrated intensity, that is

respectively. These data are well below the values of ouZa-ai, IS around 1. This value, on the one hand, reflects
calculations, 1200 K for the binary and 1050 K for the ter- Suppression of direct Al-Al contacts below the value 1.8 fol-
nary system determined from the bend in the energy datdowing from random Al distribution. On the other hand, the

The deviations can be partly attributed to the cooling-rateP@ak height indicates that the remaining Al-Al pairs have a
dependence OTg. The Coo|ing rate used in our MD simu- rather narrow distance distribution. Closer |nSpeCt|0n of the

lations (=10 K/s) lies at least 4 decades above typicalMD data reveals for the Al atoms a tendency to form short,

cooling rates used in experiments: {0° K/s for conven- linear-chain segments, as visible in the snapshot in Fig. 4.
tional glasses anet 10? K/s for bulk amorphous alloysand This latter obser_vatlon implies the existence of an appropri-
about 8—10 decades above typical heating rates of DSC me@t€ number of isolated Al atoms with regard to the low
surements£10 K/s). For the binary system, nevertheless, &ZA-Al - ] ) o
more detailed comparison of calculated and experiméhgal AS already mentioned, the three binary systems Ni-Zi,
is possible. From heating experiments onRiggs, Llck _N|-AI, gnd Zr-Al show good compound-forming behavior. It
et al*? deduced a raise of the glass temperature to about 948 Obvious that the final structure of the ternary system
K for a heating rate of 8 K/s. Furthermore, in Ref. 12 it NizsZlgoAl 15 is determined by the competition of the mixing
was established that for the simulation model ofRiis, ability of the binary subsystems. The bonding strengths of
based on Hausleitner-Hafner potentials the calculated melfh® two minority species Ni and Al to the majority species Zr
ing temperature has to be reduced by about 21% to get tHé Of particular importance here. Since the compound-

experimental one. Assuming that the same overestimatiofpPrming tendency of Ni-Zr seems to be stronger than that of
holds for T, in NisZreo, Yields a reduced y .q~950 K, Al-Zr, it is expected that Al-Zr heterocoordination will be

which surprisingly well compares to the estimate of Weakened by the stronger Ni-Zr_preference. From that, an
Liick et al. Al-Al clustering tendency can be inferred. The atom-size ef-
fect may be an additional cause for the formation of Al
chains. Moreover, Ni atoms, with their small size, are more
appropriate than Al atoms to match into the Bernal holes of
Figure 3 shows the calculated partial pair-correlationthe Zr matrix. Total demixing into Al clusters is, neverthe-
functionsg;;(r) in the glassy state af=300 K. Table IV less, hindered by the marked Al-Zr and strong Ni-Al hetero-
displays the nearest-neighbor numbgysdeduced therefrom coordination.
by integrating the partial densities up to the first minimumin  From the partial coordination numberg in Table 1V,
the radial distribution function. total coordination numbers can be deduced, yieldihg
Oni-ni(r) exhibits only a weak nearest-neighbor peak,~9, N,~15, andNy~12. The values for Ni and Zr are
which becomes smaller with decreasing temperature. Thelose to the estimates known from simulations for the Zr-rich
first peak ingyi.z(r) is very intense, even more than that of amorphous Ni_,Zr, alloys?® In contrast to this, the value of

B. Radial distribution functions
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— Simulation
20 ~ & experiment

S8
e

FIG. 4. Cross section of a simulated amorphougy®iisAl 5o
configuration at 800 K(Large light spheres, Zr; small dark, Ni;
intermediate gray, Al. Box lengtk-60 A)

N, indicates for these species a novel type of atomic envi-
ronment, not present in the binary systems. Regarding;the
in Table 1V, good agreement is found in casezgf,; and
Zz.zc When comparing the experimental estimates by Mat-
subara and Wgse‘&fav\_llth our MD-simulated values. There £ 5. The ordinary(top) and environmental RDF's for Zr
seems a significant difference in the numbess, from ex- (centey and Ni(bottom of NizsZresAl ;s amorphous alloy at 300 K.
periment and simulation. Considering the enormous difficul-calculatedsolid line) and measurefilled diamond data are com-

ties to extracizz.5 from the experiments, this discrepancy, pared. The experimental results are measurements of Matsubara and

however, should not be considered as too serious. WasedaRef. 44).
The atomic structure of MiZrgsAl 15 amorphous alloy was
investigated exprimentally by Matsubara and Was¥deho Re fi(E;)+fi(Ey)]
used anomalous x-ray scatterit@XS) in combination with 47'rr2pA(r)=47Tr2i z;\n Al W(E;,E,) gai(r),

