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Short- and medium-range order in (Zr 70CuxNi1g) go—x T Al 1o bulk amorphous alloys

T. C. Hufnagel
Department of Materials Science and Engineering, Johns Hopkins University, Baltimore, Maryland 21218-2681

S. Brennan
Stanford Synchrotron Radiation Laboratory, Menlo Park, California 94025
(Received 13 August 2002; published 22 January 2003

We have used x-ray scattering to examine short-range and medium-range ordesQufgRtiig) 9o x TaAl 19
amorphous alloys. Analysis of the radial distribution functioR®F's) shows that the addition of 4 at. % Ta
enhances the average short-range topological order, as the nearest-neighbor peak in the RDF becomes more
sharply defined. The enhanced order due to the Ta addition persists beyond the first few atomic shells, however,
out to distances of at least 15 A. From resonant x-ray scattering near te@sorption edge, we are able to
extract differential radial distribution functiod®RDF’s) which show the atomic environment around Zr atoms
only. The DRDF's show that Ta has little effect on the nearest neighbors of Zr atoms, but does significantly
enhance the medium-range ordewer distances of 5-15 A from an average Zr atoifo explain these
observations, we propose that topologically ordered atomic clusters are a significant feature of the structure of
Zr-based amorphous alloys and that the influence of Ta is to enhance the order associated with packing of these
clusters.
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[. INTRODUCTION ships are central to the behavior of amorphous materials, just
as they are in crystalline materials, and that our understand-
Over the past decade, there has been renewed interestiitg of these relationships is limited by our lack of detailed
the properties of metallic glasses, prompted largely by thénformation on the structure of metallic glasses.
development of multicomponent bulk glass-forming alloys We report here on the effect of alloy content on the struc-
which can be made in sufficiently large sizes to allow theirture of (ZrClyNiig)go xTaAl1 bulk amorphous alloys.
use in structural applicatiors’ In particular, the widespread (All compositions are reported in atomic percgfthese al-
availability of bulk specimensas opposed to ribbons pro- loys are of interest because the addition of small concentra-
duced by rapid solidificationhas made possible a wide tions of Ta k<5%) has a significant effect on the mechani-
range of studies of the mechanical behavior of amorphousal behavior of the material, increasing the plastic strain to
alloys, which has led to a dramatic improvement in our un-failure observed in uniaxial compression, apparently through
derstanding of fundamental aspects of deformation an@n influence on the propagation of shear barideliminary
fracture3—13 fluctuation microscopy studies indicate that the Ta-
Our understanding of the structure of amorphous alloyscontaining alloys have enhanced medium-range order rela-
however, has not advanced nearly so rapidly. There are sefive to alloys without Ta In the present work, we have
eral reasons for this. First, the microstructuwehich we employed x-ray scattering techniquéscluding resonant
loosely define as structure with characteristic length scales gfcattering at the ZK absorption edgeto examine the short-
2 nm to 0.1 mm of amorphous alloys, such as phase separange and medium-range order of alloys with=4) and
ration into compositionally distinct amorphous phases, igvithout (x=0) Ta. We find that the primary effect of Ta is to
much more subtle than that of crystalline alloys which haveenhance the structural order in the second-nearest-neighbor
easily observable features such as grain boundaries arsdhells around Zr atoms. We propose that this structural order
second-phase particles. Second, characterizing the shois associated with topologically ordered clusters in the amor-
range ordef0—0.5 nm of an amorphous alloy is quite dif- phous alloy and that the enhanced medium-range order of the
ficult with present techniques, particularly for multicompo- Ta-containing alloys is due to stronger ordering between
nent alloys which haven(n+1)/2 independent pair clusters.
correlations(wheren is the number of componentsThird,
structure over intermediate-length scal@s5—2 nm, com- Il. EXPERIMENT
monly called “medium-range order,” is also difficult to ad-
equately characterize with scattering techniq(ebich are
only sensitive to pair correlatiopsalthough some progress ~ Samples of amorphous (ZCuNiig)go_xTaAlg wWith
has been made recently in using fluctuation microscopy tx=0 andx=4 were produced by arc melting master alloy
characterize these length scales in amorphous maté&hils. ingots of the desired composition and casting into a copper
Finally, although computer simulations of disordered struc-mold to produce ingots 3 mm diameter and approximately 75
tures have great promise, accurate simulation of multicommm long. The master alloy ingots were prepared by arc melt-
ponent f>2) systems remains quite difficift. Despite  ing high-purity elemental metals under a Ti-gettered Ar at-
these difficulties, it is clear that structure-property relation-mosphere. To ensure even distribution of the alloying ele-

