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An X-ray diffraction study has been carried out on binary phosphate and silicate glasses with
MgO or CaO in equimolar composition. The structure of a 60 mol % CaO-40mol % Al,O; glass
was also investigated for comparison. The electron radial distribution function was calculated

by the usual Fourier transformation and interpretation of it was made in terms of pair func-
tions. The number of oxygens around magnesium is evaluated to be four in both phosphate
and silicate glasses. On the other hand, the number of oxygens which surround calcium
appears to depend upon the component of network formers: namely, the oxygen coordination
numbers around calcium are five in phosphate, six in silicate and four in aluminate glasses,

respectively.

1. Introduction

Recently much attention has been devoted to phos-
phate glasses, because their low transformation tem-
perature and relatively large thermal expansion coef-
ficient indicate a good applicability to glass to metal
seals involving aluminium alloys and stainless steels
[1, 2]. The interest in phosphate glasses has also been
intensified in parallel with recent progress in biological
materials, e.g. calcium phosphate-based glasses and
ceramics are quite promising for application to arti-
ficial bond and tooth materials [3—6], because calcium
phosphates are some of the main components of bone
and teeth. Such growing technological importance
has, therefore, led to an increasing need for an under-
standing of various properties of phosphate glasses
and ceramics, particularly for magnesium and calcium
phosphate glasses.

In response to these requirements, measurements of
several properties such as density, elastic modulus,
thermal expansion coefficient and refractive index
have been carried out for various phosphate glasses
[7-9] and the results were discussed in terms of the
concepts of the normal and abnormal types as pro-
posed by Kordes and his colleagues [10-12]. Accord-
ing to their discussion, magnesium phosphate glass
is classified as being typical of the abnormal type
attributed to four oxygens around Mg”?* . On the other
hand, it is recognized that calcium phosphate glass,
whose coordination number of oxygens around Ca?*
is six, is typed as being typical normal.

Direct information concerning the coordination
number of oxygens around a specific element in glass
can be obtained from X-ray and neutron diffraction

0022-2461/88 $03.00 + .12 © 1988 Chapman and Hall Ltd.

studies. Some structural information on phosphate
glasses is available [13—16], but previous studies have
rarely been carried out systematically and severe exper-
imental and theoretical difficulties were frequently
found. Thus, some reservations are known to be held in
the resultant coordination numbers around a specific
element.

The main purpose of this paper is to present a new
systematic structural investigation of metaphosphate
glasses of MgOP,0; and CaOP,0; by X-ray diffrac-
tion. In addition, structural studies for metasilicate
glasses of MgOSiO, and CaOSiO, and a 60mol %
Ca0O—-40mol % Al,O, glass were made by X-ray dif-
fraction to present a contrast of such information.

2. Experiments and data processing

Metaphosphate samples were prepared from high-
grade chemical reagents of monomagnesium ortho-
phosphate and monocalcium orthophosphate. Cal-
culated amounts of the reagents were weighed,
thoroughly mixed and then charged into a platinum
crucible, followed by melting for 10.8 ksec at 1623 to
1673 K with intermediate stirring to ensure homogen-
eity [7]. The glass was then cast into rectangular
graphite moulds. The glass samples were then immedi-
ately annealed for 1.8ksec in air at 673 to 773K,
depending upon its composition and slowly cooled to
room temperature. After annealing, the glass samples
were ground and polished to yield rectangular plates,
approximately 20 x 30 x 8mm’. Metasilicate and
60mol % CaO-40mol % AlL,O; samples were pre-
pared from high-grade chemical reagents of magnesia,
silica, alumina and calcium carbonate, in a similar
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manner to the phosphate samples using an electric
furnace in order to operate at temperatures up to
1973 K. The densities (Mgm™?) of these glasses are:
MgOSi0, 2.585, MgOP,0; 2.435, CaOSiO, 2.673,
CaOP,0O; 2.664 and 60 mol % CaO—40mol % Al O,
2.885.

The method of analysing the measured X-ray scat-
tering intensity for non-crystalline systems such as
liquids and glasses is very common and has already
been described in detail [17-19]. Consequently, only
the essential features are given below, for convenience
of discussion.

A reduced interference function in electron units,
i(Q), O = 4msinf/A where 0 is the half the scattering
angle and A is the wavelength, is related to the struc-
turally sensitive part of the total scattering intensity
directly determined by the experiments and is defined
by

i(Q) = (Iw/N - ;ﬁ)/(fe)z, (1)

where I, /N is the intensity of unmodified scattering in
electron units per unit of composition, f; and f. are the
atomic scattering factor and the average scattering
factor per electron, respectively. The so-called electron
radial distribution function (RDF) can readily be
evaluated from i(Q) by Fourier transformation, and
the use of pair functions [20] is known to be con-
venient for interpretation of such RDF data. When
the pair functions are employed, the following useful
relation is obtained with respect to the theoretical and
experimental radial distribution functions [20].

