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An X-ray diffraction study of a barium bo rosilicate glass consisting of 24 mole percen t 
barium oxide, 40 mole percent boric ox ide, a nd 36 mole p ercent silicon dioxide has been per­
formed. Resulting atomi c radial d istr ibution functions g ive the following average in ter­
atomic distances: Si-O, 1.6 A; Ba-O, 2.8 A; Ba-Ba, 4. 7 A; and Ba-Ba, 6.8 A. F rom t he 4. 7 
A Ba-Ba sep aration a Ba-O-Ba bond ang le of abo ut 115° llas been calculated . The observed 
average barium separations a re in partia l agreement with t hat predicted by Levin a nd B lock 
on t he bas is of a stru ctural inte rpretation of immisc ibi lity data. A proposed coordination 
change by Levin an d Block for the ba rium atoms in the system has been confirmed, but the 
details of the coordination change mechanism have not. 

Combining t he results of the rael ial dis tr ibut ion s tudy and imm iscib ility data on the 
barium boros ili cate mod ifier-rich liquid at maximum barium oxide content has indicated 
t hat approx imately 16.75 mole perce nt barium oxide is invo lved in t he 4.7 A se parat ion a nd 
8.25 mole percent is assoc iated with t he 0.8 A separation. 

A mechan ism wh ich a llows the compOSit ion of the mod ifi er-rich l iqu i el ~ in t he te rn a ry 
sys tem to be calculated has been prcsented. The ealculat d composit ion has bcen fO lln d to 
>t;S " C(' ,,·c ll with t hc exper imental \"filtH' . 

1. Introduction 

A comprehensive structural interpretation of the 
immiscibility o:f alkali and }Llkalinc-earth metal 
oxides in borate , silicate, and borosilicate systems 
has been proposed by Levin a nd Block [1].1 T wo 
models representing short-ran ge stru ctures, orig­
ina ted by Warren and Pincus [2], were adopted to 
enable the composit ion of the immiscibili ty limit 
to be calculated . The adop ted models have been 
described previously [1 ,2] and are shown in fi gures 
1 and 2. 

For the binary barium borate system at the limit 
of maximum miscibility of barium oxide in the modi­
fier-rich liquid, Levin and Block proposed that the 
average separation of bltl'ium atoms is 6.67 A 
resulting from type B coordination. Subsequent 
radial distribution analysis of the appropriate 
barium borate glass by Bienenstock , Posner, and 
Block [3J demonstrated that the proposed model 
was essentially correct. · The average separation of 

*r-raken in pa.rt from t hesis submitted for degree of M aster of Seiene-c, ]962; 
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I Figures in brackets indir<.ltc t he literature references at t he end of this paper. 
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Fro lIRE 1. Schematic re p1·esenlation oj type .!l coordination. 

~rho ne twork fo rmer is hi either tetrahedral or triangular co nfiguration. T he 
calc ulated barium-barium l1 ('fl fest ndghhor scpa rflticn (das h line) is 5.50 A. 
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l"lGURB 2. Schematic representation of type B coordination. 

The network former is in tetrahedral configuration. T'bc network former and 
barium polyhedra s hare edges. ,!"'bc calculated barium-barium nearest neighbor 
se paration (dash line) is 6.67 J ... 

barium atoms was found to be 6.8 A. This conclu­
sion was based on the assumption that the structure 
of the modifier-rich liquid did not differ appreciably 
from the structure of the corresponding glassy state 
obtained by rapid quenching [4]. 

For the ternary system, barium borosilicate 
(part A, fig. 3), it was postulated th9~ t the configura-
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FIGURE 3. Immiscibility regions (weight percent basis) in 
systems of type RO-B20S-Si02 showing form of modifier-rich 
bOlmdary curves. 

Numbers in parentheses, adjacent to intersection of soluhility curves nnd 
tangents, indicate maximum solubility of modifier. To explain the form of these 
bOllndary cllrves, a change in coordination type for the modifier cation has been 
proposed hy Levin and Block. Reproduced from E. M. Levin and S. Block, 
J. Am. Ceram. Soc. 40, 95 (1957). 

tion of the barium atoms in the modifier-rich liquids, 
at the limit of maximmn miscibility of modifier 
oxide, changed progressively upon addition of 
silicon dioxide component from type B coordination, 
characteristic of the barium borate system, to type 
A coordination characteristic of the barium boro­
silicate system at maximum barium oxide content 
(see parenthetical number in part (A) of fig . 3 and 
r elated legend) . Accompanied with the cOOl'dina­
tion change, a decrease in the average separation 
of barium atoms from 6.67 A (type B coordination) 
to 5.50 A (type A coordination) was postulated. 

