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Atomic ordering in Ca,,Al,Si;_, 0O, glasses(x=0,0.34,0.5,0.68
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Extended structure factors for G#l,Si; O, glassegx=0,0.34,0.5,0.6B8have been obtained by energy-
dispersive x-ray diffraction. The first neighbor Si-O and Al-O interatomic distances and coordination numbers
have been determined thanks to the improved resolution of the experimental atomic distribution functions. It
has been found that Al atoms are always fourfold coordinated by oxygen atoms while the oxygen coordination
of Si atoms varies with the change of Al and Ca contents in the glasses investigated. The experimental
information obtained has made it possible to discriminate between contradicting structure models for
Ca,AlLSi;_,0, glassegx=0,0.34,0.5,0.68that have been previously propos¢80163-18208)03842-9

. INTRODUCTION dra. When, however(CaO+Al,O;) exceeds the SiOcon-
tent nonbridging oxygen atoms emerge. Therefore, glasses
Glasses of the system CaO,8%-SiO; have been a sub- with composition varying from that of anorthite to that of
ject of numerous studies in the last two decades. Severahlcium aluminate are formed of both regular and defect
physical properties and thermodynamical characteristic§iO, and AlQ, units, i.e., these glasses do not have a fully
have been systematically measured and the presence of refeslymerized tetrahedral network. To resolve this ambiguity a
tionshig(s) between some properties of useful technologicalcareful determination of the structure of (Aal,Si; O,
applications and composition has been looked'f6rSince  glasse$x=0,0.34, 0.5,0.6Band an identification of the type
any such re|ationsh(s) found empirically can only be ex- of SiO4 and A|O4 units obviously need to be carried out.
plained on the basis of a structure model for the respective The structure of glassy materials is commonly described
glasses a number of structural studies on calcium aluminatd? terms of atomic distribution functions which reflect all
silica glasses has been carried out. The most structural infof?teratomic correlations in the glassy material. These func-
mation has been acquired from spectroscopic methods sudpns are most frequently obtained by diffraction methods
as 2°Si and ZAl magic angle spinning(MAS)-NMR -8 gmploymg X rays or neutrons. With the wide-angle diffrac-
Ramar®°x-ray photoemission spectroscobyelectron spin tion method the x-ray photor(ne_utronﬁs scattered from the
resonance? and IR® Wide-angle x-ray diffraction investi- sample are recorded as a function of the an@ettween
. . 16 the directions of the incoming and diffracted monochromatic
gations have been carried out as wéil*®*Outcomes of these

tudies h ted that at atomi e CaOJ/Si radiation beams. On the basis of the diffraction spectrum
studies have suggested that at atomic scale C30¥8i0, recorded the so-called structure fac®(iq), which actually

glasses can _be considered as a more or I_ess p°|ymer'z%6ntains the experimentally accessible information about the
network of Si-O and Al-O structural units with Ca cations 5¢gmic-scale structure of the glassy material, is obtained.

occupying. glf})r?f’ iregular  sites  within  the  network grom 5(q) the so-called reduced atomic distribution function
cavities.>" o .Depe_ndlng on_the chemlcal com.posmqn G(r)=4mr[p(r)—pol, is calculated as follows:

only the details in the just described model picture including

the type of Al-O structural unit¢octahedral or tetrahedjal 4= 0max )

the connectivity of Si and Al polyhedra, and the presence G(Y)Z(Z/W)f _d[S(g)—-1]sin(qr)dg, (1)

and location of nonbridging oxygen atoms, have been found =0

to vary. Unfortunately, structural models for given families wherer is the real space distance(r) andp, are the local

of CaO-ALO,-SiO, glasses that contradict in these importantand average atomic number densities of the glassy material,
details have been put forward. In particular, two competingespectively, and, is the wave(scattering vector defined by
structure models have been suggested for glasses along tthe relationg= (4 #/\)sin(®)=(4n#/hc)Esin(®). Here\ and

join silica (Si0,) calcium aluminatgCaAlLO,). According E are the wavelength and energy of the radiation ubdd,

to one of these modéisall glasses along the join Planck’s constant, andis the velocity of light. An inherent
SiO,-CaAl,O, may be viewed as a fully polymerized net- limitation of the wide-angle method is that the regioncpf
work of interconnected Sipand AIQ, tetrahedral units values covered is limited by the wavelendgdnergy of the
where no nonbridging oxygens are present. According to theadiation used so that when a conventional source of radia-
other modeP12 glasses with compositions varying from that tion is employede.g., x-ray tube with Mo anodeliffraction

