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The extended fine structure Kfedges of binary intermetallic compounds TiAlgAl, and Al;Ti have been
recorded by x-ray absorption spectroscdAS) at the TiK edge and by electron energy-loss spectroscopy
(EELS) at the AIK edge. The local structure of these titanium aluminum alloys is fully resolved by combining
the information retrieved from a spectral analysis of both XAS and EELS data. The data analysis is based on
fits to ab initio calculations using the real-space multiple scattering eeée It is shown that XAS and EELS
can be considered as probes for medium range order studies. This is illustrated for TiAl compounds where it
is found that XAS and EELS can be used for site determination of minor elements in ternary dilute alloys. The
limitations of this multiple data set approach to fine-structure spectroscopies are briefly discussed.

[. INTRODUCTION characterization at the local atomic level in these Ti-Al based

Several ordered intermetallic alloys are currently investi-alloys. Due to their sensitivity to the local atomic environ-
gated for aerospace applications at high stress and high terment, the EXAFS and the EXELFS are well-adapted tech-
perature. Titanium aluminum based alloys are among thaiques for such studies. In this paper, we first focus on the
most promising materials for the near future because of theifirst near-neighboring shells in Ti-Al alloys by combining
good balance between lightness, strength, and oxidation rékhe information retrieved from both T and Al K EXAFS
sistance. In these alloys, the aluminum provides lightnesand EXELFS spectra, and show that one can obtain reliable
and oxidation resistance, while the transition element profirst nearest neighboi$irst NN's) distances with these com-
vides strength. Among the numerous ordered phases encounined data, despite their own different characteristics. More-
tered in the Ti-Al phase diagrafmwe have chosen to study over, we also show that one can now retrieve information
the TiAl, TizAl, and Al;Ti alloys, which have the simplest from shells beyond first-nearest neighbors, by performing an
crystallographic structure and a wider stability domain. Theiranalysis of the high-spatial frequency domain of the EXAFS
structures reflect the ordering of the two atomic species on data using fits to theoretical standards derived fromahe
simple host lattice, which can be face centered c(ioicy or initio multiple-scattering codeerr. Thus EXAFS becomes
hexagonal compachcp). In addition, TiAl and TiAl are the  a medium-range order probe for material science, as will be
components of the two phase alloys that are under develogHustrated here by analysing the TiAl XAS data at theKTi
ment for aerospace applications. However, both of thesedge up to the eighth nearest neighbors. However, this com-
compounds suffer from an intrinsic brittleness at low tem-bined approach of fine-structure spectroscopies, like XAS
perature in their single phase form. Many developments arand EELS, poses some questions. In particular, an experi-
now being undertaken to enhance their mechanical propertiesental EXAFS/EXELFS signal is the incoherent sum of alll
by controlling the microstructure and by the addition of sev-signals due to each individual absorbing atom in the probed
eral minor elements. Hence, an understanding of the relatiovolume, while a given theoretical spectrum is unique to a
of the modification of the physical and mechanical propertiegiven absorber atom. Thus the question is, in what sense is a
to the addition of other elements requires more and morgiven theoretical spectrum representative of all experimental
detailed analysis. Nevertheless, upon alloying, changes capectra (e.g., those of individually probed atoj?s One
be produced at several different scales, ranging from modielearly sees that this question is closely related to the disor-
fications of the microstructure to changes at the atomic scalaler existing in the material, a point that remains complicated
In this paper we concentrate on the study of the local atomito handle precisely from a theoretical point of view, without
order in a homogeneous single phase material. The objectivéme sort of configurational averaging based on knowledge
of the present paper is to test the ability of the extended x-rapr assumptions about the nature of the alloy structure. Obvi-
absorption fine structuréEXAFS) and extended electron ously, the more accurate the information one expects to ex-
energy-loss fine structur€EXELFS) techniques to extract tract, the more demanding the data quality must be. In the
structural information from various alloys and to gauge theircase of EXAFS/EXELFS it means that one must be careful
inherent limits. Thus in the first step discussed here, we havt® record XAS and EELS spectra with optimized signal-to-
used only binary compounds in preparation for future appli-noise ratio over an energy range as wide as possible. There-
cations to ternary compounds. fore, this approach requires careful sample prepargaon

From these arguments, there is clearly a need for a fineealing, clean surfage.. ) prior to performing the
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experiments. These conditions are not always easy to fullfiDark counts are recorded with 10 times more readouts than

owing to the characteristics of the samples themselves, dbe raw data to cancel the statistical noise and to keep only

will be illustrated with the materials studied here. the systematic noise. Once divided by 10, this dark-count
The remainder of this paper is outlined as follows. In Secsignal is subtracted from the raw data. Then, the resulting

Il we describe the samples that we have studied and thePectrum is corrected for channel-to-channel gain variation

experimental methods used to obtain the fine-structure dat®Y dividing it by a spectrum acquired with uniform illumi-

A brief overview of the data analysis methods is also preJation, which is previously corrected for dark counts. A low-

sented in that section. In Sec. Ill we give the experimental0SS Spectrum is also recorded with the same illuminated
results and structural informations carried out from theird’€@. After extraction of the background with a standard

analysis. Finally in Sec. IV, the potential and limitations of power-law function, plural scattering contributions are re-
! moved by using the standard Fourier ratio deconvolution

