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Sodium borate glasses with two different composit ions have been prepared using cooling rates in 
the range 7 • 10" C / s - 2 • 102 °C/s. Structural characterization has been carried out by X-ray 
diffraction, and glass transition temperatures have been measured by Differential Scanning 
Calorimetry. The samples exhibit slightly different density values and glass transition temperatures. 
However, radial distribution functions appear extremely similar and the sodium coordination shell 
does not change in going from fast to slowly quenched glasses, showing that the short and medium 
range order is not affected by thermal treatment. 
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Introduction 

Glasses, though kinetically stable systems, are out-
side thermodynamic equilibrium. Therefore their state 
is not univocally defined by thermodynamic variables 
but also depends on the preparation process. Though 
this is well known, there are very few studies correlat-
ing different preparation routes to structural differ-
ences and the letter ones to different properties. 

Alkali borate glasses have been extensively studied 
because of their technological relevance as ionic con-
ductors and because of their ease of vitrification under 
different thermal treatments, so that they appear suit-
able as model systems for structural investigations. In 
spite of the great amount of structural results, mainly 
related to the type of borate units and to their connec-
tions inside the network, less attention has been paid 
to the fact that the glasses investigated were often 
prepared in rather different ways [1-7] , and therefore 
might have different physical properties. Only a few 
results about the effect of the thermal history on the 
structure of borate glasses are reported. For example, 
small but characteristic spectral differences have been 
observed in a Raman investigation [6] on the effect of 
the melt temperature on the structure of sodium bo-
rate glasses, which suggested the formation of new 
or thoborate units inside the network. Substantial 
structural differences are found in an X-ray diffraction 
study on B 2 0 4 [4] obtained with different cooling 
rates, which indicates a more densely packed structure 
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for the slowly quenched glass. This result has been 
supported by a low-frequency Raman study [3] on 
alkali borate glasses. 

We recently investigated [8], by X-Ray Diffraction 
(XRD) and N M R measurements, the effects of 
quenching rate on the structure of N a 2 0 n B 2 0 3 

(n = 2,3) glasses (named BONA 2, and BONA 3, re-
spectively) and showed that the two different cooling 
rates (5 • 1 0 ~ 2 o C / s and 10°C/s) used do not appre-
ciably influence the short range order of these glasses. 
Small differences in the medium range order, however 
within the limits of the experimental uncertainty, 
needed further investigation. Moreover, as the ex-
plored range of cooling rates was in that case rather 
limited, we decided to repeat the experiments on 
glasses of the same composition but expanding the 
range from 7 • 1 0 ~ 3 o C / s to 2 • 10 2 o C/s . Glasses ob-
tained by slow and very slow controlled quenching 
will be referred to as SQ and VSQ, and those obtained 
by very fast quenching will be referred to as VFQ. 

Structural characterization of the glasses has been 
carried out by X R D and glass transition temperatures 
(Tg) have been measured by Differential Scanning 
Calorimetry (DSC). 

Experimental 

Reagent grade N a 2 B 4 0 7 • 10 H 2 0 and H 3 B 0 3 

were used as starting materials. Weighed amounts of 
the wanted mixtures were melted in a platinum 
crucible while the temperature was raised to 1200°C 
over a period of 130 min and kept at 1200°C for 
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30 min. The melts of the VFQ type were pressed be-
tween two copper blocks, one of which was equipped 
with an internal cooling water system. The cooling 
period down to 200°C was estimated to be about 3 - 6 
seconds. The glasses of the VSQ and SQ type were 
obtained by cooling the melts inside the furnace down 
to 200°C at a constant cooling rate of 7 • 1 0 " 3 o C / s 
and 7.0 • 10" 2 °C/s, respectively. All the samples were 
annealed for 2 h at 350 °C. 

The compositions were checked by weighing the 
cooled melts: no significant variations of the weights 
were observed with respect to the expected values. 
Density measurements were carried out by the immer-
sion method using chloroform as the immersion liq-
uid. Quenching rates, compositions, densities and 
their errors are reported in Table 1, together with ref-
erence names used in the text. 

The samples were grounded for the X-ray measure-
ments with the exception of SQ glasses, which were 
measured as polished slabs. Details of X-ray experi-
ments and data treatments are given elsewhere [9-11] . 

