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suFR’lARY

A dense

calculate the

random packed model of an

total and partial reduced

amorphous alloy was used to

radial distribution functions, the

Ehathia-Thorton number-concentration fluctuations, ●nd the number-

concentration interference functions. The model was ●pplied to smvrphous

Ni35Ti65 using ●tomic radii of 1.10 and 1.58 A-l for nickel and

zirconium, respectively. Chemical short range order was included in the

model by permuting nickel-zirconium nearest-neighbors ●toms pairs In

response to a dscrease in the alloy’s cnthalpy. The permutations were

found to decrease in the Warren-Cowley order parameter from zero to -0,38,

in good agreement with the ❑easured value of -0.40. I’he increase in

chemical short range order 18 Accompanied by the appa~ranc~ of a

the partial intarferenca function INi-Ni(K) ●t K - 1.9 ;-l which

peak In

is
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similar in form, and is located at the same K value, as the so-called

“pre-peak” commonly obsened in rapidly quenched binary amorphous alloys

containing Ni. The increase in chemical short range order and the prepeak

in INi-Ni(K) are tentatively attributed to the formation of double

tetrahedralwith three zirconium atoms at the base and two nickel atoms at

the ●pexes.

1. INTRODUCTION

. In recent years, scattering techniques [1] have improved

significantly allowing the derivation of more accurate partial correlation

functions for amorphous ●lloys. The interpretation of these measurements

requirem modeling the ●tomic structure with the inclusion of effects such

a.schemical short range order (CSRO). Dense Random Packed (DRP) ❑odels

hme been extensively used to simulate the structure of amorphous alloys

[2] and, in general, good agreement has been found between the calculated

●nd me Isuredradial distribution functions. However, thm fixed nature of

the DRP model does not lend itself to the simula’‘on of dynamic procosses

involving atomic rearrangements. For this type 02 problem the ❑clecular

dynemic simulations ●rc ❑ore ●ppropriate axcept thmt tho simulation of

events in real time often requires excessive computational time,

l%a most widely used computer code for DRP models is based on

Bennett’s “global” ●lgorithm [3]. Detailed investigations of this model

[4,5] established that the criteria has varioua deflcienci~u: (s) the pair

correlation functions derived from this ❑odel has spatial annisotropy; (b)

the smaller atoms tend to drift towards the center of the cluster; and (c)

the relaxation of the structure to eliminate holes created each tima an
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atom is added to the cluster requires excessive computational time. A

better and more efficient model was suggested by Sharma et al. [6] which

is based on the collapsing of a loosely packed amorphous atomic structure.

This model has no spatial annisotropy in the unrelaxed or in the relaxed

structures. Furthermore, the computational time is relatively short.

In an earlier paper [7] we reported the results of modeling

calculations using Sharma’s DRP model. For all calculations in which

either the atomic size ratio or the relative strength of the interatomic

● forces were changes we obsened that the Warren-Cowley short-range order

parameter, &w, remained close to zero. This means that the unperturbed

model is quite appropriate for further investigations ~nvolving short

range order. We then developed a technique [8] to sim’date the chemical

short range expected to develop in binary amorphous alloys with large

negative heats of mixing during their rapid solidification from the melt.

In essence the technique introduces permutations between near-neighbor

atoms whenever such a change decreases the alloy’s enthalpy, The

calculations werm performed for amorphous Ni35Zr65, for which there exist

detailed diffraction data [9,10,11]. The ●tomic permutations were shown

to (a) improve the ●greement between the calculated ●nd measured Bathia-

Thorton pair correlation functions and (b) decrease the value of Qw to -

0,38, in excellent agreement with the ❑easured value of -0.40,

In this paper we report calculation of the partial,interference

functions of Ni35Zr65 as a f~,,c~ionof the degree of chemical short range

order lntrod’~cedin tha model. We observe that ●n increase in the number

of atomic permutations causea ●n incraame in the magnitude of the firnt

peak in Src(K) and ● rnhiftof thla peak towards lower wavenumber, K. Thv
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structure factor INi-Ni(K) also shows a clear increase in the magnitude of

its first peak, at K - 1.9 ~-1, and a shift of this peak towards Lower K

values. We propose that this peak is the so-called “pre peak” that has

been reported in the IN1-Ni(K) functions of various ~orphous binary

alloys between nickel and an early transition metal.

2. CALCULATIONS

The

.
DRP model

between r

density distribution function, g(r), can be obtained from the

by simply counting the number of ●toms in the radial shell

and r+dr and dividing by the volume of the shell. The reduced

radial distribution function of a monoatomie systcm, G(r), is defined as.

G(r) - Amr(p(r)-po) (1)

where PO is the average densitjr. For a multicompo.~entsystem, the ~

reduced distribution functions are dsfined as,

Gij (r) (2)- 4~r(P~j(r) - po)

vhere i, j denote the ●tomic specius, ●nd c~ is the concentration of the j

atoms.