:{cgﬁi er::ghﬁ:fmsg?st;mg ez;pgg%?:caosrszydues of the Interme_proceduré. All these treatments are performed within the
GATAN EL/P program.
Because of their brittleness, intermetallic specimens can-
Il. METHODS not be thinned enough to reach x-ray transparency to perform
XAS experiments in transmission mode. Consequently,
small square samples of 20 rirand 5 mm thick have been
The Ti-Al samples have been processed by the arcprepared for experiments in the conversion electron yield
melting technique under argon atmosphere using high-puritynode (CEEXAFS.® Prior to the experiments, their surfaces
starting metals. The main unavoidable impurity was oxygenhave been mechanically polished down toubh diamond
which is contained in the titanium with a concentration ofgrain to remove surface damage. Kiedge XAS electron
about 300 to 400 at. ppm. This is about the best purity availyield spectra were recorded on beam-line D44 of the 1.3
able, oxygen being very soluble in titanium. Compared toGeV positron storage ring DCI at LURE using a two-crystal
this fairly high level, extremely few impurities are brought in type Si(111) monochromator0.7 eV resolutioh equipped
by the aluminum. The ingots have been subsequently arwith mirrors for harmonics rejection. To reduce thermal dis-
nealed at 1300 °C during 48 h for homogenization, quenchedrder, the XAS data were collected at 77 K using a CEEX-
to retain vacancies, and then heat treated again during 100AFS device working at the liquid-nitrogen temperature under
at 1000°C and slowly cooled. In TiAl, the second part of helium flow.! The energy step was 2 eV and the acquisition
this process results in a precipitation of the impuriti€sN, time per data point 2 s.
and O in small particles: These have a very low-volume To conclude this section, we discuss the reasons underly-
fraction (<0.1%) and therefore do not contribute signifi- ing our choice of using EELS at the Al edge and XAS at
cantly to the EXAFS signal. In the EELS experiments, it isthe Ti K edge to study Ti-Al intermetallics, as well as their
easy to select the matrix excluding the precipitates. gAIli  consequences. Indeed, we have previously shdwat it is
and ALTi no sign of precipitation of a second phase wasnow feasible to record EELS spectra in the 4—7 keV energy
observed at the scale of the transmission electron micrg-ange. In this range, the EELS signal-to-noise ratio for high
scope. values of the wave vectdris not as good as for XAS. Since
a reliable multiple-scattering analysis requires as wide as
possible & range, this favors the XAS technique, which also
has the advantage of being easier to use than EELS and
Specimens for electron microscopy have been cut with @ffers better energy resolution. Unfortunately, except for the
low-speed diamond saw and thinned by conventional elecYBgss monochromatdf at SSRL (Stanford, CA, available
trochemical and ion-beam milling techniques. EELS spectranonochromators at synchrotron facilities for probing the Al
have been recorded in a Jeol 4000FX microscope operating edge are quartz, which have intrinsic absorption at th¢€ Si
at 400 kV and fitted with a Gatan model 666 parallel detecedge. Clearly, the EELS technique does not suffer such a
tion electron spectrometer. The experiments are carried olitnitation, which is why we have employed it for A edge
at 108 K to avoid contamination and to minimize thermalstudies. The use of two different techniques for probing the
vibrations.(This temperature corresponds to the digital read-Al K and Ti K edges of the Ti-Al alloys introduces some
ing on the cold stage of the microscope. The temperaturadditional limitations. For a given composition, EELS- and
probe is located at a distance from the specimen so the actugAS-probed samples have undergone different treatments
temperature of it is not known preciselyzor each spectrum, (electrochemical and ion-beam milling on one side, mechani-
about ten readouts are recorded in diffraction mode with &al polishing on the oth¢and the temperatures of the mea-
low-convergence incident beafs<1.5 mrad and a collec- surements are different. Furthermore, the CEEXAFS tech-
tion aperture of approximately 3 mrad. They are thennique is very surface sensitive. Even if the depth probed in
summed for better statistics. The illuminated area was apelectron yield mode is not known precisélyjt can be
proximately 2um in diameter with thicknesses below 100 roughly estimated using a semiphenomenological néd¥
nm. The integration time on the photodiode ar(BYA) lies  to range between 40 and 70 nm, depending on the Ti con-
between 25 s and 50 s, depending on the probed alloy. Theentration for TiAl and Al;Ti, respectively. From all these
probe current was kept sufficiently lo@w=400 nA) to mini-  considerations, it turns out that one cannot expect to fiad *
mize irradiation effects and great care was taken to avoigbriori“ equal Debye-Waller factors for Ti and Al hetero-
specimen drift. The actual experimental resolution, measuregairs, as must be the case when one probes both atomic
as the half-width of the zero loss peak was found to be 1.5pecies using the same sample and same experimental con-
eV. Each spectrum is corrected for the defects of the PDAditions.