The primary purpose for this research was to 
compare the average barium interatomic separation 
in barium borate and barium borosilicate systems 
at maximum miscibility of barium oxide in the 
respective modifier-rich liquids in order to deter­
mine the mechanism accounting for the observed 
increase in the immiscible range of barium boro­
silicate. This paper describes the determination 
of average interatomic separations by means of a 
Four'ier analysis of X-ray diffraction patterns of the 
appropriate bariwn borosilicate glass. It also pre­
sents a qualitative interpretation of the observed 
interatomic distances. With respect to the average 
barium separation, if the coordination change 
(B to A) postulated by Levin and Block is a physical 
r eality, then the resulting atomic radial distribution 
curve should show the presence of a large maximum 
in the 5.5 A region and the absence of a peak of 
comparable magnitude in the 6.8 A range. 
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2. Experimental Procedures 
The experimental procedures were essentially 

the same as those employed previously in the vitreous l 
barium borate study [3]. Measurements were made 
with a Norelco X-ray diffractometer. Intensities 
were determined with a N orelco counting rate com­
puter adjusted so that the probable intensity error 
did not exceed 2.4 percent. Monochromatization 
of the scattered radiation was achieved by means of I 
the balanced filter technique [5] . Intensity COl'- ( 

rection due to air scatter was avoided by evacuating 
the volume defined by the scatter shield surrounding 
the specimen. The intensity data were auto­
matically determined and recorded on a Brown 
strip-chart recorder at 0.05° intervals in 28. Using 
Cu radiation, measurements were taken in the range 
2° to 70° 28. With 1\10 radiation, the intensity ~ 
measurements were made in the range 20° to 60° 
28. Periodic checks were made to guard against 
significant variations in incident intensity. Further 
detail in the experimental procedure is given in 
reference 3. 

The specimen, containing 24 mole percent barium J 
oxide, 36 mole percent silicon dioxide, and 40 mole _ 
percent boric oxide, was obtained from G. W. Cleek 
and E. H. Hamilton of the National Bureau of 
Standards staff. The measured density of this 
specimen, determined by the method described by 
Glaze, Young, and Finn [6], is 3.35 g cm- 3• The I 

normalized experimental intensities (A) corrected 
for polarization are shown in figure 4. 

The coherent scattering factors, j, for barium , 
boron, silicon, and oxygen, in addition to the in­
coherent scattering factors for silicon, boron, and 
oxygen, were obtained from standard references [71. 
The incoherent scattering factor for barium was 
calculated using [8] 

]lnc= Z-j2/z. 
The incoherent scatter was corrected with the 
Breit-Dirac factor [8] . The total independent scatter 
curve (B) in figure 4 is the sum of the coherent (C) "\ 
and incoherent CD) scatter. Unlike the technique I 
employed in the barium borate study [3], the experi­
mental intensities corrected for polarization were I 
put on an absolute scale (electron units per unit 
of composition) by adjusting the ordinates of the 
experimental intensity curve so that the experimental 
curve (A) matched the total independent scattering 
curve (B) at large s values. This procedure was 
followed because it appeared less likely to produce 
high frequency ripples in the distribution curve I 

(assuming that sy"tematic errors in intensity mea~­
urements and scattering curves have not b een 
completely eliminated) which would interfere with 
the determination of peak positions. The method 
used here tends to push the error r esidue toward 
low s values thereby producing longer wavelength 
ripples which interfere less with the determination 
of peak positions. That high frequency ripples 
lead to inaccuracies in the distribution curve seems 
to be indicated in the barium borate study [3]. 
The normalized intensity curve (A) corrected for 
polarization is shown in figure 4. 



