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Densification of glass at very high pressure 

H. M. Cohen* & R. Roy 
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University Park, Pt'llI/sylvania 

The /,ressure- temperature dependence of thf> dcns!fica
ti01l of glasscs suhjected to pressu/'(' ill a uniaxial 
pressl/re-fmllsmitting device (20--200 /, iff/har I'OI1J?e) at 
tl'lI1peratures lip to 6000 C was studied. 

l1,e increase in the density of all glasses studied is a 
('lIIctioll of the pressure and tell/perature to which the 
Xlass is subjected. It appears Iltat at each temperature 
alld pressure there is an equilibrium (metastahle) struc
ture of 'he glass which is attained in a few minutes and 
then persirts indefinitely at room temperature at atmo
spheric pressure. However, each glass composition 
studied attained a maximum density. The maximum 
density phase of most of the glasses studied showed a 
remarkable consistency at a value of 52% for the ratio 
','o/ume of iOlls over molar volume'. Experiments with 
plastic balls showed that 'irregularly closest packed' 
tetrahedra can occupy only 55±2% of a given volume, 
which is ill interesting correspondence to the 52% figure 

loundlor tire most dense glass phases. 
A linear relationship between density and refractive 

illdex is obtained for most of the densified series. Infra
rN/ spectra show broadening of the stretchillgand bend
i1/g mode bands. 

It is concluded that the densification of glass is inde
pendent of the compressibility and im'olves a secund
order structural change in the network oj the glass. The 
data also suggest that the short-range order of the 
glasses studied decreases as the glass is progreSSively 
densified. 

Certain glasses, when subjected to pressure . even at 
room temperature, undergo an increase in bul K density 
which persists at room temperature when the glass is 
removed from its high-pressure environment. (1-6) 

·Present address: Bell Telephone Laboratories, S5S Union Boule
vard, Allentown, Pennsylvania 18103. 
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When thin discs of silicate glasses are suhjected to 
pressure in a uniaxial pressure-transmitting device(:!8/ 
densification at room temperature does not begin until 
the applied pressure exceeds a threshold value of 100 
kilobars for Si02 glass and 40 kilobars for alkali 
silicate glasses. However, ground Si02 glas~ (40- 80Il 
particle size) can be densified at room temperature 
when subjected to pressure greater than 20 kilobars.(5) 
Mackenzie{6&) has pointed out the incongruity of 
results on densification of Si02 glass among different 
workers. (2&, 5, 7) It had been suggested that this in
congruity resulted from the varying degrees of shear 
inherent in the apparatus of different workers. (7 ·12) 
Mackenzie{6&) asserts that densification of Si02 glass 
at temperatures far below the glass transition region 
depends on the presence of shear, but Cohen & Roy(5) 
maintain that shear affects only the rate of densifica
tion. Further, Cohen & Roy (5&) maintain that there is a 
metastable equilibrium structure of the glass at each 
pressure and temperature, whereas Mackenzie(6&) 
denies this. This paper will discuss further the role of 
shear in the del'lsification of glass. Data will be pre
sented which show that the existence of a pressure-
temperature dependent metastable equilibrium struc
ture of Si02 glass may not be ruled out. 

Most crystalline materials which are exposed to high 
pressure and are elastically compressed appear to 
return to their original volume when the pressure is 
released. In some cases, however, a material will under
go a solid-solid phase transition, and if the activation 
energy for a reverse transformation is sufficient, the 
high-pressure form may be recovered under ambient 
conditions and will persist metastably. Glasses are 
formed from those materials which have very high 
activation energies for reconstructive changes between 
different structural arrangements. It is possible to 
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imagine that the elastic compression is not entirely 
released when samples are removed from a high
pressure environment. Alternatively, a continuous 
structural change, in response to the pressure-tem
perature environment, might take place, and these new 
structures persist metastably at room temperature and 
atmospheric pressure. 