A. Alloy processing and samples preparation

B. Experimental Methods
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C. Methods of Analysis c

Provided the collection angle of the spectrometer is small ‘ .
enough to be consistent with the dipole approximation, it has
been established that the EXELFS signal contains the same
structure information as EXAFS,and thus that they can be
both expressed within the same theoretical framework. The
principle of the EXAFS/EXELFS relies on the behavior in- a
side a condensed material of an electron ejected from a cen- ° : "
tral atom either after an x-ray photon has been absorbed

(XAS) or from the inelastic scattering of a fast electron

(EELS). However, due to the different inelastic cross sec-

tions for photons and fast electrons, the energy dependence (@)
of pre-edge and post-edge background is different, and one

must correct for EELS spectra accordingly before anafyfsis.

If one takes this correction into account especially when

studying lowZ materialst’ we have fountf that it is less

important when working in the 2 keV rangal K edge: 1.56

keV). We do not summarize here the basis of the EXAFS/

EXELFS theory, since it is now well established and well
documented® ?*but only describe the various tools we have

used for data analysis: once the pre-edge has been subtracted a
with a linear (XAS) or power law (EELS), the post-edge (b)

background is extracted using theTosk code?* which has
the advantage of providing a well-defined atomic absorption
background and removing low-frequency oscillations that
may be considered as an atomic XAFSXAFS).%° The ob-

tainedy (k) EXAFS/EXELFS function is then adjusted to the % o

C

o
o

related structural model generated bgrr for both single
scattering and multiple scatterifylS) paths using the&er- o
FIT(Ref. 26 fitting code, which is fully compatible with

FEFF. Indeed, to perform an EXAFS/EXELFS analysis, one o
needs accurate backscattering parameters, anekEtircode

has been found to be one of the best for such a purffose.
The FEFF code also includes important corrections for self- b
energy and core-hole effects, the self-energy being a crucial a

ingredient inab initio fine-structure calculatiod® In all ©

cases we héa};ve used the analytical Hedin-Lundquist self-
energy moder implemented irFEFF The FEFFIT program is . . . . .
very flexible, and uncertainties and errors are handled in a FIG. 1. Unit cells of TIAl(@), TiAl (b), and ALTi (¢) alloys. Ti

. - t in black and Al at i .
sophisticated way, based on standard error analysis theor‘gﬂ/.omS are In blackean atoms In gray

E;?lzféws%igo ff‘:;i/glds Saﬁ-lérlog;osrtrnu:éuﬁrris gg: azi:]heb';czﬁr'eﬁrst NN distances, the Debye-Wall@dW) factors or Debye
) ) ' 9 P Irsp 9 temperature®, the energy origing, for the interstitial
imaginary and real parts of the Fourier transforms. For all

. muffin-tin potential, and a damping factdr to take into
spectrza aqalyzed here, the{k) EXAFS/EXELFS functpn account the energy resolution and local disorder in poten-
was k weighted before being Fourier transformed using

Hanni ; oo Jials. The global amplitude reduction fact8f ascribed to
anning window. Moreover we use all the possibilities of- o . o
the possibility of multiple electron excitations at the absorb-

fered byrFerrfor analyzing higher order MS contributions in ing atom is fixed at the values determit®tiom the analysis
Ti-Al EXAFS/EXELFS tra. MS simulati f i- I .
' e vere oroblem comcann=t F bulk titanium (XAS, S3=0.72) and aluminun(EELS,

mental data also address a severe problem concerning t é

proper handling of disorder for MS paths. Even though its>0=0-78).

utilization may be questionable for structures other than cu-

bic, we have used the optional correlated Debye-Waller Ill. EXPERIMENTAL RESULTS
modef? included in FEFF to treat the thermal part of MS
paths disorder.

For all simulations presented hereafter, tiErF calcula- The TiAl intermetallic compound crystallizes under the
tions are performed starting from the known crystallographid-1, structure(space grouf?4/mmir), which is based on the
structure of a given alloy. The corresponding experimentabrdering of the Al and Ti atoms on the fcc lattice. It consists
data are then fitted to these theoretical spectra that are usefl alternate pure(001) planes of aluminum and titanium
as input toFEFFIT. Throughout this paper, the coordination (Fig. 1). In the Ti-Al phase diagram, two phases are present
numbers have been fixed to the nominal composition of tha@t the equiatomic composition: the hexagonal phase
samples. Thus the only parameters that are adjusted are th€i;Al) and the y phase(TiAl). For this reason the alloys

o

A. TiAl alloy
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FIG. 2. TiAl alloy Al K (EELS: bottom and TiK (XAS: top)
k2. x(k) spectra.
studied here are slightly aluminum enriched, in order to be- Distance (A)
long to a single phase domain. The actual composition mea-
sured with a Castaing microprobe is,dAls, and the lattice FIG. 3. TiK (XAS: top) and AlK (EELS: bottom experimental
parameters measured by x-ray diffractigkRD) are a (dotted curves with symbolsnd fitted(solid curve$ FMS theoret-
=3.991 A andc=4.081 A. ical RDF's for TiAl.