A. Sample preparation
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ments, the alloy ingots were remelted several times. Samplesheref is the atomic scattering factor and the brackets indi-
25 mm long, 2 mm wide, and 1 mm thick for x-ray scattering cate an average over all elements, weighted according to the
were cut from the cylindrical amorphous rods, and the sureomposition of the specimen. The real-space structural infor-
face to be examined was mechanically polished with an alumation available fron5(q) is called the radial distribution
mina slurry to remove any contaminated or damaged surfacinction (RDF), defined as

layer.

2r (=
2 — 2 = :
B. X-ray scattering 4mrep(r)=4mr po+ Wfo qS(g)sin(qr)da.  (2)

We performed the x-ray scattering experiments on beam-_ .. . . . . . .
. L In this equationp(r) is the atomic density at a distance
line 10-2 at the Stanford Synchrotron Radlatl_on Laboratoryfrom a compositionally averaged atom apglis the average
(SSRL. We made scattering measurements in a symmetngl,[omiC density of the specimen. Beca®(@)—0 asr be-
reflection geometry at x-ray energies 10 eV and 100 eV be- y P ' €

: : comes large, the radial distribution function only shows sig-
low the ZrK absorption edgél7 998 eV. Scattering near an nificant structure for the first few atomic shells surrounding

absorption edge gives rise to several inelastic scattering Pro;  verage atom. It is also sometimes convenient to work
cesses as well as the desired elastic scattering signal. In ora%rh h gd q ) dial distribution f . hich
to discriminate the elastic scattering, we used a sagitally fo?-NIt the reduced radial distribution unctm(RRDF), whic
cusing graphite analyzer crystal in the scattered beam, which simply t.he RDF with the average atomic density term
0 o L Subtracted:

focused the scattered radiation onto a position-sensitive de-
tector. The analyzer-detector system, which is described in of (o
more detail elsewher® had an energy resolution of 50_eV 47t p(r)—pol= _f qS(q)sin(qr)dag. (3)
(0.3% at the ZrK edge. Systematic errors were minimized mJo
by collecting multiple x-ray scattering patterns from each
sample at each x-ray energy in a single run and averaging the ¢ angular dependence of the anomalous scattering factors
results. Variations in the incident beam intensity were moni- ) ]
tored by means of an ion chamber upstream of the sample; The energy dependence of the atomic scattering factor
the elastic scattering intensity was normalized to this ionf(d,E) is commonly written as
chamber reading. )

The atomic scattering factor for an element is quite sen- f(q,E)=fo(q)+1'(q,E)+if"(q,E), 4
sitive to the x-ray energy at energies close to an absorption . . .
edge of that element. Therefore, it is critical to pay attentionWherefO(q) is the atomic form factotfz is the x-ray energy,

to the reproducibility with which the incident x-ray energy is andf’(qu,]E) ahndrl:”(q,E) are the ?nogaltlo_us scafttering fe}c-
selected from the white synchrotron radiation. For instancel®’s: Although there are several tabulations o "?‘”0’“;;" ous
cattering factors as a function of x-ray energy availdbié>

small changes in the position of the orbiting electron beam oP . . e .
small instabilities in the monochromator systefdue to these tabulations are of insufficient accuracy for scattering

beam heating, for instangean cause shifts of several eV in EXPeriments performed very close to an absorption edge.
the incident x-ray energy, which is enough to significantlyTherefore' when performing resonant scatterlng expenments,
affect the results. To minimize this problem, we checked th ne must measure gndf for the samples being stu_dled.
x-ray energy of the incident beam frequenftypically after his can be gonvenlently accc_)mpllshgd by measuring the
every scaj by measuring the absorption through a foil of XT@y absorption through a thin specimen, calculatifig

the element of intere$Zr here as a function of x-ray energy from_the absorption using the_optlcal theorem, and then cal-
and locating the absorption edge. The energy for subsequefitiating f’ r?grom [ using the Kramers-Kronig
scans was then defined relative to the position of the absorgransformatiort” We did this to determiné’ and{” for Zr,

tion edge. In this way, we achieve reproducibility in the x-ray T0M absorption measurements around thekZabsorption
energy for our scattering scans of better than 1 eV. edges; the results are pr_esgnted in Table I. Notice that the

