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EXAFS, x-ray diffraction, and reverse Monte Carlo simulations of an amorphous NggTi,o alloy
produced by mechanical alloying
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The local atomic order of an amorphousgii,g alloy produced by mechanical alloying was studied by
extended x-ray absorption fine structyfEeXAFS) and x-ray diffraction(XRD) techniques. The experimental
total structure factor derived from the XRD measurements was simulated by using the reverse Monte Carlo
(RMC) method. This simulation was used to computedigyi(K), S§iri(K), andS$ (K) partial structure
factors and to infer a three-dimensional structure for this alloy. The coordination numbers and interatomic
distances for the first neighbors obtained from EXAFS and RMC showed a good agreement. The bond-angle
distributions derived from the structure obtained by RMC simulations give evidence that the structure of
amorphous NjyTi,g alloy contains distorted trigonal-prismatic units. The calculated Warren chemical short-
range order parameter showed a local chemical order similar to that one found in the solid solutions and in the
Ni;Ti compound and different of that found in the NiTi compound.
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. INTRODUCTION NigoTi4o (a-NiggTiag) alloy produced by MA has been inves-
tigated by combining the EXAFS and XRD techniques with
Since the discovery that mechanical alloyiMA)!is an ~ RMC simulationé™® of the experimental total structure fac-
efficient means for synthesizing crystallfrend amorphods  tor S¢(K) derived from the x-ray measurement.
materials, as well as stable and metastable solid solutions,
some researchers have turned their attention to this tech- II. THEORETICAL FUNDAMENTALS
nigue. MA has also been used to produce materials with FOR RMC SIMULATIONS
nanometer sized grains and alloys whose components have . o
large differences in their melting temperatures. such as irohA' Total and partial structure fa_ctors and reduced distribution
9 . 9 P ' functions
(Ty=1535°C) and seleniumT,=217°C) and are thus
difficult to produce using techniques based on melting. The total Faber-Zimali structure factorS(K) is obtained
From a structural point of view, both the crystalline el- from the intensity per atorh,(K) using the equation
emental metal powders with nanometer sized grains, ob- 5
tained via ball-milling, and the crystalline alloys synthesized S(K)= la(K) = (f5(K))

by MA can be regarded as being made up of two compo- (f(K))?

nents, one crystalline, with grains of dimensions of a few

nanometers, that preserves the structure of bulk crystal, and

one interfacial, composed by defects cenfeFae interfacial S(K)= ; % We, p(K)[Sa,p(K) — 1], @
component arises only when grain size is reduced to a few

nanometers. whereK=4msiné/\, \ is the wavelength of the scattered

In the last two decades, a large number of publicationgadiation, 2 is the diffraction angles, 5(K) are the partial
have appeared describing the properties of amorphous alloydructure factorsw, 5(K) is given by
produced by MA. Among them, very few deal with atomic
structure determination. This is probably due to the difficulty ~ CuCpf o (K)f4(K)
of extracting structural information from the radial distribu- W, p(K) = (F(K))2
tion functions deduced from extended x-ray absorption fine
structure (EXAFS), x-ray diffraction (XRD), and neutron and
diffraction measurements. P

The reverse Monte CarlgRMC) simulatiod™ is a 2 _ 2
method for structural modeling based directly on experimen- (F(K)) Za Ca ),
tal data. In order to investigate the local structure of amor-
phous alloys, the total structure factSfK) or radial distri- )
bution functions derived from XRD or neutron (f(K))*= za: Caf oK)
measurements are used as input data. There are in the litera-
ture several papers reporting results about the application dfere, f (K)=fy(K)+f'(\)+if"(\) is the atomic scatter-
the RMC method to investigate the structures of amorphouing factor, f'(\) and f”(\) are the anomalous dispersion
alloys10-14 terms which depend of the wavelength of radiation, epis

In this paper, the local atomic structure of the amorphoushe concentration of atoms of type The total reduced dis-
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tribution functionG(r) is related to the total structure factor creasesy?, it is always accepted. If it increase#, it is
S(K) through the Fourier transform accepted with a probability given by expQy?/2); other-
wise it is rejected. As this process is iteratg@l decreases
until it reaches an equilibrium value. Thus, the atomic con-
figuration corresponding to equilibrium should be consistent
with the experimental total structure factor within the experi-
while the partial reduced distribution functio, 4(r) are  mental error. By using theS 4(r) and SS 4(K) functions
related to the partial structure factas 4(K) by means of  corresponding to the final three-dimensional structure, the
the Fourier transform coordination numbers and interatomic distances can be cal-
culated. In addition, the bond-angle distributions can also be

Gap(r)= %f;K[Sﬂ,B(K) —1]sin(Kr)dK. (4  determined.