The rawk?- (k) functions related to AK and TiK edges
are plotted in Fig. 2. The first noticeable point is the strikingtions by filtering: they must instead be treated simulta-
weakness of the TK EXAFS oscillations. We have shown in neously in a fitting procedure. The best fit corresponding to
a previous papérthat this particularity is intrinsic to the the first NN’s contributions is shown in Fig. 4, and the re-
TiAl alloy. This is due to the fact that the difference betweensults are summarized in Table I: the adjusted global param-
Ti and Al backscattering phase shifts is nearly constant and
equal to about 3 rad in thé A~1—12 A1) k-space range
so that first NN's Al and Ti EXAFS contributions are ap-
proximately out of phase. The second remarkable point isz ** I~ _
that the AIK EELS data become rather noisy beyond about = 2 -
9.5 A1 and thus cannot be used to retrieve reliable infor- % 0.0
mation from their analysis. We will return to these points %« -02
later, but they illustrate some of the experimental difficulties & .4
encountered when probing titanium aluminides on a wide £ 06
range. 10

3

1. Ti K edge

Figure 3 shows the XAFS radial distribution function
(RDF) modulus obtained after Fourier transform of the spec-
trum displayed in Fig. 2 over thkespace rang€3.3 —11.8
A~1). One should remark at the unusually strong peak at
abou 5 A compared to the first one at ad@A . In apparent
distances, the intense peak at 5 A corresponds to the fourt | |
NN’s in the L1, structure, and the one @ A corresponds to " 1 2 3 4 5
the Ti and Al first NN’s that are, from the crystallography, Distance (A)
separated byA\r~0.026 A. This low distance aside, the fact

noted above that Ti and Al contributions are nearly Fig 4. Fits to the TiK EXAFS (top) and AK EXELFS (bot-
out-of-phasé, explains the weakness of the first peak of thetom) y(R) in TiAl for the first NN contributions(imaginary pant
RDF. Nevertheless, even if not entirely resolved, one camhe dotted curves with symbols show the experimental data; the
clearly observe the splitting of this first peak in the two com-solid curves show the fits to the experimental data. The fit range
ponents associated to the first NN’'s Ti and Al backscatterg.R,,;,, Rmay is indicated by dashed lines. Fits results are given in
However, one cannot expect to separate these two contrib@ables | and Il, respectively.

05 —

AlK

0.0 1

Z gk (A2
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TABLE |. Results of the TjeAls4 EXAFS fit at Ti K edge;SS TABLE II. Results of the TjsAls, EXELFS fit at Al K edge;
=0.72,T=0.8 eV. S5=0.78,T=1.0 eV.
N Distance(A) a? (A?) N Distance(A) a? (A?)
3.68 Ti 2.810.01 0.0021- 0.0005 4.32 Al 2.80:0.01 0.00270.0005
8.32 Al 2.82£0.01 0.0035:0.0005 7.68 Ti 2.82:0.01 0.0073:0.0005

eters are found to bEy=(0.0=0.5) eV andl’=(0.8£0.1)  f5rmed in thek-space rangé3.3 A-1—9.5 A-1). It should be

eV. Such a fair fit suggests that the local structure is MOTe iced that the overall shape of this RDF is more typical

cubic than quadratic, since the loocala ratio obtained is ; . . ;

: ! than that obtained at the K edge(Fig. 3). The simulation
slightly smaller than that deduced from XRD measurements . ;
although it still lies within the error barsc(a=1.01+0.01 of the real and imaginary parts of the RDF that corresponds

. X . to the two first coordination shells was performed by adjust-
instead of 1.0220.003 for XRD. Notice also that the dis- . ; ;
order is found to be higher for heteropairs than for ho-Ng SIX parametergtwo distances, two DW factorg;, and

mopairs, a behavior that has been previously reported whel)- The best fitis shown in Fig. 4 and results are gathered in
analyzing the EXAFS signal as a function of the tempera-I @ble Il the global parameters being found tofe=(9.0

ture, and has been assumed to be a precursor of a phongrP-5) €V,I'=(1.0+0.1) eV. One can note that the Al-Ti
soft mode® distances are equal to the ones obtained at thi¢ &ilge, a

To go beyond the first neighboring shell, we then per-satisfactory result despite the differences between the XAS
formed a MS calculation using a larger cluster of radius 5.5%nd EELS techniques. Obviously, this is not the case for DW
A, which involves 55 atoms8 coordination shells By se-  factors as discussed abowdifferent samples and different
lecting only those paths whose amplitude has a weightemperatures of measurementdowever, we observe again
greater than 4% of the largest on@sg., the two first coor- that the disorder is higher in mixed Ti-Al planes than in pure
dination shells: 100% we obtained a theoretical spectrum Al ones (or pure Ti planes at the TK edge. Such a result
involving 38 different scattering paths. All these paths wherecould be ascribed to the fact that bonds are stronger for ho-
used as input to the fitting prograrerFiT. The two first  mopairs than for heteropairs ig-TiAl. Such a behavior
shells distances, the DW factors as well as the global paranyyould play a significant role in the mechanical properties of
etersg, andI’, were fixed at the values obtained previously this alloy®*