To extract structural information, we corrected the elasti-measured values differ significantly from the tabulated val-

cally scattered intensiti(q) for the effects of detector dead U€S &t energies close to the absorption edge.

time, absorption, multiple scattering, and polarization of the _ !N Ed. (4), the form factor is presumed to be independent
incident beam; the corrections are standard procedures th3f*Tay energy; the energy dependencé isfascribed solely
are described in detail elsewhéfeThe resulting scattering '© the anomalous scattering factors. Although in general the
data are in arbitrary units; to place them on an absolute scal@nomalous scattering factors are also functions of the scat-
we normalized them to the coherent independent scatteringi"9 anglé(through their dependence ap, it is common

intensity using the method of Norman and Krogh-Kft7 to use the forward scgttering(=0) values forf_’ andf” and
and scattering factors tabulated by Kissekl?223From the =~ assume that they are independent of scattering angle. In most

normalized scattering intensityq) in electron units, we cal- €sonant scattering work performed to date, the angle-

culated the total structure fact&(q), defined as independent approximation has been adequate. Recent work
has shown, however, that the angular dependence of the
(@)= (2) anomalous scattering factors can be signifianin the
S(q)=—7, (1) present case, we have found a discrepancy in the normaliza-
(f)? tion of our scattering very close to the & edge, which
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TABLE 1. Comparison of the experimentally determined
anomalous scattering factors for Zr below thekZabsorption edge
(which is at 17998 eY/ with calculations of Cromer and Liberman
(Ref. 24, Henkeet al. (Ref. 25, and Kisselet al. (Ref. 29. Kis-
sel’s self-consistent calculations yield absorption edge energies that
are different from those experimentally observed, so in using them
to calculate the anomalous scattering factors below, the energy was
rescaled to yield the proper energy with respect to the position of
the absorption edge.

L L
6 8 10 12 14 16 18

E=17898 eV E=17988 eV q(f\'1)
fér f%r fér f%r 3
1 0% Ta
Measured —4.38 0.55 -7.13 0.88 > 4% Ta
Cromer-Liberman —4.52 0.54 —-6.87 0.53 |
Kissel et al. —4.38 0.55 —7.56 0.54 T 1
Henkeet al. —5.03 0.56 —10.29 0.55 = e \
o I\m y .
JV -
leads us to conclude that, in this case at least, it is important -1 -
to take account of the angular dependencé’ofnd f". LR
0 2 4 6 8 10 12 14 16 18

Because the experimental data are on an arbitrary scale, 4
: . S L g@Ah
calculating S(q) involves finding a normalization constant
that makesl(q) oscillate smoothly about the independent fig. 1. (@) Total structure functions S(q) for
coherent scatteringfz). As Eq. (1) indicates, for properly (Zr76CoNizg) g0_xTaAl 1o With x=0 and x=4, from scattering
normalized dateS(q) will oscillate about zero at largg.  data taken with an x-ray energy of 17988 €M) eV below the ZK
This is the case for the data recorded 100 eV below thi€ Zr absorption edgeassuming angle-independent anomalous scattering
edge as well as additional data collected near the,J&dge factors. The normalization was done using the method of Norman
(not shown. Indeed, the excellent energy resolution of theand Krogh-Moe, with an integral over the entire rangegdRefs.
analyzer crystal, which essentially eliminates all of the in-20 and 2}. (b) Total structure function§(q) calculated from the
elastic scattering, makes normalization of those data quiteéame data a&), but using angle-dependeft. The same coeffi-
straightforward. Figure (&), however, shows the total struc- cientsa; anda, were used in normalizing the data from both speci-
ture factorS(q) calculated from the elastic scatterih(g) mens.
measured 10 eV below the &r absorption edge, using Eq.
(1) and assuming that the anomalous scattering factors afee written forf” (with coefficientsaj andaj), but because
independent of scattering angle. Notice tiSét)) does not f” is small in comparison td’ for scattering below th&
oscillate about zero and that there is a monotonic increase iedge(Table I), we elected to continue to assume thatvas
S(q) at largeq for both specimens. We carefully considered independent of scattering angle. Having meastrefor for-
possible systematic errors in the experiment that might bavard scattering only, we had no independent basis for choos-
responsible for these features, but were unable to adequatelyg a; and a;, so we selected values that gave a well-
account for them. Many sources of error can be discountetehaveds(q) for the 0% Ta specimen. When we applied the
because our detector counts only elastic scatteetigninat-  same values of; and a; to the other(4% Ta specimen,
ing inelastic scattering processes from consideratonl be-  they yielded a similarly well-behaves{q). The fact that the
cause data from the same sample, recorded at nearly th@ame choice of coefficients gives good results for two speci-
same time at an x-ray energy, only 90 eV lower, do not shownens of different composition makes us confident that it is
similar effects. indeed this angular dependence that caused the discrepancies
On the basis of these considerations, we concluded tha Fig. 1(a). In making final choices foa; anda,, we made
the most likely source of the problems in Fig. 1 was somesjight adjustments that optimized the overall behavior of
inaccuracy in the anomalous scattering factors. However, wg(q) for both specimens, as shown in Figbll The final
were also unable to achieve a well-behavi&(d)) by any  yalues werea]=—0.10 anda,= —0.28.
choice of angle-independent anomalous scattering factors for
Zr. Therefore, we considered whether assuming an angular