G(r)=EJ:K[S(K)—l]sin(Kr)dK, 3

ks

From G, g(r) the partial radial distribution function IIl. EXPERIMENTAL PROCEDURE

RDF, 4(r) can be calculated by ) ) ) )
Binary mixtures of high-purity elemental powders of

RDF, g(r)=4mpor+1G, 4(r). (5)  nickel (Merck 99.5%, particle size<10 um) and titanium

o ) ) BDH 99.5%, particle size<10 um) with nominal compo-
Interatomic_ distances are obtained from the maxima Okjtion Ni,Ti,, were sealed together with several steel balls
Ga,p(r), while coordination numbers are calculated by inte-jnq g cylindrical steel vial under an argon atmosphere. The

grating the peaks of RDF,(r). ball-to-powder weight ratio was 5:1. A Spex Mixer/Mill
model 8000 was used to perform MA at room temperature.
B. The RMC method The mixture was continuously milled for 9 h. A ventilation

The basic idea and the algorithm of standard RMCSYStem was used to keep the vial temperature close to room
method are described elsewhér&.Applications of this temperature. The composition of the as-milled powder was
method to polymerid® crystallinel” and amorphod§18-23 ~ measured using the energy dispersive spectros¢BmE)
materials are described in the literature. In order to simulatéeChnique, giving a composition of 39.79 and 60.21 at. % of
the atomic structure of an amorphous alloy by the rMcTi and Ni, respectively. Impurity traces were not obse.rved.
method, it is necessary to use as input data one or morhe XRD pattern was recorded in a powder Siemens diffrac-
experimental total structure factoS(K), the weights tometer equipped with a graphite monochromator, using the
w, 5(K) given by Eq.(2), the density(in atoms/&) and the CuK, line (\=1.5418 A). The total structure factcﬂe_(K)
chemical composition of the alloy. Th8%(K) can be ex- Was pomputed from.the XRD pattern after corrections _for
tracted from neutron diffraction or x-ray diffractiopXRD) polarization, absorpt'lon, and inelastic scattering, following
measurements. The EXAFS Fourier-filtered first shell func-he procedure described by Wag#tiThe f’ and " values
tion x(k) can also be used. In the RMC procedure, a three'ere taken from a table compiled by Sasaki.

dimensional arrangement of atoms with the same density and 1he EXAFS experiments were carried out on the D04B
chemical composition of the alloy is placed into a detsu- °€am line of the Laboratm Nacional de Luz 3icrotron

. . o 6 .
ally cubid with periodic boundary conditions and the (LNLS) in Campinas, Brazify using a channel cut mono-
G¢ 4(r) functions corresponding to it are directly calculated chromator(Si 111, two ionization chambers as detectors and
thrbugh a 1 mm entrance slit. This yielded a resolution of about 1.6

eV at the TiK edge(4966 eV} and 3.9 eV at the Ni K edge
n® (r) (8333 eV. All data were taken at room temperature in the
@p transmission mode. The energy and current of the storage

Gop(n=———, ; ;
darpor “Ar ring were 1.37 GeV and 120 mA, respectively.

wheren‘;ﬁ(r) is the number of atoms at a distance between
r andr + Ar from the central atom, averaged over all atoms. IV. RESULTS AND DISCUSSION
By allowing the atoms to movéone at each timenside the
cell, theGZ’B(r) functions can be changed and, as a conse-
qguence, the partial and total calculated structure factors The measured EXAFS spectra fafNigoTi o alloy were
S..p(K) and S¢(K), calculated using Eqg1) and (4), are  analyzed using standard data reduction procedineith
changed. ThusS¢(K) is compared taSé(K) in order to  WiNxAs97 software?® deglitching, background correction,
minimize the differences between them. The function to benormalization, seE,, conversion tdk space, smootK-shell
minimized is absorption backgroundy(k), extraction of the EXAFS sig-
nal x(k) which is the oscillatory part of the absorption coef-
, 1 . . ) ficient, k weighting, window functions(square, Gaussian,
Y =5 21 [S*(Ki) = SHK) T, (6) Bessel, Hanning, etg.Fourier transforn{FT) of x(k) to real
space(real and imaginary parts and FT magnitydsack FT
where the sum is oven experimental points and is related  to k space to obtain the Fourier-filtered first shell, extraction
to the experimental error i$¢(K). If the movement de- of phases and amplitudes, fit and simulation of the Fourier-