of pure silica(SiO,) to that of anorthiteCa »5Al g 5Sip 505) spectra to values off not higher than 15-16 A& are re-
have a fully polymerized network of Sjnd AlQ, tetrahe-  corded. As a result, atomic distribution functions with reso-
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lution &r, estimated bysr = /g, NOt better than 0.19 A sealed source of x rays with a copper anode, and a conven-

could be obtained. That is why the individual Si-O and Al-O tional automated goniometer devi¢Beifert FPM. The x-
units, having characteristic  distancesrg.o=1.61 fay source was operated at 50 kV and 20 mA. A Ge solid-

+0.03 A, ryo=1.75+0.03 A for tetrahedral  State detecto(EG&G Orteg, firmly attached to one of the
coordinationt’1? could not possibly be differentiated by &mSs of the goniometer, was used to register the diffracted
conventional x-ray diffraction studi€s® carried out so far X"y intensities. These were processed by a multichannel
and, hence, the above discussed ambiguity has not been pd¥i!Se-height analyzefOrtec, Spectrum Master & Maestro
sible to be solved. A possible way to extend the higimit ~ Software and stored in a computer readable format as a
in diffraction studies and to improve the real space resolutiofunction of channel number. The registered intensities were
of atomic distribution functions is to employ the so-called fransferred into energy space by using a channel number to
energy dispersive x-ray diffractiofEDXD) method. With ~ €Nergy Cghbratlon constant qbtamed by measuring the flqo-
the EDXD method the diffraction spectrum is recorded as d4€Scent lines of pure Fe, Ni, Zr, and Tb and fitting their
function of energyE of x-ray photons scattered at a fixed channel numbers to the corresponding emission energies
diffraction angle ®. The sample is irradiated with x rays of @ken from literature sources. EDXD data of energies be-
continuous energywavelength spectrum and an energy- Ween 10 and 40 keV (_:ould be considered in the present
sensitive detector is used to register the scattered x-ray ph&tudies since the CK,, line of the copper anode material
tons of different energies. Among other advantageduced ~Was present at approximately 8 keV and the intensity of the
experimental time, simplified mechanical construction,)etc. X-Tay photons of energies higher than 40 keV was too low. In
the EDXD method has the important one that even when Qrder to keep the experimental resolution in reciprocal space
conventional source of x-ray radiation is employed the struc@S high as possible the experiments were carried out in a
ture factor can be obtained over a regioncptalues well ~ transmission geometry and a proper combination of slits was
extended above 20 & and thus the resolution of the corre- Selected for each of the diffraction angles measured. Eight
sponding_atomic distribution function be considerably EDXD spectra, cololected at f|z<ed angles &26°, 11°, 20°,
improved?*-23t is the purpose of the present work to obtain 40°, 60°, 80°, 100°, and 120°, were obtained for each of the
extended structure factors and atomic distribution functiong!@sses studied. The diffraction angles were so selected that
of improved resolution for GaAl,Si;_ O, glasses(x=0,  any two consecutive regions of Qata in rec!procﬁlspace,
0.34, 0.5, 0.68 by carrying out EDXD experiments. It is corresponding to two consecutive diffraction angles, well

expected that the employing of this experimental techniqu@Vverlapped. Each spectrum was gathered over a period of
will make it possible for the type of the individual Si-O and time so long that at least 10000 x-ray photons of energy 40

Al-O units to be more precisely determined and, thus, for th&eV were stqred in the corresponding channel of the detector
model picture of the atomic scale structure of calciumSYyStém, having 1024 channels in our case. As a whole the

aluminate-silicate glasses along the join SIAALO, to be total measuring time turned out to be of the order of 60 h per

clarified. This was quite a challenging task to tackle by theS@mple. As a corrective step, aimed at improving the statis-
EDXD method. tical accuracy of the EDXD data without further increasing