dependence would yield well-behaved total structure func- Il RESULTS
tions. In particular, we adopted the following form fof: A. Average atomic environments
f,(alE):f,(O,E)[lJraisinzaJraésinzte], (5) Figure Z2a) shows the lowr region of the radial distribu-

tion functions, calculated from scattering data taken at an
wheref’(0,E) is the measured value df in the forward-  x-ray energy of 17898 eV100 eV below the ZK edgs, for
scattering direction and the coefficierts anda, determine  both specimen$0% and 4% Tha The first-nearest-neighbor
the angular dependence bf.2>?8 A similar expression may peak is ar=3.1 A, and the coordination numbésbtained
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FIG. 2. (a Radial distribution functions[4r2p(r)] for
(Zr70CU20NI10)90,XTQ(A| 10 W|th X:0 andX:4 (b) Reduced ra.d|a|
distribution functiong4r?[ p(r) — po]) for the same samples as in

(a).

by integrating the area under the pgak12.1+0.9 for both
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r=3.1 A is due to Zr-Zr pair correlations; this conclusion is
supported by the resonant scattering res(disscribed be-
low) as well as earlier work on Zr-rich ternary amorphous
alloys?°3° There is another peak in the RDF, visible rat
=2.8 A as a shoulder on the main peak. This peak is due
primarily to Zr-Cu and Zr-Ni pair correlations; there may
also be Cu-Cu and Ni-Ni pairs, but these are expected to be
uncommor?® The influence of Ta on the nearest-neighbor
environment is seen for the 4% Ta alloy as an increase in
amplitude of the first peak in the RDF; since the atomic
radius of Ta(1.45 A) is slightly smaller than that of Z1.55

A) ! the peak maximum shifts to slightly lower Despite

the increase in amplitude, the average coordination number
is unchanged, because the peak is also slightly sharper for
the 4% Ta alloy, making the area under the first peak the
same for the two alloys. Finally, no conclusions can be
drawn regarding Al, because the scattering factor of Al is
small, and it is present at a relatively low concentration,
making it essentially undetectable in these experiments.

To extract more quantitative information about these pair
correlations, we fit a model consisting of three Gaussian pro-
files to the nearest-neighbor peaks in the RDF’s. Two of the
Gaussian profiles represented pair correlations, while the
third was used to represent the overlap from the second-
nearest-neighbor peak. The results are shown in Table II. The
pair separations and coordination numbers obtained in this
way are in good agreement with similar measurements on
ternary alloys’® The only significant difference between the
two alloys is the shift of the second peak frams3.14 A

compositions. The peak is slightly sharper for the 4% Ta(0% Tg to r=3.07 A (4% T4, consistent with the existence

alloy, with a full width at half maximum of 0.74 A, com-

of pair correlations involving Ta. The greatest increase in the

pared to 0.80 A for the 0% Ta alloy, suggesting that theamplitude of the RDF occurs aroune-2.8—2.9 A, suggest-
topological short-range order is slightly stronger for the 4%ing that the Ta is strongly coordinated with Ni, Cu, or both.