(Table ). The distances for the higher-order shells were kept \we have not been able to perform a trustworthy MS fit for
equal to the crystallographic ones and the only adjustablghe EELS AIK edge data, since it would have required a
parameter was a global DW facter; for all paths but the number of parameters far exceeding the number of indepen-
two first ones. With this simple model, we obtained a gooddent data points given by the Shannon theotérimdeed,
fit of the experimental data up 6 A asshown in Fig. 3. The  since the alloy composition is out of stoichiometry, there are
value found for the DW Wasr§=(0.0137‘t 0.0025). The a significant number of Al atoms on the Ti sites, and this
very good agreement between experiment and theory igequires us to take into account two different sites for Al
worth noticing for the particularly intense fourth peak of the atoms and hence a large number of parameters. The too short
RDF located at 5 A that was discussed previously. From thé range available illustrates the point previously mentioned
examination of the MS data calculated bgFF, one can eas- that to perform a reliable MS analysis, it is necessary to
ily correlate this peculiar feature of the K RDF to the acquire experimental spectra over a widenge with a suf-
structure of the TiAl alloy. In the fcc basedl, structure, the  ficiently high-signal-to-noise ratio. Nevertheless, we wanted
first NN’'s and fourth NN's are aligned alond.10) direc- to know if there exists a focussing effect at the Kledge
tions. Among the large amount of paths contributing to thethat would give rise to an intense peak in the RDF, as ob-
fourth peak of the RDF, the most important ones are theserved &5 A at the TiK edge. For this purpose, we per-
threefold paths showing strong focusing effects on the fourtliormed a purely theoretical MS calculation, runniFerrfor
shell through either aluminum(@11] directions : Ti-Al-Ti)  the cluster used for the TK-edge MS fitting but with a
or titanium (110] directions: Ti-Ti-T) second NN's atoms. central aluminum absorbing atom. Furthermore, we imposed
These paths involve only backward and forward scatterindor the two first coordination shells the set of parameters
whose weight is known to be the strongest. The total contrireported in Table I(as well as for the global parametedtg
bution of the Ti-Al-Ti paths is nearly two timgslegeneracy: andI') and for all other shells the global DW factor obtained
16, weight: 53% larger than one of the Ti-Ti-Ti pathgle-  from the TiK MS fit. The FEFF calculatedy(k) function was
generacy: 8, weight: 31.4%6This example shows clearly then Fourier transformed in the sarkeange used for ex-
how a MS analysis, when feasible, becomes a powerful togberimental TiK-edge(k) data. This Fourier transform is plot-
to study higher-order correlation functions such as the threeed in Fig. 3. It is obviously not surprising that this theoret-
and four bodies ones we have shown to be important tical RDF does not match the experimental one for large
interpret the TK edge XAFS data. In that sense, EXAFS candistances; but the most interesting point is that both experi-
be viewed as a method for probing the medium range ordamental and theoretical RDF’s do not show any intense peak
of materials. in the vicinity of 5 A. This result is of great importance,
since it implies that we can use the XAS or EELS spectrom-
2. Al K edge etry as a site selective technique jATiAl intermetallic al-

Figure 3 shows the RDF modulus obtained once th&Al loys. In that sense it is very competitive with the ALCHEMI

x(K) spectrum displayed in Fig. 2 has been Fourier transtechnique’® which is used for site determination of minor
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addition elements but requires the existence of an alternatior 8
of two planes of different compositions in the material. We
actually used the RDF fingerprints to study the site occu- o4 |
pancy of solute elements in ternary dilute (Tijds (X
=Mn, Nb, Cp alloys? To conclude, it should be outlined
that the difference observed at Kl and Ti K RDF’s only
reflects the different scattering powers that are nicely repro-
duced by thererr code, of Al and Ti atoms in thé 1,
structure.

02 -

-2

KN1(A®)

0.0

Im [FT(k® -

02 ~

B. Ti5Al alloy

The TiAl alloy crystallizes in a hexagonal D@structure 04 |
(P63/mmg@, which is an ordered superstructure on th&i
hcp lattice. The composition of basal planes igATiwith an o6 , , , , ,
AB stacking. Along a direction normal to prismatic planes 0 1 2 3 4 5

(direction(1120)), the structure can be viewed as composed Distance (A)
of an alternate stacking of pure Ti and TiAl plan@sg. 1).

Its lattice parameters measured by XRD are5.782 A and FIG. 5. Fit to the TK EXAFS (R) for TizAl (imaginary pant
c=4.629 A. The dotted curve with symbols shows the experimental data; the

solid curve shows the fit to the experimental data. The fit range
1. Ti K edge [Rmin, Rmax is indicated by vertical-dashed lines. Fit results are

. iven in Table Ill.
The XAS data related to this alloy have been recorded a?

room temperature. From the crystallographic structure of thi%ebye temperature we obtain @, =300 K. We have not
D_ .

compound, the first peak of the RDF includes contribution : . . .
from the four first coordination shells. These four shells Cojound in the literature its value for the sAl alloy, but such

respond to the 12 first NN's in the hcp packing that are Ti-Al% value felenfl' 0 é)e_:rt ogilgv:gs\lg)hsn(;: gT%%Titoghﬁe of the
and Ti-Ti distances in the basal plane and Ti-Al and Ti-Ti pure metals Al and Ti@p = Db ). Further-

distances that have a component alongdteeis. Therefore more, looking at the Fourier transform of this fit displayed in

the EXAFS analysis requires to adjust a large number oFig' 6, one can note that the agreement with the exp_eriment
parametersgtheoretically 14, exceeding the number of inde- IS poor, especially between 3 andz4é\ ’ A more detailed
pendent points avalaible in the data Betspace range4.5 analysis shows that the main contribution in tliatange