the ordinary x-ray diffraction to determine the ordinary and
the environmental radial distribution functio®DF). The
results of these measurement are reproduced in Fig. 5 to-
gether with the calculated RDF from our MD simulations. W(El,Ez)zE_ ciRe fi(Ey)+fi(Ey)], 7
The curves at the top of Fig. 5 correspond to the ordinary :
RDF'’s that represent the radial distribution around the averwheref, is the total x-ray atomic-scattering factor, a complex
age atom, independently of the atom species. It is theumber that contains an anomalous dispersion term in addi-
weighted sum of the six partial pair-correlation functionstion to the usual atomic-scattering factor. The measurements
gij(r), have been carried out at two energiesand E, below the
absorption edge of the considered atom. Re denotes the real
cf f. part of the values in the brackets. For more details we refer
L (5)  to Ref. 44.
Figure 5 demonstrates that qualitatively as well as quan-
tatively the experimental and the calculated curves agree
with {f)=3;c;f;. ¢; andf; are the atomic concentration and well. The height and the location of the peaks are sufficiently
the atomic scattering factor of the eleméntespectively. reproduced. The peaks positions, as given in Table IV, are
The curves at the center and the bottom of Fig. 5 correfound to be within 4% of the values obtained by Matsubara
spond to the environmental RDF’s for Zr and Ni, respec-and Waseda. However, the splitting of the first peak in the
tively. The experimental curves have been determined by thealculated RDF of Zr is somewhat larger than the measured
AXS method. The environmental RDF provides the weightedone, where the latter shows only a weak hump at the same
average over all atomic pairs around a given elemdent location(note that this hump becomes more and more impor-

(6)

4arr2p(r)=4r? 2
) =ZrnNiAl

Wg”'(r),
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0 30 € 9 120 150 180 0 30 60 90 120 150 180 prisms form layers with B\i) atoms centering the prisms.
AR T The B(Ni) atoms being arranged in zigzag chains within this
configuration.

Interpreting the here deduced bond-angle distributions in
the light of the picture advanced by Hausleitner and
Hafner?® the bond angles centered at Zr sites correspond to
those on the triangular and square faces of a prigm (
~60°, #~90°-100°) and to the rotation of two edge-
sharing prisms f§~145°) (like in a FgC structure. The
bond angles centered at Ni sitess75° andf~135°, cor-
zr-ze-zr | respond to angular correlations between a Ni atom centering
on the prism and two other atoms on the vertices. The verti-
ces are occupied in this model by Zr atoms predominantly.
The pronounced peak a@~110° in the Ni-Ni-Ni angular
correlation is very close to the chain anglest 110° in the
CrB structure.

The distribution of the bond angles at Al sites shows a
different pattern than those around Zr or Ni sites. It exhibits
well-defined peaks ai~60°, #~120°, andd~ 180°, which
are very close to the icosahedral bond angleés §3.5°, 6
~116.5°, andd~180°). This suggests that Al atoms occupy
sites with a predominantly icosahedral symmetry, in contrast
to Ni atoms that occupy sites with trigonal-prismatic symme-
try. The coordination numbemdy;=9 for Ni and Ny~12
30 80 80 120 150 180 for Al (see Table IV are compatible with this assumption

0 too.

P(cosb) (arb. un.)

FIG. 6. Partial bond-angle distributions in amorphous ) )
Ni,sZreoAl 15 alloy. X means that all atom species are considered. D. Static structure factors and medium-range order
The vertical lines indicate the bond angles in a regular icosahedron The partial Faber-ZimariFZ) structure factor is defined
(6=63.5,116.5,180). as the Fourier transform of the partial RDRef. 45

sin(kr)

tant with annealing and crystallizatii The hump repre-
, y nak S.F,-Z<k>=1+pof 4ar?[gy(n)-1——dr, (8

sents the Ni-Zr correlation whereas the main peak results
from Zr-Zr correlations. The discrepancy reflects the fact that _ _ _
our model slightly underestimates the Ni-Zr interatomic dis-where pq is the averaged number density of thg sub-

tance and simultaneously overestimates the Zr-Zr one, as c&yStém. The results are displayed in Fig. 7.
be seen from Table IV. The FZ structure factors of the binary ffrgo and ter-

nary NbgZrgsAl 5 systems are on the whole very similar,

except that the main peak @E_Zr(q) is broader in the case
C. Bond-angle distribution of the binary system. For both syster®§;(q) exhibits a
well-defined prepeak at the left of the main peak, corre-