Ta alloy.

There are also some small changes in the partial coordination

Because the radial distribution function reveals the atomiciumbers, but these are probably not statistically significant,
environment around a hypothetical average atom, the firsidue to the extensive overlap between the two peaks.
nearest-neighbor peak has contributions from all of the The second-nearest neighbor peak in the RDFs occurs at

unique atomic pairs. For a four-component all®@f6 Ta

r=5-6 A. As is common for amorphous alloys, the second

there are 10 such partial pair correlations, while there are 1peak shows some splitting corresponding to two different

for a five component alloy4% Tg. Determining all of the

pair separations. This splitting is more prominent for the 4%

partial pair correlations is, at present, an intractable problenTa alloy than the 0% Ta alloy. The structure at larges

for amorphous alloys of this complexity. We can, however,more easily seen by examining the reduced radial distribu-
make some general statements regarding the short-range ¢ien function. The RRDF’s for the two alloys are shown in
der in these alloys. The prominent peak in the RDF's neaFig. 2(b); because the average atomic density term has been

TABLE Il. Pair separationsr(), coordination number&N's), and peak width$w) determined
from the RDF’s by fitting the first-nearest-neighbor peak to a sum of two Gaussian peaks repre-
senting the pair correlations. The uncertainties reported represent one standard deviation from the
best-fit parameters. The first peak is primarily due to Zr-Ni and Zr-Cu pair correlations, while the
second is primarily due to Zr-Zr correlations and, in the 4% Ta alloy, correlations involving Ta.
Note, however, that there is considerable overlap of the peaks. The total coordination number of the
first-nearest-neighbor shell is 12-D.9 for both alloys.

Peak 1(primarily Zr-Ni and Zr-Cy

Peak 2(primarily Zr-Zr and Zr-Ta

r (&) Area(atomg  Width (A) r (A) Area(atomg  Width (A)
0% Ta 2.68-0.02 1.9-1.0 0.35-0.03 3.14-0.01 10.2:0.4 0.62-0.02
4% Ta 2.67-0.03 0.5£0.8 0.25-0.07 3.07:0.01 11.6-0.4 0.65-0.01
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30 structural information takes the form of a differential radial
o5 distribution function(DRDF), which shows the atomic envi-
< 20 ] ronment around Zr atom®nly). The DRDF thus resembles
E the information available from x-ray absorption spectroscopy
T 15 (XAS). For our purposes, however, an important advantage
5 10— of resonant x-ray scattering is that it gives reliable informa-
a 5 — tion at low g, which in turn yields more reliable information
0 than XAS about structure beyond the first-nearest-neighbor

shell in amorphous materials.

Figure 3 shows the differential radial distribution func-
tions for both alloys. In this case, we can definitely ascribe
the first peak in the DRDF’s to overlapping Zr-Zr, Zr-Cu, and

FIG. 3. Differential radial distribution functions calculated from Zr-Ni pair correlationgin addition to possible Zr-Ta pairs for
scattering data collected at x-ray energies 10 eV and 100 eV belothe Ta-containing alloy Results of a similar peak-fitting pro-
the ZrK absorption edge for (ZgCuygNijg)g0-xTaAl 1o With x=0  cedure to that used with the RDF'’s are presented in Table Ill.
and x=4. The differential radial distribution function shows the For the 4% Ta alloy, it was necessary to incorporate an ad-
average atomic environment around Zr atoms. ditional Gaussian profile to adequately fit the region around

r=4 A. This peak occurred at a largeof 3.79 A, which is
subtracted, the RRDF’s oscillate about zero. Although theéProbably too large to represent a pair correlation. It is pos-
RRDF'’s from the two alloys are similar, there is a significantsible that this peak is due to an unusual topological arrange-
difference in that the amplitude of the peaks is always greatefent around the central Zr atom, but it is more likely that it

for the 4% Ta alloy than the 0% Ta alloy. This difference iS simply an artifactThe DRDF's are, in general, not as

tion, the peaks in the RRDF for the 4% Ta alloy for lating a small difference between two scattering measure-