A binary system has threa independent partial reduced distribution

functions, GIII G12# and C22. For the study of chemical ordering it Is

convenient.to work with linear combinations of the df~tribution functions.

The Bathia-Thorton concentration fl’actuationsare defined as,
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Gw(r) - c12C11(r) + c22G22(r) + 2c1c2G12(r) (3)

GNC(r) - c1c2([c1G11(r)+c2G12(r)l - [c1G21(r)+c2G22(r)l) (4)

G=C(r) (5)- c1c2[G11(r) + G22(r) - 2G21(r)l

The G~(r) correlation describes the topological distribution;

GNC(r) is proportional to the size effect; and GCC(r) describes the

chemical ordering.

The Warren chemical short range order parameter, aw, is defined as,

%-

where Zij

C2(Z11 - Z*1) + C1(Z22 + Z12)

C2(Z11 + Z12) + C1(Z21 + 222)

are the coordination numbers defined as,

Jrmin~ij - 4mr2pij(r)dr
o

(6)

(7)

and the integral extends from zero to the first minima in r,

The partial ir:erferance functions (or structure factors) are

derived from a Fourier transformation of the reducoflpartial correlation

functions Gij(r),

Jla
lij(K)-l+– Gij(r) sin(Kr) dr

Kp
(8)

The three number-concentration interferarw.efunctions of a binary alloy

are:

SNN(K) - c12111(K) + C22122W) + ClC2112W) (9)
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SNC(K) -C1C2([C1111(K)+C2112(K)I “ [C1121(O+C2122(OII (10)

SCC(K) - C1C2(I + C1C2[111(K) + 122(K) - 2112(K)]) (11)

A more detailed description of these functions has been given by

Wagner [12].

3. MODELING RESULTS

A DRP model for Ni35Zr65 vas constructed using approximately 3400

atoms, as described previously [6-8], The atomic radii used in the model

were 1.10 ~ for nickel and 1.58 ~ for Zr. The as-constructed DRP

model has no chemical short range order (CSRO) as verified by a zero value

for the calculated a~Jparameter. CSRO was Introduced into the model in a

discrete manner in the following way. The computer code selects at random

a pair of dissimilar nearest-neighbor atoms (Ni and Zr in this case) and

defines a microensemble of the atomic array consisting of the two atoms

selected ●nd all their nearest neighbors, The code then permutes the two

●toms chosen if this causes a decrease in the enthalpy of the

microensemble. For this, the computer assumes that the enthalpy of a Ni-

Zr bond is lower than that of Ni-Ni or a Zr-Zr bond. This assumption

reflects the large negative heat of ❑ixing of Ni ●nd Zr (-71 K.J/g-atfor

the aquimolar Intermetallic compmud [13]), This process in repeated for

all the Ni-Zr pairfiIn the ❑odel. The calculation does not include

entropy effects and thus it is strictly a zero-temperature ●imulatlon.

This is a reasonable approximation since tho enth~lpy decrea~e per

permutation is several uV, large compared to kT. Following the completion

of the “permutation” routine, the cnde ‘elaxes the DRP model by minimizing

a Keating elastl~ energy sum whicl~wcs wadifJed to include only central
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forces [4]. The “permutation” routine can be applied repeatedly, causing

a further increase in the CSRO of the DRP model. However, after a few

applications of the “permutation” routine the value of ~ reaches a

saturation. [8] This is because the local increase in CSRO obtained by

permuting two atoms of a given microensemble is later destroyed by the

permutations in adjacent, and partially overlapping, microensembles.

The serrated cunfes in Fig. 1 show the calculated total reduced

radial distribution, G(r), and the Bathia-Thorton number-concentration

fluctuations before (left) and after (right) the first application of the

“permutation” routine. The smooth curves are experimental data of Wagner

and Lee [10,14]. In general, there is a good agreement between tke model

calculations and the measurements. The most significant change that

occurs as the result of the “permutation” routine is observed in the first

double peak of G(r) and Gin(r), where there is an improvement in the fit

between che calculated and measured distributions in the regime 2 to 4

;. The “permutation” routine causes a change in the value of ~ from O

to -0.38, indicating that there is an increase in the alloy’s CSRO. A

second and third application of the “permutation” routine causes a further

increase in the degree of CSRO, as verified by a decraase in czw, [8] but

this does not improve significantly the fit of the model calculatims to

the data.

Figure 2 shows the three partial reduced distribution functions

before (left) and after (right) the first application of the “permutation”

routine. NO significant changes can be seen in either GNi.zr(r) no” Gzr-

Zr(r). ‘N~.Ni(r) ShOWS a small peak at r - 4.1 ~ (indicated by the

arrow). However, this peak is not significantly larger than the
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background noise. We will show below that this peak is indeed caused by

the CSRO introduced in the amorphous structure by the “permutation”

routine.