Samples of a few tens of milligrams were broken 
from glass batches and analyzed with a Perkin-Elmer 
DSC 7 calorimeter under flowing argon. The ca-
lorimeter cell was calibrated with pure In, Zn and 
K 2 C r 2 0 7 s tandard samples. T% measurements were 
carried out using Platinum pans and with a heating 
rate (q + ) equal to the cooling rate {q —) used during 
the glass preparation. According to the thorough 
demonstration of Moynihan et al. [12], this condition, 
different from the conventional one where the q + is 
10°C/min, leads to Tg values truly representative of 
the structural state of the system [12-13]. It is then 
obvious that the quenching rate during the prepara-
tion must be rigorously controlled. This is why the 
V F Q sample could not be examined. Therefore, a 
further sample, B O N A 2 M Q , was prepared for the 
DSC measurements using a constant cooling rate of 
1 • 10" 2 °C/s in order to have at least three good sam-
ples. 

Results and Discussion 

Structure and radial functions of the BONA 2 and 
BONA 3 samples are reported in Figs. 1 a and b and 
Figs. 2 a and b, respectively. All samples are com-
pletely amorphous; no traces of crystalline peaks are 
present, not even in the samples obtained by very slow 
cooling. 

Table 1. Quenching rates, q(°C/s), compositions (wt%) and 
densities, d (g/cm3) of the six glasses investigated. Errors are 
given in parentheses. Reference names used in the text are 
given in column 1. 

Glass <1 B 2 o 3 N a 2 0 d 

B O N A 2 V F Q 2- 102 69.2(1) 30.8(1) 2.336(1) 
B O N A 2 S Q 1 • 10~2 69.2(1) 30.8(1) 2.348(1) 
B O N A 2 V S Q 1 • I O - 3 69.2(1) 30.8(1) 2.370(1) 
B O N A 3 V F Q 2- 102 77.1 (1) 22.9(1) 2.234(1) 
B O N A 3 S Q 7 • IO"2 77.1 (1) 22.9(1) 2.241 (1) 
B O N A 3 V S Q 7 • 10" 3 77.1 (1) 22.9 (1) 2.261 (1) 

Table 2. Structural parameters obtained for the first B - O 
coordination. Mean distances r (Ä), root mean square devia-
tions a (Ä) and mean coordination numbers N are reported 
respectively in columns 2, 3, and 4. Limit errors are given in 
parentheses. 

Glass r a N 

B O N A 2 V F Q 1.436(5) 0.08 (1) 3.0 (2) 
B O N A 2 S Q 1.426(5) 0.07 (1) 3.0 (2) 
B O N A 2 V S Q 1.435(5) 0.09 (1) 3.0 (2) 
B O N A 3 V F Q 1.416(5) 0.07 (1) 3.0 (2) 
B O N A 3 S Q 1.411 (5) 0.09 (1) 3.0 (2) 
B O N A 3 V S Q 1.416(5) 0.07 (1) 3.0 (2) 

The structure and radial functions are nearly identi-
cal for glasses with the same composition, both in the 
short and medium range order. Small differences, sim-
ilar to the ones found in [8], are randomly distributed 
among the samples, and their magnitude is of the 
order of the experimental uncertainty. 

In the radial distribution functions (RDF) two main 
peaks appear, centered at 1.40 and 2.40 Ä followed by 
shoulders at about 2.75, 3.65,4.2 and 4.6 Ä. As already 
observed in previous studies on BONA samples [8-9] , 
these functions are very similar to the R D F found for 
pure B 2 0 3 [4 ,14-15] , with differences arising from 
the cationic contributions and the network modifying 
action of the alkali oxide. A small spurious peak at 
1.9 Ä is also present, due to termination errors in the 
R D F calculations. Spurious peaks at low r are small 
and very similar, showing that systematic errors have 
been minimized. 

To check the correctness of the results, the boron 
coordination was determined, as it is expected not to 
be affected by the thermal history and to depend on 
the composition only. The calculation was performed 
by simulating the Fourier backtransforms of the B - O 
peak at 1.4 Ä in all systems. The values of the parame-
ters from the best fits are given in Table 2. Errors were 
determined by comparing parameters obtained in sev-
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Fig. l a . Structure functions for B O N A 2 V F Q (dots), B O N A 2 S Q (solid line) 
and B O N A 2 V S Q (crosses) glasses. 
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Fig. 1 b. Structure functions for B O N A 3 V F Q (dots), B O N A 3 S Q (solid line) 
and B O N A 3 V S Q (crosses) glasses. 
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Fig. 2a. Radial distribution functions for B O N A 2 V F Q (dots), B O N A 2 S Q 
(solid line) and B O N A 2 V S Q (crosses) glasses. 