A~1-11 A"1)]. Thus to reduce the number of adjustable_comes from the fifth coordination shéb Ti at 4.06 A and

parameters and obtain a trustworthy fit, we fixed the energ' Seems that Fhey. are located at a toa short apparent distgnce
origin E, to zero for all shells while the global amplitude dashed line in Fig. 6 It means that the local structure is

reduction and damping factors were set equal to the Valuerg;\ther disturbed beyond the first four coordination shells. An

deduced from the analysis performed at th&edge for the accurate fit of th_e data would require to adjust a DW fa_ct_or
TiAl alloy (Sec. IlIA1). Therefore we only adjust four pa- for each scattering path and thus a huge number of fitting

rameters: one distance and one DW factor for both first an&arameters. The strxcture bel_ng .comp[a‘xthe peaks lo-
second shells that are constituted of 24AK Ti in each case. cated at 4.5 and 5.5 A are qualitatively well reproduced, they

We obtained a very good fit of the first peak of the imaginarymainly include_multiple scattering contriput_ic)m:the search
part of the RDF, as is shown in Fig. 5, the values of thefor a _rellable Slm_ulatlon becom(_as_unreallstlc._ .
related parameter are summarized in Table Ill. Although the This example illustrates the limits of a multiple-scattering

fitted distances are in excellent agreement with the crystallo"fm"CIIySIS on both experimental and theoretical points of view.

graphic ones, we note that the c/a ratio value here is alsBlowever, it must be mentioned that some of the difficulties

smaller than the one obtained from XRD measurements encountered during the “all shells” simulation of this data
As for the TiAl alloy, we tried to perform a MS simula- set might come from the detection mode we U$E&EEX-

tion of the data using a larger clustéadius 7.154 A 19 AFS)_‘ _Aslnoted_ b_efqre, the measured signal i_s very surface
coordination shells The fitting range was extended .72 sensitivé _and it Is likely that the post anneah_ng treatment
A—115 A) in ther space, a range that allows to adjust )oWas unsatlsfactory _to remove all the damage induced during
parameters. Since the theoretical spectrum includes 76 dﬁhe mechanical polishing of the sample.

ferent scattering path&l9 twofold, 36 threefold, 21 four- ) ] ] 5
fold), one must use a strategy to limit as much as possible the TABLE Ill. Results of the T3Al EXAFS fit at Ti K edge; Sy
number of adjustable parameters. Therefore, we have fixeg Q72 I'=08 ev.

the parameters related to the first four coordination shells to

the values obtained from the previous analysis of the first N Distance(A) o (A%

peak of the RDRTable Ill) because they represent the main 2 Al 2.87+0.01 0.004-0.001
contribution of the EXAFS signal. Obviously, it must be the 4 Ti 2.87+0.01 0.0080.001
same for the three global parameters that%r,el“, andE,. 2 Al 2.90+0.01 0.004: 0.001
Thus we only search for the DW factors for all other shells 4Ti 2.90+0.01 0.0080.001

using the correlated Debye model implemente@srr. The
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The Al;Ti alloy crystallizes in the D, structure(space
group 14/mmmn) which is ordered on the fcc lattice. This
structure presents three different sites labeley (b), and
2. Al K edge (d) in the Wyckoff notations, which are occupied by Ti, Al,
and Al atoms, respectively. The D@structure can be de-
ribed from thel 1, structure in which a periodic modula-
n of conservative antiphaséss introduced along the
axis. The lattice parameters measured by XRD are
=3.848 A andc=8.596 A.

Paradoxically, the “all shells” analysis of the Ad-edge S
EELS data turned out to be much easier, as can be observg@
in Fig. 6. This fit was performed on an 8-shells cluster
dius 5.775 A. The Fourier transform was performed in the
range(3 A~1-8 A1) and the theoretical adjustment in the
range(1.84 A-5.89 A, leading to 14 independent points. In .
fact, the fit only needs a few number of parameters. Indeed, 1. Ti K edge
we fixed the two global factorSS (0.78 andI" (1 eV) at the As for the TiAl alloy, the XAS data have been recorded
values obtained from the TiAl AK-edge analysigSec. at room temperature in conversion electron yield mode. The
[ITA2). We then adjusted a global energy origin fackgy; Fourier transform is thus restricted to thHe range (2
found to be 4 eV, and a Debye temperature using the corréd ~1-8.25 A1) which corresponds, for a fit performed in
lated Debye modelthe EELS experiment was performed at ther range(1.71 A—2.94 A, to six independent points. Here
114 K). We obtain®@p =245 K, a value that also seems to be also, we fix the values of the two global parameﬁsmdl"
too low and furthermore different from the one obtainedto those obtained from the fit of the TiAl TK-edge data
from the Ti K-edge analysis, a point that we will address(Sec. IlIA1). By noticing the asymetrical shapéon-
later in the discussion. The values of the structural param&aussiahof the first peak of the RDFFig. 7), we tried a fit
eters related to the two first coordination shells are given irusing a cumulant expansion up to the third order. Indeed, if
Table IV. One notes that the Ti-Al pair's DW factors are the distribution is asymmetric, then one can either use mul-
different at both edgesTable IIl), but it is most probably tiple Gaussian shells that are offset by a small distance varia-
due to the fact that the probed samples and the temperatutien &r or describe the nearest-neighboring shells by a single
of the measurements are different. distribution that includes a cumulant expansion whose order
is higher than the second one. In the latter case, the number