Afirst insight in the topological order present in the struc-S onding to the nearest-neighbor pealgipy(r). The pre-
ture of NbsZrgsAl 5 can be obtained from the distribution P 9 9 ,1p NNitT).- P
. . eak at the wave vectar~=1.9 A~! seems to result from a
function of the bond angles around each atom species. Thq%

triol lation function is defined b orrelation on a length scale of about 3.3 A, after the con-
riple-corretation function 1S defined as an average of bongq g5 relation| =2#/qg. The main peak, at the wave vec-

angles between a reference atom and the pairs of aton?grqmz_8 A=1, corresponds to a length 6£2.3 A. This
within & radiusRyax, choosen here as the first minimum of yier yajue is, however, clearly smaller than the location of
the total radial correlation functiogioi(r), Rmax=4.1 A the first peak ingnini(r) (about 2.7 A), which shows that
The results of this analysis are displayed in Fig. 6. the conversion relation above gives underestimated length

The distributions of the angles formed by bonds centeredajues(by about 20%). This can be further confirmed in the
at the Zr and Ni sites present the same features as thog@se of Ni-Zr and Zr-Zr correlations. Taking into account this
calculated by Hausleitner and Haffiefor the binary sys-  correction, we obtain in the case of the prepeak a correlation
tems NioZrsg and NigZrg7. In (Ref. 23 it is pointed out that  |ength of about 3.9 A. It seems plausible to attribute this
the peaks in these angular correlations are compatible with l@ngth to the first split of the second peakgdg;.i(r). Fur-
local trigonal-prismatic order similar to that in the crystalline thermore the slight hump at the left end of the prepeak,
CrB (B33) structure. Patterns of other trigonal-prismaticwhich is independent of the truncation value used for the
structures, like FgC, are also detected in the binary Fourier transform, correlates well with the second split.
systemg? In CrB-type compounds, like NiZr, the trigonal There is no prepeak in the structure fac&f,,(q).
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0.5 15 25 3.5 45 05 25 45

8™ \i)

S, (@)
S uald)

-1
Q(A ) FIG. 8. Temperature dependence of the prepeaks associated with
the Ni-Ni and Al-Al correlations. The indicated temperatures corre-

. Z .
FIG. 7. Faber-Ziman structure factoBg“(q) of NissZresAlis al  spond to the sequence of the curves from the bottom to the top as
T=300 K. For comparison, the FZ structure factors of the blnarygiven at the prepealfirst peak.

NiyoZrgo alloy are included by dotted lines.

The appearance of a prepeakSﬁ-ZN-(q) reflects the ex- In the simulations the prepeaks are observed even at tem-
1-NI

istence of chemical medium-range ord@MRO) in the Peratures as high a=5000 K, which indicates that the
atomic configuration of the binary as well as the ternary sysStructural organization develops already at these very high

tem, in other words the preference for Ni atoms to be suriémperatures. Accord_ing to our results, the FSDP, as an indi-
rounded by Zr atoms, as discussed in Sec. Il B. cation of local order in the system, should be visible in an

In the subsystem Zr-AlSiZ, (q) also exhibits a well- experimental structure analysis of the melt above the equi-

defined prepeak at a wave vectpr1.3 A1, a clear sig- librium melting temperature. The persistence of a well-
nature of a structural order on a length scale of about 5.8 Adefined MRO even far above the melting temperature seems
(corrected valug The peak related to the Al-Al nearest- to be a common feature of glass formers with bonding forces
neighbor distance is around~2.6 A~!, and shows an oOf covalent nature, like network-forming and transition-

usual shoulder on the larggrside. metals glassy systems.
Both prepeaks are associated with concentration fluctua-
tions in the amorphous ternary system. The question how to E. Atomic-level stress distribution

describe these fluctuations in terms of atomic arrangements ) ]
can be answered in the light of the results of the preceding The approach of Egangit al.”™ allows to characterize the
two sections. In the picture of the trigonal-prismatic struc-Tocal atomic structure in the amorphous systems in terms of
tural ordering(of the subsystem Ni-Zr the location of the the distribution of internal stresses on the atomic level. The
prepeak in the Ni-Ni correlation may be related to an averagétress tensor acting at the atorm a system ofN atoms is
distance between neighboring trigonal prisms, where the Ngiven by

atoms occupy the centers of these prisms. This interpretation

|46

has been suggested by Suzakial > for the prepeaks in the w1 w1 1 N P (rij) r:j-r:j
metal-metalloid amorphous alloys Pd-Ge and Pd-Si. The Al 7i = ¢ | MiVi Vits JZ«I oy re | k=123,
atoms are constrained to group into the space between these . . (9)