the experimental time, the x-ray intensities stored in each
neighboring channel of the multichannel analyzer were aver-
IIl. EXPERIMENT aged out taking advantage of the specific properties of the
A. Samples preparation Savitzky and Golay moving average computational
i proceduré® The procedure was tuned in such a way that, on
CaAlLSh -0, glasses(x=0,0.34,0.5,0.6B were pre-  5yerage each data point gained or lost only one Poisson
pared by meltm_g of appropriate precursors at 1900 K. Th%ounting standard deviation in the averaging process. The
melts were rapidly cooled down to 1200 K and then the hysical grounds for applying of Savitzky and Golay aver-
temperature was gradually reduceq to 300 K at a rate of 0. ging procedure is that the energy window of each channel
Kimin. The resulting glassy materials were with homoge-q¢' the 'muitichannel analyzet50 eV in our caseis much
neous macrostructure when looked at in visible light and, a5 rrower than the actual energy resolution of the detector
the results of small—angle x-ray scattering ,eXpe”me”tSSystem(approximately 200 eY/so that x-ray photons of the
showed, no microinhomogeneities up to atomic scale Wergs e energy are, as a matter of fact, registered by few neigh-
present. The glassy samples’ actual chemical compositiofyjng channels. That is why the photons stored in a few
was checked by wet chemical analyses and found to d_'ffeﬁeighboring channels could be properly averaged out to pro-
from that one given above by less than 1%. The followingy,ce gata points of improved statistical accuracy. The ap-
data for the sample den_S|ty, dt_etermlned by the ArChImEdeﬁlied averaging of the registered intensities and the relatively
method, have been obtainge(SiO,; x=0)=2.201 glcrd, high intensity of the white x-ray spectrum delivered by the
p(x=0.34)=2.466 glcm, p(x=0.5)=2.605 glcm, and  adiation source employed are that mainly contributed to the
p(x=0.68)=2.711 glcm. From the bulk glassy material smooth behavior of the high-part of the structure factors

produced thin plates, approximately 30 mm in length, 20 MMegjted from the present studiesee Fig. 2 later on intro-
in width, and 1 mm in depth, were cut out and subjected tQy,,ceqd in the present paper

EDXD experiments.

C. EDXD data processing

B. EDXD data collection All EDXD spectra measured are composed of x-ray pho-

The EDXD experiments were carried out in a laboratorytons coherently, incoherently, and multiply scattered from
setup consisted of a constant-potential generf@mmeng a  the particular sample and its environment. The relation be-
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tween the EDXD intensitie$(E,®) registered at a given =22
(fixed) diffraction angle and their individual constituents can @ o0 1]l 20=6°
be expressed as follovf8723 _

2 1.8 (| 2e=11°

|(E,0)=c(E)e(E){I(E)[| o E.0) + I md E.O) 561 M I
Ay ' L 1 20=40°
HoglEO)HIENEEO) @ Siail %

wherec(E) is a normalization factors (E) is the detector RCELN 1:“\/”\\/\/\/\/2»9739:
efficiency factor,| (E) is the intensity of incident x rays of ) 10 TN e
energyE, 1.E.0), 1,{E.0®), andl,(E,E’,®) are the 10 \/\moo
intensities of x-ray photons coherently, multiply, and inco- 0.8 Tt e e e
herently scattered from the sample, ahg(E,0) is the ¢ 5 1015 20 22 (310/765

background intensity. Since the incoherent and multiple scat-
tering from any sample with known physical characteristics FIG. 1. Segments of the structure factor for silica glass deter-
(chemical composition, dimensions, density, Jetan be cal- mined from EDXD spectra obtained at eight different diffraction
culated with good enough accurdéyand the background angles(full lines) and a total structure fact®(q) obtained by their
scattering can be experimentally measured, the only problergoupling (broken ling. The segments corresponding to anglés 2

to be solved with the extraction dof,(E,®) from I(E,®)  other than 120° and the tot&{(q) have been shifted up by a con-

is the derivation of the unknown quantityl,(E)  stant factor for clarity.