Fig. 2 b. Radial distribution functions for B O N A 3 V F Q (dots), B O N A 3 S Q 
(solid line) and B O N A 3 V S Q (crosses) glasses. 
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Fig. 3. D S C traces for B O N A 2 V S Q (a), B O N A 2 M Q (b) and 
B O N A 2 S Q (c) glasses. 

eral calculations carried out using different ranges of 
experimental da ta or different refinement strategies. 

As expected, the B - O distance increases with 
sodium oxide content. In fact, in the explored compo-
sition range the alkaline oxide promotes the transfor-
mat ion of three-coordinated into tetra-coordinated 
boron a toms, and the B - O distances in the B 0 4 units 
are 0 .10-0 .15 Ä longer than in the BO a units. The 
coordinat ion numbers , a l though rather reasonable, 
are a little lower than expected. As has been exten-
sively discussed in [9], this is mainly due to the inade-
quacy of tabulated scattering factors, which are calcu-
lated for free spherical atoms, to represent the 
scattering power of light and covalently bonded 
atoms. N o meaningful differences are noticed for dif-
ferent thermal t reatment . 

In search of possible effects of cooling rate on the 
structural propert ies of V S Q and V F Q glasses, a cal-
culation of N a + coordinat ion was performed on all 
the samples. In fact, cont rary to the B - O first interac-

Table 3. M e a n distances r(Ä), root mean square deviat ions 
<t(Ä) and frequency factors N for the N a + - 0 interactions. 
Limit er rors are given in parentheses. 

Glass N, 

BONA2VFQ 2.370(5) 0.09(1) 2.5(2) 2.71(1) 0.11(1) 1.5(1) 
BONA2SQ 2.394(5) 0.11(1) 2.5(3) 2.74(1) 0.15(1) 1.7(1) 
BONA2VSQ 2.378(5) 0.09(1) 2.5(3) 2.72(1) 0.13(1) 1.6(1) 
BONA3VFQ 2.401 (5) 0.13(1) 3.0(3) 2.77(1) 0.17(1) 1.3(1) 
BONA3SQ 2.428(5) 0.14(1) 2.8(3) 2.79(1) 0.12(1) 1.4(1) 
BONA 3 VSQ 2.403(5) 0.13(1) 3.0(3) 2.78(1) 0.17(1) 1.3(1) 

Glass Tg 

B O N A 2 V S Q 467(1) 
B O N A 2 M Q 468(1) 
B O N A 2 S Q 472(1) 

Table 4. Glass t ransi t ion tem-
peratures , 7g(°C) for B O N A 2 
glasses. S tandard errors are 
given in parentheses. 

t ion, the polyhedra of the modifier ion might be influ-
enced by different p repara t ion condit ions. 

To evaluate the coord ina t ion of the N a + ions it is 
necessary to extract f rom the total s t ructure functions 
the cont r ibut ions coming f rom the interactions N a + -
neighboring atoms. The difference method , in which 
the si(s) or the R D F of a suitably selected reference 
system is subtracted f rom the total funct ion of the 
sample investigated, is often used to this end. Without 
discussing the details of the difference method, for 
which we refer to [9 -11] , we subtracted the R D F ' s of 
L i 2 0 • h B 2 0 3 glasses (BOLI) f rom those of equimolar 
B O N A samples in order to cancel the contr ibut ions of 
the bora te network to the radial functions. Assuming 
that L i + ions give negligible cont r ibut ion to the dif-
f ract ion signal, the difference curves are representative 
of the local order a round N a + ions. 

The simulat ion of the N a + - 0 peak was performed 
using the same back t rans form procedure as men-
t ioned above. Very good fits were obta ined with the 
parameters listed in Table 3. Two contr ibut ions were 
in t roduced with different distances, frequency factors 
and root mean square deviat ions; in fact the difference 
peak is not symmetric, showing that the N a + environ-
ment is not a regular polyhedron. The values obtained 
in the present s tudy are consistent with [8 -9 ] , Though 
some doub t s on the absolute values could exist, we 
can observe that there is no discernible trend for 
glasses obtained by different cooling rates. This sug-
gests that the N a + coordina t ion polyhedron is not 
affected by the thermal history of the glass. 
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Therefore, either by inspection of the entire struc-
ture or radial functions or by quantitative analysis of 
the main peaks of the radial curves, we can conclude 
that the examined glasses of the same composition 
show very small structural differences (if any). Let us 
now compare these results with those obtained by 
thermal analysis. 