100 0 ,---,---,--,,--,---,---,---,---,--, 

9 00 

800 

70 0 

::i 600 
(l) 

>- 500 
l-
(/) 

~ 4 00 
I-
Z 

30 0 

200 

100 

\ 
\ 

\ '\ 

A~ 

800- B2 0 3- Si02 GLASS 

A = CORRECTED EXPERIMENTAL 
SC ATTER CURVE 

B= TOTAL } INDEPENDENT 
C = COHERENT SCAT T ERI NG 

\ \ D= INCOHERENT CURVES 

0 ~~:=~2~~3~~4--~5--~6--~7--~B --~9 

. 0 - I 
s = 4Trsln 9 (A ) 

A 

F I G U RE 4. Normali zed ex pel'imental X -ray intensities (.11 ) and 
independent scattering cW'ves (B,C,D) for Vitl'eoUS BaO­
B20 3-Si02• 

Following essentially the same calcula tions em­
ployed in the previous b arium borate study [3], 
the atomic r adial distribution functions were de­
t ermin ed. The weigh ted distribution is usually 
given by the r elation : 

where 1: indicates summ a tion over the molecular 
composition. K m is the effective number of elec trons 
in atom m, and is defined as I('n=i mlfe. 47r1'2PmC1')d1' 
is the number of a toms, each multiplied by its 
effective numb er of electrons, between distances l' 

and r+ d1' from a tom m. Po is the average number 
of elec trons per unit volume. s equals C47r sin 8) lA, 
wh ere 8 is the Bragg angle of diffraction and A 
is the wavelength of the r adiation. i(s) is the experi­
mental amplitude function and is equal to (ieu -
1:fi,)/J;, where l eu is the corrected experimen tal 
in tensi ty of unmodified scat tering in electron units 
pel' uni t composition, i m is th e atomic scattering 
factor for atom 1n, andie is the averagei per electron. 
Tha t is, i e equals "L,i ml"L,Zm, where Zm is th e atomic 
number of atom m. The r eader is r eferred to r efer­
ence 9 for further ma thematical detail related to 
the above gener al equation. 

The determination of th e r adial distr ibution 
function comprises two m ain steps: First, the 
num erical evaluation of the siCs) function from 
experim ental scattering data, and second, the 
evaluation of th e summation 

21' 8m .. 

- L:: siCs) sin s1'D.s. 
7r 8miD 
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These summa tions were performed on a high speed 
digital computer for 0.1 A inter vals in l' from 1' = 0 
to 1'= 9.9 A over sp ecified ranges in s, giving directly 
the differ en tial r adial distribution function, 

from which , by adding the average r adial a tomic 
density, "L,Km47r1'2po, the a tomic r adial distribution as 
a function of l' is obtained . 

3 . Results 

A fit a t high s values of the corrected experimental 
intensity (A), derived from both the molybdenum 
and copper radiations, to the total independent 
scatter curve (B) is shown in figure 4. An atomic 
radial distribution function derived from the experi­
mental intensity data is shown in figure 5. Sev eral 
techniques were employed in determining the 
radial distribution function. For example, the 
series was t erminated a t various s values, the 
experimental scatter curve CA) was extrapola ted 
to zero at s= O, the CuK" and MoKa intensity 
curves were fitted together in sever al ways, a 
number of norm alization trials were m ade, and 
various temper ature fac tors were applied to the siCs) 
functions. Application of th ese techniques produced 
no significan t ch ange in the peak positions in the 
distribution curve shown in figure 5. Howev er , the 
peak ar eas were affec ted. A tempera ture factor of 
e- o.02,o2 was applied t o the experimen tal amplitude 
fun ction used in d etermining the dis tribu tion 
curve shown in figure 5. The intensity data covered 
th e r a nge 0.4 to 8.8 A- l in s. 
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FIGUlm 5. Atomic radial distribution f unction of Ba02-B20 , 
Si02 glass. 



.Jj'Ol' the purpose of this study the more important 
features of the distribution function shown in figure 5 
are the presence of two unexpected major peaks, one 
at 4.7 A , the other at 6.8 A, and the absence of an 
expected major peak in the 5.5 A region. The two 
observed peaks are attribu ted primarily to barium­
barium interatomic separations, because the barium 
atom is the only one present in the glass having a 
large enough scattering factor to produce peaks of 
this magnitude. 

The 4.7 A barium-barium separation is associated 
with a modified type A coordination wherein the 
barium-oxygen-barium bond angle is approximately 
115, not 1800 as postulated by Levin and Block. A 
schematic representation of modified type A cOOl·di­
nation is shown in figure 6. If it is assumed that 
the barium atoms form, in general, a cubic array 
with an average edge of 4.7 A, then the Jace diagonal 
of this cube has a length of 6.65 A. Although the 
radial distribution function shows high atomic den­
sity in the region of 6.65 A, the maximum is at 6.8 A. 
This peak is primarily due to barium atoms in type 
B coordination, and the second nearest neighbor 
barium-barium separation arising from modified type 
A coordination. A similar barium separation (6.8 A) 
was found for type B coordination in the barium 
borate study by Bienenstock, Posner, and Block [3]. 