Z Z Nﬂ JQmax[j_]; e—a2Q2 Sin(Qrij) Sin(Qr) dQ

w i Ty 0 _f;z
Qmax .
= wra.Y Z + [," Qi(Q) ¢ sin(Qr) dQ

@

where r,; and N;; are the distance and its coordination
number of i—j pairs, respectively, Z; is the atomic
number and g, is the average number density of elec-
trons. The left-hand side of Equation 2 provides the
theoretical RDF, whereas the right-hand side of
Equation 2 corresponds to the experimental RDF
data. The term exp [— o’ Q?] in Equation 2 is a con-
vergence factor, introduced to minimize the trunc-
ation error and weight down the uncertainties at high
wave vector Q region. The artificial parameter of o
does not have to be critically selected, but the value of
« is zero in the calculation of the experimental RDF
from the right-hand side of Equation 2. On the other
hand, the theoretical RDF on the left-hand side of
Equation 2 is calculated using the value of & = 0.0S.
The valuable information of r;, and N, for near neigh-
bours was evaluated by a least-square analysis, in
order to fit the experimental RDF. In this process, the
variations of r; and N; in the theoretical RDF are
+0.001 nm and + 0.2 atom, respectively. The present
approach using Equation 2 is easily seen to be effective
only for a few near neighbour correlations such as
P-0, O-0 and M-0O, where M = Mg or Ca in the
phosphate glasses. However, it is also realized that the
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main purpose of this work can be achieved with much
higher reliability than those in the previous works on
the structure of glasses [20]. That is, from the present
approach it is possible to determine quantitatively
accurate information about the fundamental local
unit and the oxygen coordination number around
Mg?* or Ca’* ions in glasses.

3. Results and discussion

Fig. 1 shows the reduced interference function Q i(Q)
of five glasses. The reason for the introduction of the
factor Q is to complement the resolution for the small
oscillating behaviour in the high Q region. The experi-
mental uncertainty in the present Qi(Q) functions
may be suggested as follows. A fixing count mode, the
accumulated counts = 40 000, was applied to hold the
counting statistics approximately uniform. A source
of systematic error arising from the normalization
procedure of measured intensity was estimated to be
2.3%, by applying the Rahman method [21]. Accord-
ing to the detailed discussion by Greenfield ef al. [22],
the maximum error in the value of the atomic scatter-
ing factor and the Compton scattering intensity does
not exceed 1% in the glasses investigated here. Con-
sequently, the total error of the present Qi(Q) func-
tions is evaluated to be about 3.3%. As a result, the
uncertainty in the value of RDF using the right-hand
side of Equation 2 is probably similar to that of the
Q i(Q) function, because the computation errors have
been reduced to a minimum by the common numerical
analysis.

The general feature of the function Qi(Q) for all
glasses is similar, although there are some differences
in detail. Namely, the profile of Q i(Q) is composed of
the first peak at about @ = 20nm™' followed by a
number of peaks, which contrasts to the metallic glass
cases where the damping behaviour of the function
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Figure I Reduced interference functions, Qi(Q) for MgOSiO,,
MgOP,0y, Ca0Si0,, CaOP,0; and 60mol% CaO-40mol %
Al O, glasses.
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Figure 2 Electron radial distribution functions (RDFs) for MgOSiO,
and MgOP, O, glasses. The solid line is the measured curve and the
dotted line is the sum of the first three pair functions.

Qi(Q) is rapid and monotonic. If species having defi-
nite bond lengths and angles exist, persistence of the
oscillation in Q i(Q) would be clearly detected in the
high Q region [19, 23]. Therefore, the oscillations
observed in these oxide glasses imply that a consider-
able fraction of the local ordering unit structure
remains although its distribution appears to be ran-
dom. The PO, or SiO, tetrahedra are quite feasible
with respect to the local ordering unit structure in
these glasses which are given below.

Fig. 2 shows the RDFs of phosphate and silicate
glasses containing MgO, calculated from Q i(Q) using
Equation 2 with the measured density data. The first
peak in the RDFs of both glasses appears almost
completely resolved and the subsequent oscillations
are reduced in order to converge on the average
number density value in the larger distance of r. This
behaviour is consistent with the contrast between the
narrow distribution of local ordering unit structure
and a complete loss of positional correlation in a few
near neighbour distances away from any starting
point [17-19]. The information of such local ordering
unit structure could be obtained by an analysis of the
area under the peaks in the RDFs.