At present, the data dIt the pressure dependence of 
the densification of glass are limited to a few glass 
compositions. A systematic study was therefore under
taken to describe the ipfluence of pressure and tem
perature, as independent variables, on the refractive 
index, density, molar refractivity, and certain other 
properties of SiOz and other selected glasses. 

Experimental procedure 
Preparation of glasses 
The following glass compositions were studied: SiOz; 
GeOa; _a series of RzO.0·IMgO.2·9SiOz (R=Li, Na, 
K); a selies (2-X)NazO.XAl20a.(6-2X)Si02 where 
X=0·5, 1'0, 1-1; 1·2 Li20.SiOz; NaPO!; LiRb(p03)2; 
and LizRbz(Pz07). All compositions reported are batch 
compositions. 

The SiOz glass was taken from tubes of commercial 
'Satin Surface Vitreosil' obtained from the Thermal 
American Fused Quartz Company, Dover, New Jersey. 
GeOz glass was obtained by fusion at 1400°C in 
platinum of 'spectroscopic' grade Ge02. Preparation 
of the glasses in the series R20.0·IMgO.2-9Si02 is 
described by Ryder. (13) Preparation of the glasses in 
the series NazO.XAlz03.(6-2X)Si02 is described by 
Day.(14) A glass of the composition 1·2LizO. SiOz was 
prepared by melting crystalline LhSiOa in sealed 
platinum capsules and quenching the capsules in 
water; comparison of the index of refraction of the 
glass (1'562) with the data of Kracek(15) showed the 
composition to be 1·2Li20. Si02. Three phosphate 
glasses of composition NaP03, LiRb(p03h, and 
LizRbz(Pz07) were obtained from M. K. Murthy of 
the Ontario Research Foundation. 

Sample preparation 
The uniaxial pressure-transmitting device was basically 
of the Bridgman-Basset design. The modification used 
has been described in full detail by Dachille & Roy. (16) 

The glass samples were ground (40-150 J1. particle 
size) in a dry air atmosphere, 8-10 mg of sample were 
placed between two platinum 10% rhodium-foil discs 
(one mil thick) and pre-pelleted into a disc 8-10 mils 
thick. The pellets were either 3/16, 3/8, or 1/2 in dia. 
The resultant pellet, sandwiched between the foils, was 
placed between two anvils. The diameter of the anvil 
was always the same as the diameter of the sample 
pellet. Thrust was applied to the anvils by a hydraulic 
jack connected to an oil pump and pressure-controlling 
system. The anvils were surrounded by a split furnace 

30 60 90 120 ISO 180 
Pressure ill kilobars 

Figure 1. The densification of SiD, glass as a functioll of t!le 
pressure of the rlln _ 
o 2S0C 
• 600·C 

and the temperature was regulated by a Minaeapolis 
Honeywell ·pyro.ane' temperature controller. The 
temperature was measured by a chromel- alumel 
thermocouple placed very close to the sample and 
shielded from the direct heat of the furnace by two 
steel cylinders. The diameter of the anvil was measured 
after a run was completed, and the pressure was calcu
latcd as the total thrust divided by the area of the anvil. 
Thc temperature control and accuracy was ±5°C and 
the load pressure was controlled within ±5% of the 
tetal pressure. The accuracy of the pressure measure
ment is discussed later. 

The system was heated, and the pressure applied for 
a period ranging from 15 seconds to 30 days. The 
sample was quenched by directing an air blast at the 
anvils to give an approximate quench rate of 40-80°CI 
min. The pressure was released in less than one second 
after the temperature had cooled to 40° C or less. 

Density a1ld refractive index measurements _ 
The refractive index was measured by the Becke line 

- technique in white light. The index of the oils was 
corrected for thermal expansion to 25° C. The densities 
were measured by a sink-float technique. 

Infra-red absorption spectra 
Infra-red absorption spectra were measured from 
2-25 It with a Perkin-Elmer model 21 double-beam 
spectrophotometer using NaCI and KBr prisms. 
Between 0·6 and 1·0 mg of sample was ground with 
300 mg of KBr and the mixture was pressed under 
vacuum into a pellet. 