>7 A are shifted to slightly lower relative to those for the Ments) _ -
0% Ta alloy. This observation suggests slightly more effi-_ ItiS apparent from Fig. 3 and Table Il that the addition of

cient atomic packing for the 4% Ta alloy, as discussed below!@ has only a minor effect on the nearest-neighbor environ-
ment around Zr atoms. There is a slight shift of the peak, but

the changes are small compared to those seen in the radial
B. Atomic environment around Zr atoms distribution functions[Fig. 2(a)], suggesting that there are
Although it is very difficult to extract all of the partial pair relatively few Zr-Ta nearest-neighbor pairs and that Ta has
correlation functions for a multicomponent alloy from x-ray little effect on the short-range order around Zr atof&en
scattering data, there are some approaches that can yiefdough Ta is present at a low concentration, its scattering
some useful information. One is to make use of the fact thaffactor is so large relative to the other elements that even a
at x-ray energies near an absorption edge of an element ingnall number of Zr-Ta nearest-neighbor pairs would be dis-
sample, only the scattering factor of that element changegernible in the DRDF, much as the effect of Ta can be seen in
significantly with energy. If we collect scattering data at twothe RDF) Interestingly, however, the effect of Ta on the
energies near an absorption edge, to a reasonable approxinf&cond-near-neighbor peai5-6 A) is, if anything, even
tion the difference between the two sets of scattering datgnore significant in the DRDF's than in the RDREig. 4).
will reflect only pair correlations that involve the element Thus, it appears that the addition of Ta enhances the struc-
under consideration. This approach is called differential resotural order around Zr atoms beyond the first-nearest-neighbor
nant (or anomalous scattering®? and it has been profitably shell, even though it does not change the short-range order
applied to the study of binary and multicomponent amor-Significantly.
phous alloy systents:3334
We have used differential resonant scattering to study our
samples by collecting x-ray scattering data at energies 10 eV We measured the mass density of both samples by
and 100 eV below the ZK absorption edge. The resulting Archimede’s method; the results are shown in Table IV.

C. Atomic density

TABLE lIl. Pair separationsr(), coordination number€CN’s), and peak widthéw) determined from the Zr edge DRDF’s by fitting the
first-nearest-neighbor peak to a sum of Gaussian peaks representing the pair correlations. The uncertainties reported represent one standar
deviation from the best-fit parameters. For the 0% Ta alloy, two Gaussian peaks were sufficient, but for the 4% Ta alloy a third Gaussian was
required to adequately fit the region around4 A (see Fig. 3. The coordination number around Zr atoms is 14007 for the 0% Ta alloy
and 14.3:0.5 for the 4% Ta alloy.

Peak 1(primarily Zr-Cu and Zr-Nj Peak 2(primarily Zr-Zr and Zr-Ta Peak 3
r (A) CN (atoms  w (A) r (A) CN (atom$  w (A) r (A) CN (atom$  w (A)

0% Ta 272002 0.7#0.6 0.22:0.03 3.18:0.01 13.3:0.3 0.63£0.01
4% Ta 27*0.02 0403 0.23:0.03 3.16:0.01 12204 0.570.01 3.79£0.02 1.7#0.2 0.52£0.04
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FIG. 4. Comparison of radial distribution functiRDF) and Zr _I
edge differential radial distribution functitidRDF) for the 4% Ta 0 o OZA’ Ta
alloy. Notice that the nearest-neighbor peak of the DRDF is slightly < ® 4%Ta
sharpened and shifted to largerelative to the RDF; this is because g 14
the DRDF excludes all pair correlations not involving @rhich is %
the largest atom in the allpyAlso notice the differences in the L 2 -
second-nearest-neighbor shell. 2
o
. .. -3
From the mass density and the composition of the samples, (b)
the atomic densities can be calculated. Based on this calcu- T | T T |
lation, the 4% Ta alloy has an atomic density 1.3% larger 0 1 2 3 4

than the 0% Ta alloy. F (%)

This difference in atomic density can also be confirmed ) ) N )
from the x-ray scattering data, in two ways. As discussed FIG. 5. (a) qut of the dlfferenC(: in the poosmons of atomic shell_s
above, the peaks representing atomic shells in the RRD rr]orlwln the Rﬁ,nggtbeltwee”f th'tshO/Z;”? 4f|’Ta,ag(,)ySt: The at‘im'c
[Fig. Ab)] from the 4% Ta sample are shifted o slightly ;tc?m?cac;gnssitl eTh;Iir?;ViEgaOI:aas?-s SarZsafi?ilé Lﬂelzztlggtr?éeselloere of
smallerr, relative to the 0% Ta sample. The number of atoms, " Y- . qu : " P
. . . he line is related to the difference in atomic density of the two
in each shell is essentially the same for each santae