The DSC traces for BONA2SQ, M Q and VSQ 
samples, normalized to the unitary weight, are plotted 
in Figure 3. 

The Tg values, obtained by the intersection of the 
tangent to the flex point and of the baseline extrapola-
tion, are reported in Table 4 together with their limit 
errors. Several measurements were performed for each 
glass, with a reproducibility better than 1 °C. The Tg 

values show a slight tendency to increase with the 
cooling rate used in the preparation or with the heat-
ing rate used in the DSC measurements [14]. This 
trend is consistent with the concept that F Q glasses 
have a more open and therefore easily alterable struc-
ture than SQ glasses, which are more compact. This 
fact can correlate with the densities reported in 
Table 1, which are slightly higher for VSQ glasses and 
progressively decrease going to V F Q glasses. 

Then, some difference exists, though so slight as not 
to appear in the total diffractometric curves. The 
structural differences should appear in a distance 
range longer than that accessible to our analysis, or 
arise from differences in the coarse grain structure 
(dimensions of glassy domains, connections of these 
domains, phase separations and so on) which can be 
quite relevant for macroscopic properties. 

The diffractometric results combined with densities 
and glass transition temperatures show that the ex-
treme similarity of the different radial curves cannot 
be ascribed to poor sensitivity of the diffractometric 
technique in revealing variations in the medium range 
order in amorphous materials. As a matter of fact, the 
comparison of different radial distribution functions 
calculated for different structural models has demon-
strated that they are significantly different in the 
medium range order, even when the first coordination 
is not affected [16]. Besides, it has been shown that, 
given the high reliability of diffraction da ta collected 
on modern diffractometers, structural models are un-
likely to fit satisfactorily experimental data. These two 
points strongly suggest that medium range order in 
structurally different glasses leads to experimental ra-
dial distribution functions which are significantly dif-
ferent. 

The observed high similarity of borate glasses pre-
pared with different cooling rate is of great importance 
in evaluating the meaning of the structural models for 
vitreous substances. Since the evolution from under-
cooled melt to solid glass is not uniquely defined (that 
is, liquid to glass transition occurs at different temper-
atures if different cooling rates are adopted), every 
glass should have its own structure. While this is cer-
tainly true, the present result show that, once all the 
other parameters are fixed, glasses quenched differ-
ently are analogous structurally. The system, moving 
along the extremely complex potential energy hyper-
surface, tends towards a unique well defined state, that 
we may call ideal glass. This point has been intro-
duced by researchers [17-18] who, on the base of the 
Kautzmann 's idea [19] on the evolution of thermal 
capacity and excess entropy near the glass transition, 
conclude that the liquid-glass transition can be de-
scribed as higher order thermodynamic transition ki-
netically hampered. Therefore, one can postulate the 
existence of an equilibrium vitreous state, the "ideal 
glass", whose attainment is frustrated by a question of 
time scale. Real glasses can then be thought of as 
perturbat ions of this ideal vitreous state. 

It follows that structural models used to represent 
ideal vitreous states have the same meaning as perfect 
lattices representing crystalline substances: in both 
cases real structures can be considered as derived from 
these ideal situations by introducing defects of various 
kind. Quenching the glasses with different speeds 
would bring the final structure more or less close to 
the ideal one, which should be identical for all the 
samples. 

Conclusions 

The analysis of DSC results, together with the den-
sity values, suggest that configurational differences 
exist among glasses obtained with different cooling 
rates. 

However, the RDF's of samples of the same compo-
sition are very similar both in the low and in the 
medium range order, and not even the coordination 
shell of the modifier ion changes going from VSQ to 
V F Q glasses. This result supports our previous study 
where, however, the difference between the higher and 
the lower cooling rates was within three orders of 
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m a g n i t u d e whi le in t he p r e s e n t case it r a n g e d f r o m 
2 • 10 2 ° C / s t o 7 • 1 0 - 3 ° C / s . 

O n t h e bas i s of t he se c o n s i d e r a t i o n s , it is pos s ib l e t o 
a s s u m e t h a t t he s h o r t a n d m e d i u m r a n g e o r d e r of 
t he se g lasses is insens i t ive t o t he t h e r m a l h i s to ry . 
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