=c(E)e(E)I(E), hereafter referred to as the spectrum of the

incident radiation beam. Since the direct experimental detereontribution of the incoherent and multiple scattering, i.e.,
mination of ,(E) is not an easy task the approach of deter- ;(E)[I.,(E,E’,0)+1i(E,E’,0)], has been calculated.
mining the spectrum of the incident radiation beam from anBy subtracting it from the experimental EDXD data the only
experimental EDXD spectrum of the particular sample invescoherently scattered intensities have been obtained. Then
tigated has been adopted. This approach is based on the fabkse have been reduced to the coherent single scattering per
that the x-ray intensitiegcoherently, incoherently, multiply atom and a segment of the frequently used Faber-Ziman
scattered by the sample are only a small fraction of the totalype?® structure factoiS(q) has been calculated. With(E)

EDXD intensities registered at higher diffraction anglesy, determined from the EDXD data obtained at a diffraction
20>60°), so that an EDXD spectrum measured at suchangle 2 of 120° all the other seven EDXD spectra for silica
angles will show only small modulations aboy(E).*°"**  glass have been similarly processed and corresponding seg-
Within the frames of this approach E@) can be solved for ments ofS(q) have been obtained. All segments3{fy) for

the unknown quantity,(E) in two equivalent forms: silica glass thus obtained are shown in Fig. 1. The different
, , , segments o5(q) have been coupled together, averaged out,
Ip(E") =1cod E,O){1in(E,E",0)+1,(E)/1,(E") and a total structure factor has been constructed. A compari-
/ son between the tot&(q) and one of its constituenisee
X
[leo( B, 0)+1md BB, O)11, (33 Fig. 1) exemplifies the maximal discrepancy between the dif-
_ o . , ferentS(q) segments and their compound average observed
p(B) =1 col B.O) {1 cor( B, O) +1(E)/1(E) with the present EDXD experiments. The pariSff|) below
X[lind(E,E",®)+1,d{E,E",O)]}, (3p)  the lowestq value covered by the present EDXD experi-

) » _ ments, in the present case belagw0.76 A%, has been
ately corrected for background and for the escape-peak effegbquced structure factor for silica glass is shown in Fig. 2.

and the diffraction angle@ has a high valué>**When the  The reduced structure factors for the other three glassy
glassy material is composed of light atomic species and the

incoherent scattering from the sample is stronger than the

coherent one, as it is in the case with the glasses presently ;4'5 ]

investigated,| ,(E) can be calculated through an iterative §4'O ]

proceduré based on Eq(3b) with an initial assumption ES

I,(E)/1,(E)=1 and by substituting I, E,0), % :

linc(E,E",0), andl{E,E’,0) for their calculated values. 2 ]

When the amorphous material is composed of heavy atomic £2.0 1

species Eq(3a) is applied. As an example, the derivation of ERIGE Cag.25Al0 5515505
the structure factor for silica glass is described as follows. F10 3 ' AN

Multiplied by proper correction factors accounting for the 205 ) C g 34hlo 65510 5202
absorption and polarization of x-ray radiation the calculated 200 1 AN N
linc(E,E",0), In{E,E",0), andl(E,0), substituted for SIS VA A S
lon(E.®)=2ic;f3(E,®), wherec; and f,(E,®) are the 0 5 10 15 20 25 30 35
concentration and atomic scattering factor of atomic species q (174

i, as well ad co(E, ®), the experimental EDXD spectrum for  FiG. 2. Structure factors for GaAl,Siy_,O, glasses(x=0,
silica glass obtained at@=120° andl,(E) was calcu- 0.34,0.5,0.68 Experimental EDXD data, full line and maximum
lated. With thel ,(E) data already determined the combined entropy method processed data, broken line with symbols.
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107 tained by the conventional wide-angle x-ray diffraction
N F ' method. With the EDXD method the region of reciprocal
© 81 space covered is, however, much more extended than in the
5 71 Si0, case of wide-angle experiments which, as one will see in the
o 53 ‘ following discussiongsee Figs. 5 and 6 introduced later in
S 5 h Cao 17810 34510.6505 the tex), has important implications on the real space reso-
ERAVES lution of the atomic distribution functions. By inspecting Fig.
LT Cap25Al0 550505 4, however, one can notice that some quantitative differences
& 53 between both sets of data are present. _The observed. discrep-
13 00 200 esSio 5305 ancy may be due to some differences in the respective Qata
OEWW reduction procedures, to the fact that two different silica
] glass samples have been investigated by the present EDXD
_10 “““““ 5 P g 8 10 and the previous wide-angle experiments, and/or to the pres-
r(A) ence of some small residual statistical or systematic errors in

both or one of the data sets. The last of these possibilities
deserves special attention. It is well known that any system-
atic and statistical errors i8(q) data, if present, propagate
in the corresponding atomic distribution functions, and, to-
gether with the Fourier termination ripples, corrupt its fine