Ni-Zr units. According to Fig. 4, they apparently form pre-
dominantly linear-chain segments with a next nearestwherer; andyv; are the coordinates and the velocities, respec-
neighbor distance of about 5.8 A. tively, of the particlei, rj; the vector joining particlé to
The temperature dependence of the prepeaks from thearticlej, andF;;= —d®(r;)/dr;; the force exerted by par-
glassy state up t@=5000 K is displayed in Fig. 8. The ticle j on particlei. The summation extends over all the at-
intensity of both prepeaks increases continously upon coolems within the cutoff radii of the potential§); is the local
ing, marking thereby the increase of the structural orderingatomic volume that can be identified with the volume of
with decreasing temperature. Wigner-Seitz cell of atoni, approximated &8
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FIG. 9. Distribution of the atomic-level pressure in the ternary FIG. 10. Distribution of von Mises shear stress in the termary
NineZreoAl 15 (full symbolg and the binary NiZres (open symbols  NizsZrsoAl1s (full symbols and the binary NiZres (open symbols

alloys atT=800 K. Circles, Ni; diamonds, Zr; plus signs, Al. alloys atT=800 K. Circles, Ni; diamonds, Zr; plus signs, Al.
Striking in Fig. 10 is the large shift of the pressure distri-
2 rﬁl bution of Al to negative pressures, as well as the shift of the
Qi1/3:$, (100  shear-stress distribution of the same species to lower shear
2 E o2 stresses too. This attributesnadefect vacancylike character
jenn to the Al sites(with lower-than-average densitjest follows

. - therefrom that alloying of Al to the binary Ni-Zr melt intro-
where the summation extends over the atoms within they,ces additional free volume in the system. The particular
nearest-neighborsnfl) shell of the atom. In our case, We  |qc4) symmetry and the specific stress distribution around the
identify the nn shell with the volume of a sphere whose | aioms reflect the fact that these atoms neither are a sub-
radius corresponds to the first minimum in the partial RDFgtittion for Ni nor for Zr when forming the ternary structure

9ij(r)- . from the binary one. Alloying with Al clearly induces a sig-
In analogy to the atomic pressupe nificantly different, complex amorphous configuration.
13 kk
Pi=3 2 o (1D IV. CONCLUDING REMARKS

the von Mises shear stress gives the magnitude of the Molecular-dynamic§MD) simulations have been used in

shear stress at an atomic level independent of the coordinatBiS Work to gain insights in the structural properties of the
system., is defined a¥ metallic-glass forming ternary alloy hZrgoAl 5. The simu-
' lations are based on a model for interatomic couplings in

Xy vy 22 2 2 terms of pz?\ir potentials and a globsaﬂ_)-ele_ctr(_)n-gas term._

gllo" =)+ (07— 07) "+ (07" = 7)1+ (07) Comparison of the calculated radial distribution functions

(RDF) with the experimental results of Matsubara and

Wased4* shows that the model reproduces the structural fea-
(12 tures of amorphous BiZrgeAl 15 with good accuracy. Good

agreement with the experiments is also found regarding the

The distribution for the atomic-level pressupe is dis-  specific-heat data. Our MD-simulation values extrapolate

played in Fig. 9 and that for the shear stress Fig. 10 for  rather well to higher temperatures the measured data of Zhou
each species in the binary and the ternary system§ at and Somméf and their interpolation in the associate model.
=800 K. The pressure distribution averaged over all species Analysis of the thermodynamics shows that the caloric
is balanced by hydrostatic pressure due to the electron-gadass-transition temperatuiig, is shifted to lower tempera-
term of the potentialE,,,,. The two distributions around Ni tures by alloying Al to Ni-Zr alloy. Since in our case the
and Zr atoms show similar features in both systems. Theooling rates used for the binary and ternary systems are
pressure distribution around Ni is somewhat shifted to highecomparable, we conclude that the dynamical processes for a
pressures with respect to the Zr distribution. According to thegiven temperature of the undercooled state are slower in the
notation of Egamiet al,*® the Ni sites are-type interstial-  binary system than in the ternary one.
like defects(with higher-than-average densitie¥his obser- The structural analysis in Sec. Ill D reveals the existence
vation provides support to the one discussed in Sec. Il ®f well-defined prepeaks in the Faber-Ziman structure factors
about the existence of a pronounced topological order in botSE,iZ_Ni(q) and SZZ_A,(q). Both reflect the existence of pro-
amorphous systems and to the fact that Ni atoms reside in theounced chemical and topological medium-range order
centers of well-defined optimally packed narrow structural(MRO) in the system. The Ni prepeak is associated with the
units, in our case the trigonal prisma. weak Ni-Ni coordination as can be seen from the anomalous