A. EXAFS measurements

m
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FIG. 3. Fourier-filtered first shelifull line) and its simulation
(squaresfor a-NiggTisg at the NiK edge.
-0.03
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kA ally, the peaks are shifted to lowwvalues by about 0.30—
0.40 A. In order to determine the coordination numbers and
FIG. 1. Experimental EXAFS spectréa) at the NiK edge and  interatomic distances for the first neighbors, the FT’s major
(b) at the TiK edge. shells in Fig. 21.34—2.85 A on the Ni edge, 1.05-3.39 A on
the Ti edge were back transformed int& space. The
filtered first shell by using the single scattering formula of Fourier-filtered first shells were then fitted by using Gaussian
Sternet al? for Gaussian distributions or by using therr  distributions to represent the homopoldi-Ni and Ti-Ti)
method, etc. and heteropolafNi-Ti) bonds?® To fit them, the amplitude
Figure 1 shows the EXAFS oscillationgk) above the Ni  and phase shifts relative to the homopolar and heteropolar
and Ti K edges. The oscillationg(k) on the Ni and TiK  bonds were necessary. For the Ti-Ti bonds, the amplitude and
edges contain structural data about the Ni-Ni and Ni-Ti pairgphase shifts were obtained from Ti metal f@iurity better
and Ti-Ni and Ti-Ti pairs, respectively. In order to extract than 99.8% used as standard at LNLS for energy calibration
these structural data, the signaiék) were weighted by a and its EXAFS signak (k) was treated in the same way than
Bessel window function within the rangesk  thatone applied to the EXAFS signal$ék) measured for the
=3.9-14.1 A and 3.6-13.9 A on the Ni and Ti edges, alloy. For the Ni-Ni bonds, the amplitude and phase shifts
respectively, and their FT were then computed. Figure 2Zvere obtained from Ni metal foilpurity better than 99.8%
shows their FT magnitudes. The FT magnitude curve at thalso used as standard at LNLS for energy calibrationand
Ti K edge(bottom curvé shows the shells corresponding to initio using the spherical waves meti®andFerF software.
the Ti-Ni and Ti-Ti first neighbors partially separated while For the heteropolar bonds, the amplitude and phase shifts
in the FT magnitude curve at the i edge(top curvg the  were calculatedb initio using the spherical waves metfid
Ni-Ni and Ni-Ti shells are not separated. The FT magnitudeand FEFF software. Figures. 3 and 4 show the experimental
curve is not a true radial distribution function, since theand the fitting results for the Fourier-filtered first shells on
EXAFS oscillations are phase shifted by the atomic potenthe Ni and Ti edges, respectively, and the structural param-
tials (absorber and back-scatterer atgyreo that the posi- eters extracted from the fits are listed in Table I.
tions of the peaks do not correspond to true distances. Usu- As it can be seen in Table |, we have used two sub-shells
for Ni-Ni, Ni-Ti, Ti-Ni, and Ti-Ti pairs. We started the fitting
procedure using one shell for all pairs. This choice did not

0.06 produce a good quality fit of Fourier-filtered first shells on
= the Ni and Ti edges. In addition to that, the well-known
= relations below were not verified in fitting EXAFS data:
mg 0.03}
E

0.02}

0.00 001

0.06} ® 1 :
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FIG. 2. Fourier transforms of experimental EXAFS spectaa: FIG. 4. Fourier-filtered first shelifull line) and its simulation
at the NiK edge andb) at the TiK edge. (squaresfor a-NiggTiyg at the TiK edge.
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TABLE |. Structural parameters fa-NiggTi4 alloy. 4 T T T T T r r
EXAFS
Ni K edge TiK edge A
Bond type Ni-Ni Ni-Ti Ti-Ni Ti-Ti
N 20 6.8 49 03 7.4 1.6 3.9 i
r (A) 249 260 254 263 254 263 288 291
o(Ax1072) 7.40 15.75 5.94 0.464 5.941 0.464 0.001 0.267 -
RMC
Bond type Ni-Ni Ni-Ti Ti-Ni Ti-Ti i
N 7.2(3) 5.4(2) 8.1(2 5.5(1) 3
r (A) 2.58(2) 2.52(2) 2.522) 2.88(2) B
Ni;Ti compound KA
Bond type Ni-Ni Ni-Ti TiNi T-Ti FIG. 5. Experimentalfull line) and simulatedsquarey total
N 8.0 4.0 12.0 6.0 structure factors foa-NigTig alloy.
r (A) 2.55 2.55 2.55 3.60
Bond ¢ Ni-Ni NITI CNQ?,'Oound TiNi TiTi S¢ (K) factors extracted from the simulation are shown in
Non ype 6I-0I 8I-0| ;O' I_GE) F|g 6. In a recent paper, Gazzillet al®? reported the
: ' ’ ’ Snini(K), Sniri(K), andSqi(K) calculated using a nonad-
r (A) 301 261 261 301 Ni N|( ) N|T|( ) T|T|( ) g