8 . . _
samples investigated, obtained in the same way as that g,atureﬁ Since the present study addresses the fine struc

FIG. 3. Reduced atomic distribution functio(r) for
Ca Al Si;_, 0O, glasses(x=0,0.34,0.5,0.6B obtained by Fourier
transforming the experiment8{q) data of Fig. 2(full line) and by
the maximum entropy methagroken line with symbols

silica glass, i.e., by processing the eight correspondin ural featufes of CaAl,Siy O, glasse$x=0,0.34,0.5,0.68
EDXDgspectra measyurgd at the %ame diﬁ%action ang&s > @ more stringent check of the accuracy of the present EDXD

are also shown in Fig. 2. The corresponding reduced atomigata Was_mandatory. The check was carried O.Ut with the use
of statistical procedures based on the maximum entropy

distribution functionsG(r) are given in Fig. 3. It may be ; . .y :
added that all calculations with the experimental EDXD datamethOd(MEM) which have proved to be quite efficient in

processing and derivation of th&(q) data have been per identifying and removing statistical and systematic errors
- . 2931
formed with the help of an improved version of the programfrom structure data for disordered materi&s®® Structure

PEDX 23 factors and atomic distribution functions derived by subject-
’ ing the experimental ones to maximum-entropy-type analy-
ses are shown in Figs. 2 and 3. The particular MEM calcu-
lations were carried out with the help of the newly developed
As one can see from Fig. 2 the experimental reducedrogramiFo.** As one can see in Fig. 3 the application of
structure factors for GgAL,Si,_,O, glasses(x=0,0.34, MEM reduces the amplitudes of the spurious oscillations and
0.5,0.68 exhibit prominent oscillations up to the maximyn ~ termination ripples in real space which is well documented
value of 30 A'! reached. Before analyzing the experimentalPy the smooth behavior of the(r) data at low values of.
data in more detail we carefully checked their reliability asAS One can see in Fig. 2 the origirt&(q) data and the MEM
follows. First the present structure data for silica glass wer@rocessed(q) data are almost identical for valuesgfang-
compared with data obtained by an independent wide-angl#'d from O to approximately 25 7_5\1- This observation indi-
x-ray diffraction study?’ The comparison is shown in Fig. 4. cates that the residual systematic and statistical errors in the
As one can see from the figure the EDXD data and the pre€xperimentalS(q) data, responsible for the small amplitude
vious wide-angle data are in good qualitative agreemenfipples in real spacksee the low- part of the originalG(r)
which indicates that the present EDXD studies has yieldedunctions, are concentrated presumably at valueg bigher
structure data that are at least so reliable as these ones dhan 25 A, There are several reasons for the possible pres-
ence of some errors in the experimenggt])) data at high
g ' values ofg. One is that the tabulated incoherent intensities,
| ; Si0; atomic scattering, and absorption factors for x rays may not
be very accurate for values gfhigher than 25 A%, i.e., for

lll. RESULTS

o
,

039, ' energies higher than 40-50 keV, since these standard data,
‘ as available at presett>3are derived on the basis of some-

) what coarse extrapolation schemes. Some deficiencies in the
AYRIT R EDXD data processing, in particular, the computational
0] Ji scheme for the derivation of the unknown intensity distribu-

tion of the primary x-ray beam may also be present. Summa-
rizing, one may state that the EDXD studies carried out
e, along the. way described abov&ec. I) could guarantee
a0 (1/8) good_ quality structure data ex_tendedqtualues as h_|gh as 25_
A~1in case of glassy materials composed of light atomic
FIG. 4. Comparison between reduced structure faaipg{q)  SPecies. An improvement in the EDXD data processing pro-
—1] for silica glass obtained by the present EDXD experimentscedures and in the accuracy of the tabulated Compton inten-
(full line) and by previous wide-angle x-ray diffraction experiments sities, atomic scattering, and absorption factors for x rays of
(Ref. 27 (broken ling. energies higher than 40 keV is obviously to be done in order

Reduced Structure Factor q(S{(g)—1)
=]
]