. . . . alloys, as discussed in the texh) Plot of the RRDF’s against?.
determined by integration of the area under the peaks in th&or clarity, only every third datum is shownin the lowr, the

R,DF)' SO the_ smallgr spacing for the 4% Ta alloy indica_tes aslope of this plot is proportional to the atomic density of the mate-
higher atomic density for that sample. The fractional differ- .,

ence in atomic densitApy/pg is related to the fractional

difference in the radii of the atomic shells'/r by larger than that from the other two methods. The discrepancy
13 is likely due to oscillations in the RRDF for the 4% Ta alloy
ﬂz ﬂ -1 6) at low r, which make accurate determination of the slope
r Po ’ difficult.

SO we can determin&pq/p, from the slope of a plot oAr

against. Such a plot is presented in Figah The calculated IV. DISCUSSION

dr:fferelncel n atomic densn?]/ I5 1.4%, In gqod agreement with It is clear from the preceding discussion that the 4% Ta

the calculation based on the mass density. alloy has slightly higher atomic density than the 0% Ta alloy.

_The second way to confirm the difference in atomic den-r,g gasjest way to understand this behavior is simply to
sity is from the behavior of_the RRDF at .Iow[Eq. (3)]. imagine that when Ta is added to the alloy, the Ta atoms
Becausep(r) =0 below the first-nearest-neighbor shell, the o506 other atoms in the amorphous structure. Since the
slope of a plot of the RRDF against' at smallr is  ,iomic volume of Ta is slightly smaller than that of Zr, it is
—4mpo, as shown in Fig. &). The difference in atomic e550naple to suppose that such a substitution would result in
density measured in this way is 3.70%kable IV), somewhat 5 jncrease in atomic density of the material. A simple cal-

) ) _ culation, treating the atoms as hard spheres and using the
TABLE IV. Atomic density po of the two alloys, determined o tral  atom radit: suggests that on going from
from the_ measured mass densjty, and from the RRDF, as de- ZresCuieNigAl 1o (x=0) t0 ZreeClyNigTa,Alyy (x=4) a
scribed in the text. 1.8% increase in atomic density should be expected solely on
the basis of this atomic size difference. This prediction is in

-3 -3
a5 po (A2) po (A7) reasonably good agreement with the measured difference in
pm (gom ) (from pm) (from RRD atomic density.
0% Ta 6.587-0.004  0.05168:0.0005 0.052:0.01 It is clear, however, that the addition of Ta in these alloys
4% Ta 7.0080.004  0.05227F 0.0005 0.0540.01 does have an effect on the structure. In particular, there is

increased structural order over length scales of 5-15 A. This
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increased structural order is either not accompanied by a sig-
nificant increase in atomic densitisince the prediction
based solely on atomic size matches the experimental obser-
vation) or, more likely, any increase in density due to en-
hanced order is smaller than the atomic size effect.

One approach to understanding the structure of amor-
phous alloys is to match the features observed in radial dis-
tribution functions(or total structure functionswith predic-
tions obtained from models based on various atomic packing
geometries. This approach has had some important suc-
cesses, notably the demonstration that the splitting of the ,
second peak in the RDF is inconsistent with microcrystalline O Zr @ Ta ‘ Cu, Ni, or Al
models of atomic-scale structuteMore accurate models of
the structure of metals glasses are based on packing of FIG. 6. Effect of Ta on the second-nearest-neighbor environ-
spheres, either randomly or into short-range clusters of varient around Zr atoms. The first-nearest-neighbor shells around two
ous topologie§? including icosahedral clusteféwith addi- Zr atpms are indicated by dashed lines. Ta is coo_rdinated primarily
tional disordered material in the regions between Clusterst?y,N' and Al and enhances the second-nearest-neighbor shell of two
Even in the case of dense random packing, some atomfidiacent clusters.
geometries(referred to as “canonical holeg”occur fre-
quently, and it is clear that the short-range order is not reallyZr atom coordinated by other Zr atoms and some or all of
random. In what follows, we describe the structure of ourCu, Ni, and Al(Fig. 6). The Ni and Al, in turn, may have one
glasses in terms of this short-range order. It should be undepr more Ta atoms as nearest neighbors. One effect of Ta is to
stood that scattering techniques have an inherent limitatioenhance the ordering in the second peak in the DRID§.
in their ability to discriminate among various models, as they3), which in our model would be the shell surrounding the
only provide information about average atomic pair separaeluster. Exactly how Ta does this is not clear, but it may be
tions and coordination numbers. In many cases, what is reelated to the fact that Ta atoms are intermediate in size
quired is information about bond angles, which is not avail-between Zr and either Cu or Ni, which may promote more
able from a scattering experiment. Thus, even if there was efficient atomic packing, or to chemical ordering associated
single dominant packing geometry, in general it would not bewith the negative heat of mixing of Ta with Ni and Al. We
possible to uniquely identify it using scattering techniquessuspect, though, that each Ta atom may be shared between
alone. We can, however, make some general statements @0 adjacent clusters, enhancing the structural order of the
garding the structural order. second-nearest-neighbors of both clustBi¢e note that the