Presentation of results 
Densification as a function of pressure and temperature 
Dellsification as a function of pressure. The most direct 
parameter to measure the magnitude of densification 
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of glass would be the density. The preci~e meaSlI1C
ment of the density of a small .. unple, ilowel cr. " 
difficult and time-consuming, WllCreas the index . " 
refraction is conveniently measllred. Flln 11·;1'. I he 
measurement of refractive index allows onc ll' on<;erve 
small-scale sample inhomogeneity. whereas a hulk 
density measurement does not Iherefore, ,It, cr the 
relationship between the density and index,,, refnw
tion was determined for a given glass complhll lOll. tile 

index of refraction was used :lS the parameter I" 

measure the magnitude of densification. 
Figure I shows the refractive index of ~; ilica .'-" ,lSS 

plotted as function of the pressure to which I k ,am
pIes were exposed at 25 and 600°C respecllvcly. It 
should be made quite clear that it is a refracli\e iudex 
of the glass after the entire quenching procedure and 
removal of the sample from the sample holder. It is not 
the refractive index at pressure. The variati on of the 
refractive index of the product glass, if the sample is 
treated as a whole, can range up to ±0'008 of a unit 
although the index of refraction of most of the material 
is within ±0·005 of a unit. The birefringence of the 
powdered densified samples was less than 0·005. 

Some of the densified silica glass specimens have 
been stored at room temperatu re for over two years. 
and they have not undergone any measurahle .Iecreast! 
in their respective densities. No alteration II' the den
sity of the densified glass sample::. could be l ' i1 tained by 
grinding in air or carbon tetrachloride. Thus, it is clear 
that normal processing in the eqminalion procedure 
causes no change in the densifit'd silica glass. 

The absolute accuracy of high-pressure measure
ment is difficult to define hecause there is, at present, 
no satisfactory high-pressure scale. However, if a 
relative pressure scale for this work is defined by the 
linear portion of the curves shown in Figure I, the 
precision of the pressure measurements reported in 
~his paper is approximately ± 10 kilobars. 
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Pressure in kilobars 
Figure 2. Densification at 5(}()O C 0/ glasses in the series R,O. 
0·1 MgO. 2·9SIO, as a function 0/ the pressure of the run 

o R = lithium 
• R = sodium 
f!. R = potassium 
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___ I ~_-.J I _._1-_ J __ LI _--'-_.----1 
iI ~/) 40 ('0 80 

I'r,'"ure ill kilobar< 
Fh.:IJre 3. D,'"sificolinn 0/ glasses ill the series (2-X)Na,0. 
XA/20.dlS 2X )Si02 

o X = 0 '50; temperature 550°C 
o X = 1·0 ; temperature ~85°C 
... X = 1' 1 ; temperature 595°C 

Above approxim~lely 120 kilobars at 25°C and 60 
kilobars at 600°C, the density of the Si02 glass appears 
to approach a maximum value. Further, the maximum 
density appears to be the same at 600 as at 25°C. As 
the densified glass samples approach the apparent 
maximum density, they become more homogeneous. 
The maximum spread of refractive index for these 
glasses in a given sample is ±0'002 of a unit. 

The densification of Ge02 glass was discussed in a 
previous paper. (5) The maximum density to which 
Ge02 glass could be densified was 4'23±0'02 g/cm3 

(index of refraction 1·718±0·002) compared to an 
initial density of 3·66 .:1.:0·02 g/cm:l (index of refraction 
)·608±0·002). 

Figure 2 shows the refractive index of a series of 
alkali silicate glasses plotted as a function of the 
pressure to which the samples were l:xposed at 500°C. 
The variation of the refractive index of the respective 
samples was as high as ±0'OO5 of a unit, but most of 
the material in a given run was within ± O·OOJ of a 
unit. There was almost no noticeable birefringence of 
the densified glass samples. The glasses appeared to 
attain a maximum density at 500° C when the applied 
pressure exceeded apptoximately 40 kilo bars. The 
same glasses were subjected to pressures up to 80 kilo
bars at 600° C, but it was not possible to densify them 
beyond the maximum values shown in Figure 2. 