Further analysis of the distribution function indi­
cates that the 1.6 A peak represents primarily the 
average silicon-oxygen nearest neighbor distance. 
The calculated distance is 1.62 A. By a similar 
radial-distribution study, 'Warren et aI., obtained 
1.62 A for the silicon-oxygen nearest neighbor dis­
tance in silica glass [9]. The 2.8 A peak represents 
the barium-oxygen nearest neighbor distance. The 
calculated separation is 2.8 A. 

Coordination numbers calculated from the ob­
served areas of maxima are rather doubtful due to 
systematic errors and the overlap of interatomic sepa­
rations inherent ill tbe technique. In addition, for 
complex glasses such as barium borosilicate, the cal­
culation of coordination numbers is complicated. 

Consider the 1.6 A peale There are till'ee inter­
atomic separations contributing to the area of this 
peale One is the previously mentioned 1.6 A silicon-

FIGURE 6. Schellwlic representation of modified type A 
coordination depicting the ShOTt barium-barium separation, 
4.7 A, (dash line) and the small barium-oxygen-barium bond 
angle, 115°, (dot curve). 

The angle was calculated on tho basis of a 2.8 A barium-oxygen separatio n and 
the 4.7 A barinrn-barinlll separation obtained from the radial distribution Onrve. 

oxygen separation, another is a 1.4 A boron-oxygen 
separation resulting from triangularly coordinated 
boron, and also present is a 1.5 A boron-oxygen sepa­
ration arising from tetrahedrally coordinated boron 
[10] . The contributions of the two boron-oxygen 
separations to the area of this peak are indeterminate. 
However, compared with the contribution of the 1.6 
A silicon-oxygen separation, the contributions due to 
the boron-oxygen separations are minor because of 
the low atomic number of boron. With due consid­
eration for these facts, an estinlated area of 400 (elec­
trons)2 is attributed to the 1.6 A silicon-oxygen sepa­
ration. From this area a coordination number of 4.3 
is calculated for the number of oxygen nearest neigh­
bors about a silicon atom (see reference 3 for cOOl·di­
nation number calculations). This value is consist­
ent with the predicted value, 4. 

The area of the 2.8 A peak has contributions from 
several interatomic separations as in the previous 
case. The pril1lary contribution to this peak is from 
the barium-oxygen nearest neighbor separation. 
The area of the 2.8 A peak is estimated to be 2,500 
(electrons) 2. If one were to assume 8-fold cOOl'dina­
tion for the oxygen nearest neighbors about a barium 
atom, then the calculated area is approximately 
1,500 (electrons) 2. 

The more important aspects of this research, the 
coordination change and estimate of percent of 
barium atoms in either coordination grouping, can be 
treated fmther. Continuing with the previous 
assumption that the barium atoms form a cubic 
array, an average barium separation of 5.58 A is 
calculated using the WalTen and Pincus equation 
which states that the extent of immiscibility is 
inversely proportional to the cube of the modifier 
cation separation. The radial distribution funetion 
does no t allow a determination of the relative 
amounts of barium atoms in type B and modified 
type A coordination but, as the contributing distances 
and average distance are known, the following 
calculation can be made to provide an estimate of the 
fraction of barium atoms in each coordination type. 

Letting a equal the fraction of barium atoms 
involved in type B coordination and (1- a) the 
fraction involved in modified type A coordination, 
then 

40 

a= 0.33 . 

Since the total amount of barium oxide in the 
modifier-rich liquid is 25 mole percent, then approxi­
mately 8.25 mole percent is associated with type B 
coordination and about 16 .75 mole percent is involved 
in modified type A coordination. 

The ratio of mole percents of barium oxide (16.4%) 
to boric oxide (83.6%) in the binary barium borate 
system at the limit of miscibility of barium oxide 
in the modifier-rich liquid is approximately 0.20. 
For this system the barium atoms have the type B 
configuration [3]. It is interesting to note that the 
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ralio or molc percen ts of bal'iu III oxide (8.25 %) to 
boric oxide (40%) for the correspo nding modifier­
rich liquid in the ternary barium borosilicate system 
is 0.2] , when only the calculated amoun t of barium 
oxide involved in type B coordination is considered. 
The similarity of ratios suggests that the amount of 
barium atoms in type B coordination remains eon­
stanL as silica and barium oxide components are 
added, while the added barium atoms assume the 
modified type A coordination. 