I
o
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FIG. 5. First peaks in the pair distribution functiog¢r) for FIG. 6. First peaks in the pair distribution functiogér) for
CaAlLSi; 0, glasses(x=0,0.34,0.5,0.68 obtained by Fourier Ca,,Al,Si;_,O, glasses(x=0,0.34,0.5,0.6B obtained by Fourier
transforming the experiment&(q) data withqm,=25 A~ Full  transforming the experiment&(q) data withg,,=16 A~L Full
line: x=0 (silica glas$; broken line:x=0.3; full line with squares: line: x=0 (silica glas$; broken line:x=0.3; full line with squares:
x=0.5 (anorthite glass full line with triangles:x=0.68. x=0.5 (anorthite glass full line with triangles:x=0.68.

that the attractive potential of EDXD method is fully ex- signatures of asymmetry and appeared with reduced height
plored. Taking into account the outcomes of the accuracynd an increased full width at half maximugabout 25%
check carried out we decided to make uses(d) data ofq  when compared to the corresponding ones of Fig. 5. The
values not higher than 257 only in order that the influence comparison well demonstrates the potential of the EDXD

of the possible experimental and computational artifacts ofnethod in obtaining atomic distribution functions with con-
the atomic distribution functions is reduced to a minimum. Itsiderably improved resolution.

may be added thas(r)’s obtained by a direct Fourier trans-
formation of S(q) data confined tay,,=25 A~ and the

MEM derived G(r)’s based on the full set 08(q) data IV. DISCUSSION
(shown in Fig. 3 turned out to be almost indistinguishable
which corroborated the feasibility of our choice for the value

qf Omax- The overall quality of the atomic distribution func- (x=0,0.34,0.5,0.68take place with the change of Ca and
t|ons_thus obtame(ﬂMEM derived orqmax=25_A " based Al content. The first sharp diffraction peak positioned at
was judged by ca_lculatlng the average atomic number denl-_55 A1 with silica glass shifts to 1.77 A with
ity po on the basis of the expression Cay 1Al 3Sip 60, glass, then to 1.85 A with anorthite
G(r)= — 4t py, (4)  9lass, and finally 2.0 Al with Cap 3Al 665l 30, glass. The
amplitude of this peak gradually reduces with increasing Ca
which holds only for small values af?® The estimated val- and Al content. The same systematic changes have been ob-
ues ofp, for all glassy samples investigated deviated fromserved with the previously carried out wide-angle x-ray dif-
the corresponding experimental ones by 4 to 6% at maxifraction experiment®® The peak in the structure factor for
mum. The so-called deviations could serve as an objectiveilica glass at 5.17 Al, which is the strongest among the
goodness-of-merit factor for the quality of the atomic distri- others, reduces in height with the increase of Al and Ca
bution functions yielded by the present EDXD studies. Theircontent and its position slightly shifts towards lowegwal-
small values give as enough confidence to state that the dees. The subsequent strong peak positioned at approximately
tails of the experimental atomic distribution functions dis-8.4 A1 also diminishes with the increase of Ca and Al con-
cussed below correspond to characteristic features of the réent but its position remains almost unchanged. The well
spective glassy structures and are not experimental alefined peaks at 12.7, 16.35, 20.6, and 24.8 i the struc-
computational artifacts. Here, one more point illustrating theture factor of silica glass are seen with substantially reduced
advantages of the EDXD method deserves to be mentionedmplitudes, smeared shapes, and shifted positions with
In Fig. 5 the first peaks in the pair distribution functions CA,,Al,Si;_,O, glassegx=0.34,0.5,0.68 The shift in the
g(r)=p(r)/py, obtained as specified above, are given. Inpeak position is so substantial that the structure factors for
Fig. 6, the same peaks, obtained by Fourier transforming ailica glass and GaAlgesSip 3O, glass oscillate almost
reduced part of the experiment&(q)’s, extended tog,.,  out-of-phase af values higher than 15 A&. It is well known
=16 A ! only, are also given. As one can see in the figureghat the oscillation ir8(q) at higherqg values are presumably
the first peaks in thg(r)’s obtained on the basis @&(q) determined by the shortest interatomic distances in the par-
data extended ta,,=25 Al show a clear asymmetry ticular glassy system. The fact th&tq) for silica glass and
which indicates that two different structural units are presenCa, 3Al g 51y 3, glass are out-of-phase in the higleere-
in the glasses investigated, something which has alreadgion unambiguously indicates that interatomic distances sub-
been suggested by previous studieSThe first peaks in the stantially different from Si-O ones are that determine the
g(r)’s obtained on the basiS(q) data, extended t@,,,,  oscillation behavior ofS(q) for Ca 3Alg 6Sip 30, glass at
=16 A~! only, which is the usual highr-limit approached higherq values. This indication is corroborated by an inspec-
by the laboratory wide-angle experiments, do not show anyion of the shape of the first peak in the experimental pair