Glasses in the series (2-X)Na20.XAh03.(6-2X) 
Si02 were investigated; X being 0'5, 1·0, and 1·1. Tn 
Figure 3 the refractive index of these glasses is plotted 
as a function of the pressure to which the samples were 
exposed. The behaviour of these glasses is very similar 
to the behaviour of the alkali silicate glasses. The 
variation of the refractive index of a given respective 
sample was ±O·OO3, and there was no noticeable 
birefringence of the densified glass. The glasses ap
peared to attain a maximum density at approximately 
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1'53 

.§ 1'51 
tl .g 
.: . 1'49 
o 

~ 

Temperature in degrees Celsius 

Figure 4. DetllijicGtlon 0/ SiO, glasl as a/unction o/temperature 

o 4 kiloban hydrostatic 
• 20 kiJoban 
040 kiloban 

550° e when the applied pressure exceeded approxi
mately 70 kilobars. Samples were subjected to pres
sures greater than 100 kilobars at temperatures up to 
600° e, but it was not possible to densify them beyond 
the maximum values shown in Figure 3. 

Attempts to densify glasses of compositions NaPOa, 
LiRb(pOa)s, and LsiRb2(Pz07) at room temperature 
proved abortive, even when they were SUbjected to 
pressures higher than 100 kilobars. When heated under 
pressure til> temperatures higher than 200° C, these 
glasses devitrified. By heating LiRb(p03h and 
LizRbs(pz07) glass samples to 450° e as quickly as 
possible (15 min), applying 80 kilobars pressure for 
15-30 s, and quenching, it was possible to obtain a 
sample which was about 50% glass and 50% crystal. 
However, the index of refraction of the glass had in
creased by only a few per cent. One sample of LiRb 
(P03)Z glass was obtained by the above procedure 
which contained only a few per cent of crystals. The 
density of the resultant pellet was measured but is 
probably somewhat high because of the presence of 
admixed crystals. The densities and indices of refrac
tion of the densified phosphate glasses are given in 
Table 1. 

Table 1. Densification of some alkali phosphate glasses 

1'50 
0~--I~OO~~2~OO~~300~--~~--~5~OO~~~~--~ 

Temperature in degrees Celsius 

Figure 5. Densi/ication at 40 kilobars as a function 0/ the tem
perature 0/ tile run/or glasses In the serres R.,O. 0'1 MgO. 2·9SiO, 

o R = lithium 
• R = sodium 
6. R = potassium 

Densification as a function of temperature. The change 
of refractive index of densified glass samples is plotted, 
at a given constant pressure, as a function of tempera
ture in Figures 4 and 5. Figure 4 presents results for 
SiOz glass and Figure 5 presents results for glasses in 
the series RzO. O·lMgO. 2·9SiOz, where R stands re
spectively for lithium, sodium, and potassium. It is 
clearly seen that thermal energy plays a very important 
role in the densification of glass. 

Densificatit1h at low hydrostatic pressure 
To determine if silica glass could be densified under 
purely hydrostatic pressure, several runs were made by 
sealing a few milligrams of powdered silica glass in 
gold capsules and subjecting these to a hydrostatic 
pressure-transmitting medium (argon gas) in an inter
nally heated pressure vessel. Some of the results ar.e 
plotted in Figure 6. The plot in Figure 6 is for approxi
mately 700° C. The exact temperature of each run is 
shown adjacent to each point. No change in refractive 
index was observed for samples of silica glass subjected 
to similar pressures at 10°C. The samples which were 
densified by hydrostatic pressure appeared to be very 
uniform (within ±0·002 index of refraction units). 