H 3 .2
TABLE IV. Results of the TYAI EXELFS fit at AlK edge;Sy  of adjustable parameters is theoretically less than in the

=0.78,I=10eV. former case. However, for the studied alloy, we know from
. the crystallography that the two shells we have to consider
2 2
N Distance(A) o* (A% are well separatetfrom about 0.16 A so that their descrip-
6 Ti 2.856 0.01% 0.001 tion in terms of a single asymmetric distribution becomes
6 Ti 2.887 0.01%0.001 unphysical. Thus we only search for three parameters: a glo-

bal energy shiftt, (3.12 eV in the present cgseone DW
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factor and one third order cumulant, the distances being fixec

at their crystallographic values. The resulting fit of the : ' ' : : :

imaginary part, the first peak of the RDF, is shown in Fig. 8 ! 2 s 4 5 6 7 8

and the related fitted values are given in Table V. The overall k (AT)

agreement with the experimental data is quite satisfactory,

especially on the low side of the fittedange that was badly FIG. 9. Comparison between experimental and theoretical FMS

reproduced in a model that only includes a cumulant expanx(k) spectra for A{Ti (Al K edge.

sion up to the second ordémot shown here Such a result

suggests that each Aiind A, site is characterized by awide perform a fit of each MS path rather than the actual Debye

distribution of distances with respect to a Ti atom rather tharlemperature of the alloy.

by a single well-defined distance. This example outlines how

it is important to record the data over a wildleange since

the number of parameters needed to perform an analysis of 2. Al K edge

asymmetric distributions increases when the shells to con- aAs mentioned above, there exists in the H®tructure

sider are widely separated as in the case of thdiAlloy. o different aluminum sites corresponding to different
As in previous cases, we then performed a MS analysis 0fomic environments: (Al 4 Ti at 2.727 A+ 8Al, at 2.885

the experimental data using a larger clugtadius 5.77 A

: . . A Al 4AlL at 2.727 A, and 4A+-4Ti at 2.885 A. It is
which corresponds to 25 different scattering paths. The dlst'herefore impossible to perform a reliable analysis of the

tances were fixed to their crystallographic values while th : .
set of parameters related to the two first shells, as well as tﬁ%XELFS signal at the AK edge. Indeed, in that case any

global factors, were those deduced from the analysis der_ealisti.c simulation of the experimental data would require
scribed abovgTable V). In the fitting procedure, we only the adjustment of a numbgr of.parameters far exceedmg the
adjust a DW factor for each of the five single-scattering path&'UmPer of independent points in the data, kivange being
belonging to the considered cluster and a Debye temperatufinited here to about 8 AL Therefore, we perform tweerF

for higher-order scattering patk3 legs and 4 legs pathsAs calculations, one per aluminum site, using the set of_ param-
it can be seen in Fig. 7, the fitted RDF is in good agreemengters deduced from the 'K-edge analysis. Once weighted
with the experimental one. Even if the so obtained Debydy the occupation ratio of each site ¢All, Aly: 2) in the
temperature @, =345 K) seems to be more realistic than unit cell, these two spectra are summed up to obtain the
the one found from the MS analysis of the,Al alloy (Sec.  theoretical EXELFS signakee Fig. 9. They are found to be
I11B), it should not be considered a reliable result. This De-nearly out of phase beyond+4 A~! so that the signal is
bye temperature is likely to be ascribed to an insufficientstrongly damped above thktvalue and makes it very diffi-
number of available independent points in the data set tault to obtain a reliable fit of the experiment data. Even if all
experimental fine structures are qualitatively reproduced by
the FEFF calculations(Fig. 9), one can thus observe that the
predicted theoreticdt periodicity of the signal is larger than

TABLE V. Results of the AITi EXAFS fit at Ti K edge using a
cumulant expansion up to the third ordséz 0.72,'=0.8 eV.

. the experimental one. It is very likely to be connected to the
2 2 3 3

N Distance(A) 0" (A% o (A% fact that the theoretical full multiple scattering calculations

4 Aly 2.727 0.0029:0.0007  0.000% 0.0002 performed for each aluminum site do include asymmetric

8 Al, 2.885 0.0029-0.0007  0.0009 0.0002 distributions of distances, except for the first titanium

nearest-neighboring shell.
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IV. DISCUSSION the Al;Ti alloy, which Al K-edge FMS analysigSec. 111 C 2