Usin g Lhe oxygen-volume method [1] the compo­
siLioD of the maximum extent of miscibility of modi­
fier oxide can be estimated. For barium borate in 
type B coordination , the relative mole percentages 
are: ] 6.1 BaO·83.9 B 20 3 [1]. For barium silicate in 
modified type A coordination, the relative mole 
percentages are: 32.2 BaO·67.8 SiDI' The combined 
compositions can be written as: 32.2 BaO (modified 
type A ) ·16.1 BaO (type B)·83.9 B20 3·67.8 SiOI or 
OD a 100 percent basis as: 16.1 BaO (modified type 
A) · 8.0 BaO (type B) ·42.0 B20 3·33.9 SiO l. This 
co mposition compares well with the experimental 
composition, 16.75 BaO (modified type A) ·8.25 BaO 
(type B) ·39 B20 3·36 SiOl, where the r elative amounts 
of each coordination type were determined by the 
calculation of lX, the fraction of barium atoms 
involved in type B coordination. 

4 . Conclusions 

The radial distribution functions reven,l barium­
barium separations at approximately 4.7 and 6.8 A. 
The un expected 4.7 A distance is due to barium. 
atoms in a modified type A coordination with a 
calculated barium-oxygen-barium bond angle of 
about] 15° . The 6.8 A distance is due to barium. 
atoms in type B coordination and the bal'ium­
bariulll second nearest neighbor separation due to 
modified type A coordin atio n. The new factor as 
compared to the average barium separation in the 
barium borate glass is the 4.7 A separation. As 
postulated by Levin and Block, the increase of the 
immiscibility range in the ternary barium boro­
silicate system does occur by a coordination-change 
mechanism. HO'wever, the barium atoms are not 
involved solely in type A coordination. The factor 
which caused Levin and Block to assume 100 
percen t change to type A coordination is the good 
agreement observed between the average barium­
barium separation (5.58 A) determined by using the 
WalTen and Pincus immiscibility equation and the 
geometricaJ separ ation (5.50 A) due to the type A 
configura tion with a 180 0 barium-oxygen-barium. 
bond angle. 

At the limi t of miscibility in the binary barium 
borate system, the modifier-rich liquid contains 
16.4 mole percent barium oxide with the barium 
ato ms involved primarily in type B coordination. 
The corresponding barium borosilicate modifier-rich 
liquid contains 25 mole percent barium oxide [1]. 
Combining the results of the radial distribution 
study and the imm.iscibility equation indicates that 
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approxim ately ] 6.75 mole percent barium oxide is 
involved in the modified type A configuration and 
8.25 mole percent barium oxide is associated with 
type B coordination. In the bariulll borate modifier­
Tich liquid as silica and bariu lll oxide components 
are added, it may be co nsidered that the amoUllt of 
barium atoms in type B coordin ation remains con­
stant, while the additional barium ato ms assume a 
modified type A coordination. Us ing the Illodified 
type A coordination model and the oxygen-volume 
method of calculating the extent of miscibility of 
modifier oxide [1] results in a final limi ting compo­
sition of 16.1 BaO (modified type A) ·8.0 BaO 
(type B)·42.0 B20 3·33.9 Si02 in mole percent. 

Each coordination type, modified A or B, is not 
necessarily associated with a particular network 
former. One should cons ider the structure with 
type B coordination as having modifier cations 
separated primarily by the network former as 
described earlier in figure 2 and related legend . Thus, 
the modifier cations are bonded to differen t oxygens. 
The structure with modified type A coordination 
should be considered as havillg modifier cations 
bonded primarily to the SalJ1e oxygen ato m. 

This study indicates t iJ e importance of determin­
ing whether the phenomenon of coexi stence of type 
B and modified type A coordinations is limited to the 
ternary system. Research on rclevall t binary 
systems is presently being undertakell. 

The authors are greatly indebted to A. Bicnenstock 
fOT his valuable counsel in connection with many 
aspects of this study. [n addition, t hanks arc due 
to H. M. Ondik of the National Bureau of Standards 
s taff for developing a comp uteT program for use in 
facilitftt i ng the calculations connected with this 
r esearch. 
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