Compolltlon 
(Motor nltlo) 

Prelllll'e Temperatlll'e Index 0/ re/ractlon Density 
(Xllobar,) ("C) ±O'CJOJ (Zlcm' ±O'OO3) Remarkl 

Atmospheric pressure 1·479 2-484 
80 450 Sample devitrified 

Atmospheric pressure 1·494 2'769 
40 200 1·496 
80 450 1'508 2-887 Sample contained a few 

per cent crystals 

Atmospheric pressure 1·513 2-990 
100 25 1'513 
40 450 l'S24 
60 450 I'S24 
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An exact comparison of results from samples sub
jected to hydrostatic pressure with results from 
samples subjected to pressure in the uniaxial pressure 
transmitting device is not possible since densification 
of Si02 glass cannot be recorded below 20 kilobars in 
the uniaxial pressure-transmitting device. However, 
one point obtained from a sample of silica glass sub
jected to 20 kilobars pressure in the uniaxial pressure
transmitting device at ....,700°C is shown in Figure 6. 
The curve for the data obtained from runs subjected to 
hydrostatic pressure has been extrapolated to 20 kilo
bars and seems to be in the same region as the 20 kilo
bar point from the sample sUbjected to pressure in the 
uniaxial pressure-transmitting device. 

Additional results from runs of silica glass samples 
which were subjected to hydrostatic pressure are tabu
lated in Table 2. These results establish beyond doubt 
that silica glass can be substantially densified when 
subjected to hydrostatic pressure at temperatures 
greater than approximately 500° C. . 

One further experiment was made to see if a large 
sample of glass could be densified. A glass sample 
(0·12xO·25xO·60 in) of approximate window glass 
composition was wrapped in gold foil and subjected to 
nine kilobars hydrostatic pressure at 600° C for 18 
hours. The index of refraction and density were 
measured in the laboratories of Bausch & Lomb, In
corporated, Rochester, New York. The initial index of 
refraction at the sodium D line and density were re
spectively 1·51721 and 2,5280 g/cm3, whereas ~hese 
values for the densified sample were respecbvely 
1·52981 and 2·5925 g/cm3• 

10 IS 
Pressure in kilobars 

• 69SOC 

20 

Figure 6. The densi/ication of Si02 glass 
which has been subjected to hydrostatic 
pressure 
o Hydrostatic pressure·vessel 
• Uniaxial pressure·transmitting device 
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Table 2. Results from Si02 glass samples densified 
under hydrostatic pressure 

Pressure Temperature Index o/re/ractionO a/sample 
(Kilobars) (" C) after removal/rom the pressure vessel 

4'0 300 
4'0 400 
3-9 690 
4'9 876 
6·8 612 
6·7 847 . 
7·2 600 
7-3 10 
7-3 675 
7-4 675 
7'9 600 
9·3 720 

1·458 
1·458 
}o461 
1·469 
1·462 
1·470 
1'464 
1·459 
1·467 
}0466 
1·469 
}0472 

"The index of refraction was measured at the sodium D line. The 
values are accurate within ± 0·002 of a unit. 

Kinetics of densification 

At a given temperature and pressure the densification 
proceeds very rapidly and the glasses attain a density 
which is apparently characteristic of the pressure
temperature conditions to which they are exposed. For 
silica glass this 'characteristic' density is attained in 
less than one minute. This was shown by a series of 
runs from 15 seconds to several days. Typical results 
are tabulated in Table 3. The initial refractive index of 
silica glass is 1·458. 

The sample was first heated to the temperature in
dicated in Table 3, the pressure applied, the sample 
quenched, and the pressure released. The 'Duration of 
the run' refers to the time which elapsed between the 
application of the pressure and the quench. 