ditive hard sphere model for amorphous,Nj_, (X

&The numbers in parentheses are the errors in the last decimal place. 0.3,0.5,0.7) alloys. Thes B(K) factors obtained by us

CaNa,ﬁ:CﬁNﬁ,a’
Fap=Tpa

Ua,ﬁ:Uﬁ,a/

show the same features of those repofeEk Fig. 6 of Ref.
32), in particular the pre-peak ify;.ni(K) and the shoulder
in Stiti(K) located both at abo =2 A1,

Figures 7 and 8 show th&, 4(r) and RDF 4(r) func-
tions, respectively. By using them the coordination numbers
and interatomic distances for the first neighbors were ob-
tained and they are displayed in Table I. From EXAFS, the

wherec, is the concentration of atoms of type N, zisthe  two subshells of Ni-Ni pairs give 8.8 atoms at a mean inter-

number of 3 atoms located at a distancg ; around ana
atom ando , 4 is the half-width of the Gaussian. By consid-
ering two Ti-Ti subshells and one shell for the Ni-Ni and 4

atomic distance =2.57 A, the two subshells of Ni-Ti give

Ni-Ti pairs, the quality of the fits obtained was not improved.
However, very good fits were achievésee Figs. 3 and)4
considering two subshells for the Ni-Ni, Ni-Ti, Ti-Ni, and
Ti-Ti pairs. Moreover, the relations above were satisfied.
These results indicate that, although one subshell corre-
sponding to the Ni-Ti and Ti-Ni pairs has a very small num-
ber of atoms, its contribution to the EXAFS fits is not neg-

sNi-Ni (K)

ligible.

B. The RMC Simulations

In order to make the simulations we have considered a
cubic cell with 4000 atoms2400 Ni and 1600 Ti &
=0.01, and an average densityp,=6.957 g/cm

=0.0771 atoms/A which had been previously calculatéd.

In order to study the influence of the density value, we have
changed it in the range up ta 10%, but the best conver-
gence of they? parametefsee Eq.(6)] was reached for the
value given above. The minimum distances between atoms
were fixed at the beginning of the simulations itQ;.y;

=2.0A, ryn=2.2 Aandry.,=2.75 A. To make the simu-
lations we have used the RMC programs and available in the
Internet?

K(AY

The experimental and simulated total structure factors for FIG. 6. Calculated partial structure factors & ni(K),
a-NigoTiy alloy are shown in Fig. 5. It can be seen that as ¢, .(K), and S $ 1,(K) obtained from the RMC simulation for

very good agreement between them was achieved. Th&Nig,Ti,, alloy.
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FIG. 7. Calculated partial pair distribution functiof; (1),

Griti(r), and G$.4(r) obtained from the RMC simulation for
a-NigoTiag alloy.
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FIG. 9. Calculated partial bond-angle distribution functions
0 ,.5.4(0) for a-NiggTiyg Obtained by using RMC simulations.

the number of Ni-Ni pairs extracted from the EXAFS analy-
sis which is greater than that obtained from RMC simula-
tions.

It should be also noted that the Ni-Ni interatomic distance
found by RMC simulations is larger than that one for Ni-Ti
pairs. According to Hausleitner and Haffiethis is associ-
ated with a change of thé-band electronic density of states
in the Ni-Ti alloys from a common-band to a split-band

the two subshells of Ti-Ti furnish 5.5 atoms at a mean interform. Fukunagat al>* have already found Ni-Ti interatomic
atomic distance =2.90 A. By comparing these structural distances shorter than those for Ni-Ni pairs in &li4oTigo
parameters obtained from EXAFS with those found by RMCalloy.

simulations one can see a good agreement, with exception of By defining the partial bond-angle distribution functions

O 1 2 8 4 5 6 7 8 8 10 1
r(A)
FIG. 8. Calculated partial radial distribuition functions

RDFni(r), RDFR.pi(r), and RDFS.1(r) obtained from the
RMC simulation fora-NiggTig alloy.