Addition of Ta to (ZkCuygNiig)go-xTaAl g has little ef-  characteristic length scale of two adjacent clusters
fect on the nearest-neighbor environment around Zr atomg~15 A) agrees well with the distance over which enhanced
(Fig. 3), suggesting that there are relatively few Zr-Ta nearesstructural order is observable in the RRDFSuch a model
neighbors. The fact that Ta is not strongly coordinated by Zmwould explain why a relatively small amount of added Ta
is also supported by the lack of a “prepeak” in the structurecan significantly affect the medium-range order of the amor-
factor[Fig. 1(b)], which is sometime observed when a heavyphous alloy, but not be enough to measurably affect the
element is coordinated by a lighter element in an amorphouatomic density.
alloy>* This observation is consistent with some simple pre- Additional experiments will be required to verify this pic-
dictions based on solution thermodynamics. Zr and Ta have tre. In particular, fluctuation microscopy could shed some
small positive heat of mixing, which opposes the formationlight on the medium-range order. Also, x-ray absorption
of Zr-Ta nearest-neighbor pairs. In contrast, Zr has a largspectroscopy could reveal details of the short-range order
negative heat of mixing with the other elements in the alloy,around Ta atoms and, in particular, whether there are any
which promotes the formation of Zr-Ni, Zr-Cu, and Zr-Al Ta-Ta near neighbor@vhich would not be predicted to exist
nearest-neighbor pairs. Furthermore, the alloys are Zr richhased on our modelWe have performed some anomalous
so there are bound to be a relatively large number of Zr-Ziscattering experiments at the g edge in an effort to learn
pairs. This picture of the Zr nearest-neighbor environment ignore, but the results were inconclusive due to the low con-
consistent with the most detailed structural studies of Zr-richcentration of Ta in these alloys.
ternary metallic glasses availaBfe® If there are few Zr-Ta It is interesting to speculate what effect the differences in
nearest-neighbor pairs, then Ta must be associated with othstructure we observe here may have on the mechanical prop-
elements. The most likely candidates are Ni and Al, both oferties of these amorphous alloys. Based on the changes in the
which have a negative heat of mixing with Ta. The existencemedium-range order, it seems clear that the addition of Ta
of Ta-Ni and Ta-Al near-neighbor pairs would be consistentsomehow affects the distribution of free volume in the amor-
with the changes in the first peak in the RDF associated witlphous structure. In particular, given that the differences in
the addition of TaFig. 2). short-range ordefparticularly around Zr atomsare small, it

Based on this simple picture of the Zr nearest-neighboappears that Ta may change how free volume is distributed in
environment, one can imagine that the predominant shorthe regions between the short-range order clustérhe
range order in these alloys is a cluster consisting of a centralverall level of free volume is apparently unaffected by the
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presence of Ta.The free volume distribution may, in turn, this is primarily due to the fact that the Ta atoms are smaller
affect the initiation and propagation of shear bands. A moreghan the Zr atoms they replace. We propose that the effect of
detailed understanding of these effects will require the develTa may be to create stronger topological ordering between
opment of more detailed models of the micromechanisms o&djacent atomic clusters in the alloy.

deformation in amorphous alloys.
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