The alkali silicate glasses which were studied also 
densified rapidly, although not quite as rapidly as silica 
glass. The rate of densification of Na20. o·} MgO. 
2'9Si02 glass is shown in Figure 7. The index of re
fraction for glasses of this composition which were 
subjected to 26 kilobars pressure at 300 and 500°C is 
plotted as a function of the time of the run. It is seen 
that the rate of densification is more rapid at 500 than 
300°C. ' 

Reversibility of densification 

In order to prove that there is a metastable equilibrium 
structural state for glass which is a function of the 

Table 3. Rate of densification of silica glass 

Pressure Temperature Duration 
(Kilobars) (" C) of run 

40 
40 
40 
30 
30 
30 
30 

25 
25 
25 

600 
600 
600 
600 

15 seconds 
22 hours 

5 days 
15 seconds 
2 minutes 
6 minutes 

SO minutes 

Refractive index after 
pressure is released 

1'470 ± 0·005 
1·47.0 ± 0'006 
1-470 ± 0·005 
1·475 ±0·005 
1·480 ±O·OO6 
1'480 ±O·OOS 
1'482 ± 0·005 
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" 
26 kilobars, 500"C 

1'54 

,§ 1'53 26 kilobars. 300°C 
~ ____ ~------------~l~----~o 
~ '---e r 
'0 1'52 
.g 
.s 

1'51 

10 20 30 40 50" 20 days 
Time in hours 

Figure 7. The rote 01 MMijication 01 NazO.O·IMgO.2·9SiOz 
glass 

pressure-temperature environment to which the glass 
is exposed, it would be necessary to show that the 
curves in Figures 1-6 could be approached .by samples 
whose initial densities, before application of pressure, 
were higher and lower thap the assumed equilibrium 
density. However, the densified SiOz glass samples 
were extremely 'stable', and it was not possible to 
decrease the density of densified SiOz glass by subject
ing it to pressures below which the glass was originally 
densified. This is, of course, analogous to the difficulty 
of causing a dense crystalline phase to revert to a less 
dense one at low temperature. Two samples of silica 
glass which had an index of refraction of 1·52 were 
subjected respectively to 20 and 30 kilobars pressure at 
600°C for 12 hours; however, there was no perceptible 
change in the indices of refraction for these samples. 

Densified samples of NazO.AhOs.4Si02 glass 
could, however, be caused to revert to a lower density 
under pressure. Samples whose initial refractive in
dices were 1·500±0·OO2 were subjected to 80 kilo bars 
pressure at 600° C to increase their indices of refraction 
to 1·565±0·OO2. These samples were then subjected 
respectively to 20 and 40 kilobars pressure at 600°C, 
their indices of refraction decreased respectively to 
1·527±0·OO2 and 1·S42±0·OO2. From Figure 3 it is 
seen that samples whose initial indices of refraction 
are 1·500±0·OO2 will increase their indices of refrac
tion to 1·522±0·OO3 and 1·S42±0·OO3 when subjected 
respectively to 20 and 40 kilobars pressure at 585° C. 

Physical properties of densified glasses: the relationship 
between the refractive index and density of 
progressively densified glasses 
The relationship between the index of refraction and 
density of some progressively densified glasses in the 
system NazO. AlzOs. Si02 is shown in Figure 8. The 
relationship for SiOs glass and glasses in the series 
RzQ.0·IMgO.2·9SiOz has already been reported, and 
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is linear within the experimental error. (17) The re
lationship was determined by measuring the density of 
a cube of approximately one millimetre of the respec
tive specimens and then measuring the refractive index 
of the same piece. The value of the refractive indices 
represents an 'average' value approximately centred 
around a spread of ±0·OO5 of a unit for Si02 glass and 
±0'OO3 of a unit for the alkali silicate and sodium 

-alumino silicate glasses respectively. It is noted that the 
densified alkali silicate and sodium aluminosilicate 
glass samples were more homogeneous than the densi
fied Si02 glass samples. The spread of the index of 
refraction in the respective glasses would reflect a 
spread in the density of approximately ±0'02 g/cm3• 

Thus, the measured density of each specimen is actually 
an 'average' density. 