Ti=

112
+(a)%)?+ (07)?
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reduced first peak igyni- The length related to the Ni Well-defined MRO even far above the melting temperature
prepeak is~3.9 A and is associated with the second-neares$€ems to be a common feature of glass formers with pure or
Ni-Ni pair correlation. The low nearest-neighbor numberpPartial ~covalent bonding, like network-forming and
(znini~0.5) reflects the good mixing behavior in the binary transition-metal glassy syster_?i’sln a study on azsselected
Ni-Zr and Ni-Al subsystems, which makes the enthalpy ofgroup of Zr-based bulk metallic glasses, Busttal™ relate
Ni-Ni pairs much more unfavorable than unlike pairs. Re-the presence of such a chemical ordering in the melt with the
garding Ni, the here observed features of the ternary systef@fge GFA of these materials. Atom-probe field-ion micros-
seem rather similar to those found by Hausleitner ancfOPy and small-angle neutron-scattering experiments show
Hafner® for the binary Ni-Zr melts from MD simulations that this chemical ordering can result in clustering or phase
. . ; o8
and, e.g., Suzukietal?* from neutron-scattering experi- separatiorf! _
ments. From the analysis of the short-range order we see that
The Al atoms on average have a coordination number ofhere are two different features in the ternary amorphous
Ny~12 with an average Al-Al nearest-neighbpg ,~1,  Structure compared to the binary Ni-Zr system: First, there
which means that,, 5 is well below the value 1.8 for ran- aré two different types of local order around the Ni and the
dom occupation of the neighbor sites. Despite the small ay/A! atoms which have to form the global complex-ordered
eragez.a , there is a tendency in the Al system to form Structure of the amorphous alloy. Combination of two types
short-chain segments as displayed by Fig. 4. They apparentRf local order may give rise to a much larger variety of
give rise to the rather narrow range of Al-Al nearest- 9lobal structures than possible in a binary SRO melt or glass.
neighbor distances reflected by the sharp first peajip, - Secondly, while the Zr-rich binary amorphous alloys pre-

The prepeak ifS/EEN(Q) corresponds to concentration fluc- do_mlnantly gives structure elements with nine nearest-
tuations on a length scale of abow5.8 A, which may be neighbors atoms around Ni and more than 14 atoms around

associated with intrachain next-nearest-neighbor distance. Zr, alloying by Al _mtroduces elements W't.h |cosahedrallsym—

A study of the bond-angle distribution in Sec. 11l C shows metry and 12 ne|ghb_ors on average. This may _be of impor-
that the angular correlations at Ni and Zr sites are compatibl nce when mtergretmg t.he' local structure W't.hm the poly—
with a local trigonal-prismatic order similar to that found in etrahec_iral modé&f of the liquid (or glass. According to this
binary Ni-Zr alloys®® The Al atoms predominantly occupy mo_del, |cosahed_ra form the_reg_ular elements of the structure,
sites with an icosahedral symmetry. This indicates that Alvv.hlle.lowe_r or higher coordination at_om; are related to dis-
atoms have a local environment significantly different fromCI'n"?‘t.Ions in the arrangement. Our finding thus means that
that of Ni and Zr atoms. This finding is confirmed by the addition of Al to the binary Ni-Zr amorphous aIon_ mtro-
analysis of the atomic stress distribution, showing that Alduce_s regula_r structure elements to the system, definitely ab-
atoms neither are a substitute for Ni nor for Zr when formingSent in the binary alloy.
the ternary structure from the binary one.

The simulations predict that the prepeaks shall be ob-
served even at temperatures as highTas5000 K. This We aknowledge financial support from the DFG in the
indicates that the structural organization develops at temSPP: “Unterkinlte Metallschmelzen - Phasenselektion und
peratures well above the melting point. The persistence of &lasbildung.”
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