Even though the addition of CSRO does not change significantly the

distribution functions in real space, it gives clear signatures on the

structure factors in K-space. Figure 3 shows the structure factors,
.

Ii,(K), as a function of wavenumber K. The labels a, b, c, and d denote

O, 1, 2, and 3 applications of the “permutation” routine, respectively.

These curves clearly show that the CSRO causes the appearance of a peak in
.

lNi-Ni(K) near K - 1.9 i-l. With increasing number of applications of

the “permutation” routine the peak increases slightly in magnitude and

shifts towards lower K values (see table 1). The increase in CSRO causes

no apparent changes in the other two partial interference functions.

Figure 4 shows the numbercmcentration Interference functions,

Sij(K), calculated from the model according to equations (8)-(11). The

most significant change as the result of the increase in CSRO occurs in

the first peak of SCC(K). This peak not only increases in intensity, but

“-1 in cu,ne (a) (~= 0) toalso shifts from approximately 2.2 A

1.95 ;-l in cume (d) (aw- -0.6). SNN(K) and SNC(K) show no

significant changes as the result of the increase in CSRO.

Debye’s formula can be used to deduce the interatomic distance, D,
.

that gives rise to the pre-peak in INi-Ni(K) at K-1.9 fP-l:

D -.~/K-4.05~ (12)

This distance corresponds to that of the smsll peak in GNi-Ni(r) indicated

by the arrow in figure 2.
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4 DISCUSSION

The appearance of a pre-peak in the INi-Ni(K) interference function

of amorphous alloys containing Ni is an ubiquitous phenomena which has

been well documented by neutron diffraction measurements. It has been

reported in rapidly quenched foils of Ni40Ti60 [15] and Ni50Zr50 [16] and

ina sputter-deposited foil of Ni58V42 [17]. Figure 5 shows the

measurements of Hayashi et al. [16] in rapidly quenched amorphous
.

Ni50Zr50. The prepeak in INi_Ni(K) at K - 1.9 A-l is quite similar to

that which develops in the INi-Ni(K) cu?wes for the DRP model (Fig. 3)

following the application of the “permutation’ routine. We thus conclude

that the “pre-pemk”

the amorphous alloy

large negative heat

increase the number

This simple type of

is caused by CSRO that occurs when Ni-T atoms pairs in

(T stands for an earlier transition metal having a

of mixing with nickel) are allowed to permute so as to

of Nf,-Tbonds at the exnense of Ni-Ni and T-T bonds.

ordering does not involve long range chemical

diffusion and is most likely to occur during the rapid solidification of

the molten alloy. The obsemation of the pre-peak in sputtered samples

[16], where the equivalent cooling rates are extremely high, suggest that

this simple type of ordering is difficult to avoid during rapid

solidification. It would be thus interesting to investigate amorphous

alloys prepared by mechanical alloying [18], where the equivalent fictive

temperature seems to be is very high.

The interpretation of the CSRO in terms

a detailed statistical analysis of DRP model.

the CSRO are more pronounced in INi.Ni(K) and

of atomic clustern requires

However, the signatures of

SCC(K) than in the real-



space functiOn GNi.Ni(r), and this makes the analysis difficult. Our

preliminary statistical analysis suggest that the atomic clusters

responsible for the appearance of the “pre-peak” in INi-Ni(K), are double

tetrahedralconsisting of three zirconium atoms at the base with nickel

atoms on top and bottom, The Ni-Ni separation for these arrangements is
.

close to 4.1 A-L. More detailed statistical calculations will be derived

from calculations using larger DRP models.

,



FIGURE CAPTIONS

Fig. 1. Broken curves are the calculated total reduced radial

distribution, G(r), and the Bathia-Tharton number-concentration

fluctuation. before (left) and after (right) the first application

of the “permutation” routine to the dense random packed model. The

smooth curves are the measwrements,of Wagner and Lae in rapidly

quenched amorphous Ni35Zr65.

Fig.2. Partial reduced distribution functions before (left) and after

(right) the fir~t application of the “permutation” routine to the

dense random packed model. The arrow denotes a smali peak in

GN~.Ni(r) at rd.1 i.

Fig. 3. Partial atomic structure functions for the dense random packed

model. The labels a, b, c, and d denote O, 1, 2, and 3 successive

applications of the “permutation” routine. Notice the appearance of

a peak in INi.Ni(K) at K-1.9 ~-l.

Fig. 4. Number-concentration interference functions for the dense random

packed model. The labels a, b, c, ●nd d dnnote O, 1, 2, and 3

successive applications of the “permutation” routine. Notice the

increase in the first peak in SCC(K) near K-2 ;-l.

Fig. 5, Partial atomic structure factors for rp~idly quenched amorphous

~~i50Zr50measured by puise neutron scatterilig(after Hayashi et al.,

[16]).
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