The arrows in Fig. 2 denote the average distance of
some pairs expected in these glasses and the numbers
are the coordination numbers of respective pairs,
evaluated by the use of pair functions. The most strik-
ing result in Fig. 2 is that each silicon is surrounded by
four oxygens at a distance of 0.161 nm in silicate and
the number of oxygens around phosphorus in phos-
phate is also four at a distance of 0.153 nm. Thus, the
SiO, or PO, tetrahedra is quantitatively confirmed
as a local ordering unit structure in these glasses.
However, the distribution of these tetrahedral units
with the breaking of the so-called network structure of
pure P,O; or SiO, due to the addition of magnesia
could not be drawn from the present RDF data alone.
In addition, the oxygen coordination number around
Mg?* at a distance of about 0.210 nm is found to be
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Figure 3 Electron radial distribution functions (RDFs) for CaOSiO,,
CaOP,0; and 60mol % CaO—-40mol % Al, O, glasses. The solid
line is the measured curve and the dotted line is the sum of the first
three pair functions.

four in both glasses, although this value itself has an
error of +0.2 due to the experimental uncertainty and
the limitation of an analysis made by the use of the
pair functions [17].

A similar analysis has been made for three kinds
of glasses containing CaQO and the resultant RDFs
are given in Fig. 3. The near neighbour distances and
their coordination numbers for a few pairs of cur-
rent interest obtained in this work are summarized in
Table I, together with magnesia phosphate and silicate
glasses. Because in the case of CaOP,Qs, the resol-
ution of the peaks for Ca—O and O-O pairs is not
good enough to evaluate correctly their coordination
numbers by the pair functions, the information of the
geometry of the PO, tetrahedron and the ionic radii of
Ca’* and O*~ were employed. It should also be noted

TABLE 1 Parameters of the near neighbour correlations deter-
mined by the use of the pair functions

Sample i—j pair Ty Ny
(nm) (atoms)

MgO SiO, Si-0 0.161 4.5
Mg-O 0.210 4.0

0-0 0.265 5.0

MgO P,0, P-O 0.153 4.0
Mg-O 0.206 4.0

0-0 0.250 4.5

CaO Si0O, Si-O 0.161 4.0
Ca-0O 0.228 6.0

0-0 0.267 4.8

Ca0O P,0Oq P-O 0.152 4.5
Ca-0 0.233 49

0-0 0.252 4.8

60 mol % CaO Al-0O 0.175 4.0
40mol % Al,O, Ca-0 0.238 4.0
0-0 0.280 6.0

ry = average distance, N; = average coordination number.
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that the oscillations in the shorter distance side of the
first peak are relatively distinct in the phosphate glass.
According to the methods proposed by Finbak [24, 25]
and Morimoto [26], the corresponding oscillations do
not seem to be attributable to the spurious ripples
arising from the finite truncation of Q.,, in the
Fourier transformation by Equation 2. Serial tests
using numerical analysis by computer and the similar
structural investigation in another sample of a
CaOP, 0, glass produced by the different preparation
process were carried out, which confirm the signifi-
cance of the principal features of the RDF of the
phosphate glass given in Fig. 3. Although these oscil-
lations before the first peak do not critically affect the
evaluation of an interionic distance and its coordin-
ation number for the resolved first peak, the origin of
these oscillations cannot be identified with certainty at
the present time.

The results of Fig. 3 clearly indicate the formation
of Si0, in silicate, PO, in phosphate and AlO, in
aluminate, respectively. They are well-recognized as
the local ordering unit structure in these glasses. On
the other hand, the oxygen coordination numbers
around Ca’" are six in silicate, five in phosphate and
four in aluminate, respectively. The present results on
silicate and aluminate glasses are in good agreement
with the literature values [27]. Thus, the number
of oxygens which surround calcium is concluded to
depend upon the component of network formers of
Si0,, P,O; and Al,O,. It contrasts with the oxygen
coordination number around magnesium confirmed
by the results of Fig. 2.

From the present systematic X-ray diffraction study
of phosphate glasses including silicate and aluminate
glasses for comparison, it is possible to draw the fol-
lowing conclusions about the structure of magnesia
and calcia metaphosphate glasses. All the phosphate
ions are tetrahedrally bonded to four oxygens with an
average P—O distance of 0.152 to 0.153nm in both
magnesia and calcia phosphate glasses. The oxy-
gen coordination number around magnesium is four,
whereas the value of five is quantitatively suggested
for the corresponding value around calcium. The
schematic diagram of the difference in the oxygen
coordination numbers between magnesium and cal-
cium in phosphate glasses is illustrated in Fig. 4, to
interpret the present experimental results by X-ray
diffraction. Further higher order correlations are, of

@ Ca

(a) (6]

Figure 4 Schematic diagrams of the atomic structural models for (a)
MgOP, 0, and (b) CaOP,0O; glasses.
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course, required to construct a detailed structural
model, but it is out of the scope of this work. It is our
intention that the present experimental facts should
support the previous discussion [7-9] on phosphate
glasses in terms of the concepts of the normal and
abnormal types first suggested by Kordes and his
colleagues [10], rather than the discussion of Isozaki
et al. [28] who proposed the six coordinated mag-
nesium in phosphate glass, based on measurements of
X-ray emission spectra.
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