From all the results presented above, we wish to commeﬁ’f’c’”'d be required to adjust a too large number of free struc-
on the following points. First, we have shown that thetural parameters due to the existence of two different Al

multiple-scattering approach gives a very accurate descripht€S- In such an extreme case, we have shown that it was
tion of the near-neighbor surroundings in titanium alu-€ven impossible to fit the first NN's distances despite the fact
minides alloys, at both TK and Al K edges. Indeed, from that heteropair distances have been determined from the Ti

the analysis of the first RDF peak, we always found that thd<"€d9e analysis. From a theoretical point of view, we have
values of the first NN’s distances are consistent at 6th also shown_ tha_‘t the main bottleneck of any MS analysis is in
edges and also, within the error bars, with the crystallo-the determination of the DW factors of the MS paths. Theo-

graphic data of these compounds. Second, we would like tgtically, one has to fit one DW factor per scattering path, so
emphasize both the advantages and limitations of combiningqat the_prqblem b seleqted
the XAS and EELS methods to study aluminum-based interS luster size is large and/or the structure complex. In practice,

metallic compounds. Although it has been known for a Iongthe problem becomes feasible if one uses only a limited

time'® that EELS and XAS signals contain the same kind ofnumber O.f parameters to describe _the th?rma' and static dis-
.orders existing in the probed material. This is partly achieved

information, up to now it appears that no one ha; made S'by using the correlated Debye model implementeddrF
multaneously use of EELS and XAS to study a given mateyyg o ng that this model mimics correctly the disorder in

rial. We have demonstrated here the potentialities of such abic structures like TiAl(Sec. A1) and ALTI (Sec.
approach. On the one hand, it allows us to improve the ac ¢ 1), even though the obtained Debye temperatures do not
curacy of heteropair Ti-Al distances. However, on the othelseem to be fully realistic. Obviously, it does not work so well
hand, we have pointed out the difficulties of comparing thefor an hexagonal structure like Q@ Thus a key point for
DW factors obtained from the analysis of the XAS andthe theory for future use of the MS theory as a practical tool
EELS spectra related to the same alloy. It comes from theor structural studies of materials, is to take into account the
differences existing between these two techniques and fronys pw factors with a minimum number of input param-
the particularities of the analyzed samples here. To performaters. This task is currently in progre§s’
accurate EELS measurements, we need a sample thin enough
to reach electron transparency, whereas for XAS spectra col-
lection we are compelled, owing to the brittleness of titanium
aluminides, to use the TEY mode, which is highly-surface V. CONCLUSIONS
sensitive. It is therefore not surprising to find different DW By combining XAS and EELS spectroscopies, we have
factors for heteropairs when fitting the Kiand Al K data  presented in this paper a detailed analysis of the local struc-
recorded on the same alloy, the temperatures of the experiure existing in the three defined compounds of the Ti-Al
ments being different. Third, we have proved that it is nowphase diagram: TiAl, BiAl, and Al;Ti. The “ab initio" FEFF
feasible to go beyond the traditional and straightforward firstcalculations, linked with the&eFFIT fitting code, have been
shell analysis. To obtain useful structural information fromshown to be very efficient for determining accurate structural
higher-order shells, it is necessary to use a more compleixformations, including both near-neighbor and higher-shell
approach, since their extraction is generally complicated bylistances. The consistericpetween the XAS and EELS
the photoelectron multiple-scattering processes. Thereforeechniques has also been attested for first near-neighbor dis-
the analysis must be done with a more sophisticated methadnces, but we have also shown how difficult it is to compare
to take into account these multiple-scattering effects. Such heteropair DW factors due to the experimental specificity of
goal can be achieved by using therF andFEFFIT codes, as each of these spectroscopies.
has been clearly illustrated with the MS analysis performed We have demonstrated that one can go beyond the usual
at the TiK edge(Sec. IllA1) of the TiAl compound. In first shell analysis by using all the potentialities of #erF
particular, we have been able to explain the large focusingpproach that makes now tractable a multiple-scattering
effect of the first NN’s onto the fourth NN’s, which is re- analysis of the fine structures. The usefulness to extract all
sponsible for a very intense peak in the RDF at a0 as  the information contained in fine-structure spectra is clearly
well as the weakness of the first peak due to destructivdlustrated in the case of the TiAl alloy at the K edge.
interferences. This feature is characteristic of the Ti site andrrom the MS analysis, we have been able to resolve entirely
not of the Al one, and thus can be used as a fingerprint tthe structure up to 6 A, i.e., at medium range order. The
determine the site occupancy of solute elenfetiigt are  existence of a strong peak in the RDF at 5 A, the nature of
added to improve the mechanical properties of the TiAl al-which has been fully understood, is of particular interest
loys. All these results give an accurate descripfiasf the  since it allows us to determine the site occup@rwlysolute
vy-TiAl structure down to the atomic scale. atoms in the ternary dilute alloys. On the one hand, we wish
However, from an experimental point of view, it is impor- to emphasize the necessity to record data over a widage
tant to record high-quality spectra over a wikgange to  with high-statistical quality to perform a reliable and effi-
make a useful comparison with theoretical calculations thatient MS analysis. One must be aware of the importance of
include MS contributions. At the present time, this conditionthis constraint if one is interested in using at best all the
is not generally fulfilled for EELS, the data being generally information contained in the fine-structure spectra. On the
too noisy beyond about 8—-9 &. A too limited k range of  other hand, we have also pointed out that one must employ,
the data set can even make the analysis impossible for méa an efficient way, the MS DW factors to reduce the number
terial with a complex structure. It has been illustrated withof varying free parameters during the MS fitting procedure.
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