By inspecting Fig. 2 one can notice that systematic
changes in the structure factors of,&Al,Si; O, glasses
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73 Cap sy sSiosO0a

PDF g(r)

2.0

18 L
] r(A)
1.7 .18

") FIG. 9. Gaussian fit to the first peak in the PD) for anor-

FIG. 7. Gaussian fit to the first peak in the PDE) for silica thitg glasg. Experimentgl data: full line; fitted data: t?rok‘en line;
glass. Experimental data: full line; fitted data: broken line; residuaf®sidual difference: full lingbottom. The local fourth derivative of
difference: full line (bottom). The local fourth derivative of the the experimental data is also given in the upper fait line with
experimental data is also given in the upper péutl line with ~ SYmbols.
symbols.

goodness-of-fit indicator achieved is of the order of 5% for
distribution functionsg(r) presented in Figs. 5, 7-10. As all fits carried out. In the case of the glasses containing Ca
one can see in the figures the first peaks in dle)’s for and Al the positions of the maxima of the local fourth de-
Ca»Al,Si;_,O, glasses(x=0.34,0.5,0.68 exhibit a clear rivative of the experimental data, which are very sensitive to
asymmetry indicating that these peaks are composed of twihe change in the shape of compound peaks, indicated the
components. As one can see well in Fig. 5 the first of thesénitial positions of the two Gaussians. These initial positions
components, peaking at approximately 1.6 A, becomes lowewere further refined in the course of the fitting process. To
in intensity while the intensity of the second one, peaking aimake the outcomes of the fitting process more unambiguous,
approximately 1.75 A, increases with the increase of Ca anthe Gaussians approximating the Si-O first neighbor atomic
Al content. By referring to the first peak ig(r) for silica  correlations have been forced to spread over a real space
glass and to results of previous studi€¥®'°one may at- region extended from approximately 1.5 to 1.8 A only where
tribute the lowr component of the first peak ig(r) for  Si-O first neighbor atomic correlations are found to be
Ca,,Al,Si; O, glassegx=0.34,0.5,0.68to the first neigh-  present in silicate glassédt may be mentioned, however,
bor Si-O atomic correlations. The component at higheal-  that this constraint on the fitting process turned out to have a
ues then may be attributed to the first neighbor Al-O atomiaminor effect on the results obtained. The first neighbor Si-O
correlations. Thus the present EDXD experiments havend Al-O interatomic distances and coordination numbers
yielded atomic distribution functions with resolutions goodresulted from the fits are presented in Table I. Concerning
enough for the two distinct Si-O and Al-O structural units in the results for the first neighbor Si-O interatomic distance
the glasses investigated to be differentiated. The main chaftg.o=1.601+0.005 A and coordination numberzg;.q
acteristic of these structural units, namely, the oxygen coor=4.02+0.1) in silica glass obtained from the present
dination number, has been determined by fitting the correEDXD data a fairly good agreement with thoses(o
sponding components of the first peaks in the experimentak 1.607+0.005 A, Zg.o=3.87+0.2) obtained by highly
g(r) functions with analytical functions of Gaussian type. accurate time-of-flight neutron diffraction experiméfiis to
The results of the fitting are presented in Figs. 7—10. Thée noted. This agreement is strong evidence in support of the
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FIG. 8. Gaussian fit to the first peak in the PDfr) for FIG. 10. Gaussian fit to the first peak in the PQE) for

Cay 1Al 03510660 glass. Experimental data: full line; fitted data: Cay34Alg 65030, glass. Experimental data: full line; fitted data:
broken line; residual difference: full lingbottom. The local fourth  broken line; residual difference: full lingpottorm). The local fourth
derivative of the experimental data is also given in the upper parterivative of the experimental data is also given in the upper part
(full line with symbols. (full line with symbols.
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TABLE |. First neighbor Si-O and Al-O interatomic distance$in A) and coordination numbei3 in
CA, LAl SI; O, glassegx=0,0.34,0.5,0.6Bobtained by a Gaussian fit to the first peaks in the correspond-
ing experimental pair distribution functiorgr).