0 ,-5-,(0) where g is the atom in the corner, we calculate
the angular distribution of the bonds between first neighbor
atoms. They were calculated from the final three-dimensional
structure obtained from RMC simulation. This kind of infor-
mation was not obtained from EXAFS analysis because the
partial distribution functions extracted from EXAFS give
only a one-dimensional description of the atomic arrange-
ment. Fig. 9 shows the si® ,.;.,(6) functions found for
a-NigoTiyg alloy. Each a—B—y sequence has a maximum
around the angles listed in Table 1.

In their paper, Hausleitner and Haffiéinvestigated sev-
eral amorphous alloys formed by transition metals using mo-
lecular dynamics simulations. They obtained the structure
factors, coordination numbers, interatomic distances, and the
bond-angle distribution functions. According to them, if the
components of an alloy have a large difference in the number
of d electrons there is a pronounced non-additivity of the pair
interactions and a strong interaction between unlike atoms.
These facts favor the formation of trigonal-prismatic units.
The bond angle values of triangular and square faces of a
distorted prism are found arourt=60°, 90°—100°.

Ni and Ti atoms have a large difference in the number of
d electrons in theid bands. Figure 9 and the values given in
Table Il give evidences that the atomic structure of
a-NigoTisg alloy contains distorted trigonal-prismatic units.
The presence of this kind of units was already reported in
amorphous NiTig7, ™ Pck,Sisg, 2 and NissBs:' alloys.
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TABLE Il. Angles where eact® ,_.,(60) function has a maximum fag-NigTi,g alloy.

Bond sequence Ni-Ni-Ni Ni-Ti-Ni Ti-Ni-Ti Ti-Ti-Ti Ti-Ni-Ni Ni-Ti-Ti
[ 57.4 58.5 66.5 58.5 56.0 53.0
(degrees 107.4 106.0 113.0 103.0 112.4 105.5

In order to compare the coordination numbers and interwhereNI=N,;+N;, and N3=N,,+ N,; are the total coor-
atomic distances obtained from EXAFS analysis and RMGdination numbers of each species in the first shell. By using

simulations fora-NigoTiso with those found in NjTi (Ref.  the coordination numbers given in Table I, we found
35) and NiTi (Ref. 36 compounds, we have taken their crys- | EXAFS_ (5 943 oRMC— _( 023, oN4T=0.030 and N7
tallographic data from ICSD database ambp software, - L S L
respectively, and we used them in the software package _0'143‘ Thea_-N|60T|40 aI_on has a Ioca_il structure similar
CRYSTAL OFFICE9S’ to obtain the first-neighbor coordination to_ a_SOI'd solution, for_ which; =0, as it happens_ tp the
numbers and interatomic distances. These values are sholjs 1! compound and different of that found in the NiTi com-
in Table I. From this table, it can be seen that the coordinaPound:
tion numbers found for tha-NigTi4g alloy show are similar

to those ones found in the Nii compound, with exception

of Ti-Ni pairs. In the case of NiTi compound, we observe a

reaspngble agreemept only for_ the_ Ti-Niand .T".T' pairs. The The EXAFS technique was used to study the local struc-
a-NiggTiso alloy has interatomic distances similar to those

ones found in the NiTi compound, with exception of Ti-Ti ture of a-NigqTiso alloy produced by MA,; the e.xpenmental
pairs. In the case of the NiTi compound, we observe that an/alues of the structurql pargmeters agree with tho;e ones
interatomic distances are larger than those ones found in tHg<tracted from RMC simulations. From the RMC simula-
amorphous alloy. tions we inferred a three-dimensional structuredeXigoTisg

with triangular and square faceg)£60°,109°,120° and bond-angle distributions suggest that the atomic structure of
180°), rotated two edge-sharing prism&=(145°) and high @-NigTis contains distorted trigonal prismatic units. The
order polyhedral units. The NiTi compound is also formedcalculated Warren CSRO parameter indicated that the local
by trigonal prismatic units with triangular and square facesatomic structure in th@-NiggTi4g alloy is similar to the one
(6=54°, 70°, 90°, and 109°). The comparison between thdound in a solid solution and there is some resemblance with
bond-angle distributions found for tha-NiggTis, alloy,  the one present in the Nii compound.

which is listed in Table Il and showed in Fig. 9, and those
ones found in the Nili and NiTi compounds suggests the
presence of the distorted trigonal prismatic units in the struc-

V. CONCLUSION
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