l' Ao Zpo l'sio Zsio
Sio, 1.601+0.005 4.02-0.1
Cap 1Al0.5:Si0 60> 1.773-0.005 4.050.1 1.632-0.005 3.92:0.1
Ca 2l <Sig O, 1.722+0.005 3.90:0.1 1.647-0.005 3.90:0.1
Cap 3Al 0 56Si0 5.0 1.762+0.005 3.96:0.1 1.630:0.005 2.82-0.1

reliability of the present EDXD experiments. The results pre-resulted from the shortest Si-O and Al-O separations within
sented in Table | offer an opportunity to trace the evolutionthe SiQ, and AlQ, units present. Another interesting out-
of the Si-O and Al-O structural units with the change in thecome of the present study is the fact that the Si-O separation
composition of the glasses investigated. As these resultwith anorthite glass turns out to be the longest among the
show when the concentration of Al and Ca atoms is relaSi-O ones found with all glasses presently investigated. On
tively low (Cay 1Al .3:51h 660~ glassg both Si and Al atoms the other hand, the Al-O separation with anorthite glass turns
are with fourfold oxygen coordination. Fourfold oxygen co- out to be the shortest among the Al-O separations found with
ordination of Si and Al atoms is found with anorthite glassall glasses investigated. This observation suggests that some
(Cay25Al0.5Sip.s0,) as well. Therefore, according to the re- specific chemical short-range order effects are quite probably
sults of the present study, one can view glasses with chempresent in the anorthite glass. Results from thermodynamic
cal compositions ranging from that of Si@ that of anor- investigations on CaO-AD5-SiO, glasses with a composi-
thite as an assembly of well-defined Si@nd AlO, units  tion close to that of anorthite have given a very similar
which is well in line with the structure models that have beeninterpretatiort:

previously proposed#®’%1%®when (CaO+Al,03) content

exceeds that of SiD(Ca 3AleSip3 0, glasg Al atoms V. CONCLUSION

are again fourfold coordinated while the number of oxygen

atoms around Si atoms is considerably reduced from the Good quality structure factors extended up to 25 Aave
typical value of 4. This result of the present study correlatedbeen obtained for glasses composed of light atomic species
well with the findings of previous’>Si NMR and ESR by energy-dispersive x-ray diffraction experiments. The im-
experiment$'2 pointing the presence of nonbridging oxygen proved resolution in real space has made it possible for the
in the first coordination shell of Si atoms in glasses with hightype of Si-O and Al-O units in CgAl,Si;_,O, glassesx

Ca and Al content. Summarizing one may conclude that Al=0.34,0.5,0.68 to be unambiguously determined. It has
atoms always have fourfold oxygen coordination while thebeen found that glasses with composition varying from that
oxygen coordination of Si atoms changes, from fourfold toof SiO, to that of anorthite (CgbsAlgsSips0,) are consti-
considerably lower, in the glasses along the join ,SiO tuted of defectless SipQand AIQ, units. Glasses where
CaAlL,Q,. Taking into account this main outcome of the (CaO+Al,O3) exceeds the SiDcontent are formed of de-
present studies one can easily explain the shift in the oscilfectless AIQ polyhedra and Si-O units with a considerable
lating behavior of the experimental structure factors at lsjgh number of nonbridging oxygens. Thus the results of the
values. At the Si@ end of the join Si@-CaAlLO, well de- present study do not corroborate the model picture viewing
fined SiQ structural units are the main building units of the the glasses along the join Si@aAl,O, as a fully polymer-
glassy structure and the shortest Si-O separation within thized network of tetrahedral SjCGand AlG, units. A model
SiO, units is what determines the oscillation behavior of thepicture viewing the glasses along the join $0aAlL,O, as
structure factoS(q) at higher values of]. At the Al,LO;end  an assembly AlQtetrahedra and Si-O units of variable oxy-
of the join SiQ-CaAl,Q, the Si-O units are highly defect and gen coordination is given definitive support.

the well-defined AIQ units turn out to be the main building
units of the glassy structure. Correspondingly, the shortest
Al-O separation within AlQ units determines the oscillating
behavior of the structure fact@®(q) at high g values. At The financial support of the Alexander von Humboldt
intermediate concentrations of Ca and (8lose to anorthite  Stiftung to one of the author®/.P.) is gratefully acknowl-
glass the highg behavior ofS(q) is an interference pattern edged.
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