.Infra-red absorption spectra 
Infra-red absorption spectra in the region from 2- 25 Jt 
were obtained for progressively densified SiOs glass 
and glasses in the series (2-X)NazO. XAI203(6-2X) 
Si02. The spectra from 2-15 Jl are shown in Figures 9 
and 10, and the spectra from 11-25 Jl are shown in 
Figures 11 and 12. 

Two significant changes occur in the Si02 absorp
tion band in the 9 Jl region and are shown in Figure 9. 
Firstly, the position of the maximum absorption shifts 
to higher wavelengths as the density increases; 
secondly, there is a very marked broadening of the 

I-56 

1'55 

c:: 
.g 1'54 
u 
os .: e 
'5 1'53 .. 

>< " '" "0 

.:: 1'52 

° 
1'51 

1'50 

N 2'5 2-6 2'7 

Density (g/ml») 

Figure 8. The relationship between the 
density and index 01 refraction 01 glasses 
in the series (2-X)NazO. XAlzQ,. 
(6-2X)SiOz 

o X - 0·50 
t,. X = ),0 
OX~H 

r 
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Wavelength in microns 

Figure 9. Infra-red absorption spectra in the 2-15 Jl spectr«1 
region for progressively densified SiO, glass: 'd' represents the 
density in glcm3 

Density Absorption 
(zlc"") (microns) 

2'20 9·10 
- 2-53 9·32 
--- NO 9'50 

band as the density increases. The positions of the 
absorption maxima are given in the legend to Figure 9. 
The absorption bands in the 12·5 and 21 Jl region are 
significantly broadened as the glasses become denser, 
but there is no measurable spectral shift. 

Figure 10 shows the absorption spectra in the 2-1 S Jl 
spectral region for glasses in the series (2-X)Na20. 
XAlzOa.(6-2X)Si02. It is seen that the absorption 
band in the 9 Jl region is broadened as the glasses be
come more dense, but not as much as the absorption 
band in the corresponding spectral region for the Si02 
glass. It also appears as if the relative intensity of the 
absorption decreases as the glasses become more dense. 
There is, however, no noticeable shift of the position of 
this band. There is no measurable shift of the 13 and 
22 J1. bands as the glass becomes more dense, but there 
is a very significant broadening and an apparent 
lowering of total absorption. 

Discussion of results 
An hypothesis concerning the densification of glass 
Before the data which havy been presented are dis
cussed in detail, it is necessary to relate the nature of 
the data to what is believed to happen to the glass 
structure as pressure is applied to a sample and then 
released. In Figure 13 the density of silica glass at 
25° C is given as a function of pressure. Curve AB 
represents the measured density of the glass, after the 
pressure has been released, plotted as a function of the 
pressure of the run. It is not the density at pressure. 
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Curve AC represents the calculated density of the glass 
under the applied pressure. This density was calculated 
using the compressibility data given by Birch et al.(l!H 

The glass is presumably elastically compressed along 
the line AC while pressure is being applied. However, 
in addition to this compression, the glass undergoes a 
continuous structural change in response to its 
pressure-temperature environment. This structural 
change involves the rearrangement of the tetrahedra to 
use up some of the void space. At a given pressure the 
structural change adjusts the density to a point corre
sponding to D. Upon release of pressure, however, the 
structural change in the reverse direction is extremely 
difficult; hence the glass does not return from D to A
instead the elastic compression which is stored,in D is 
released and the density returns to position E. This is 
illustrated schematically by the curve DE. Finally, the 
density is plotted as a point on a graph at the pressure 
of the run corresponding to B. Figures 1-6, therefore, 
are generated by a sequence of points corresponding to 
B. Inherent in the above explanation is the hypothesis 
that densification is independent of the compressibility 
and involves a structural change in the network of the 
glass. 

i5 
:~ 
~ 
c:: g 

Wavelength in microns 

Figure 10. Infra-red absorption spectra 
in the 2-15 Jl spectral region for progres
sively densilied glasses in the series 
(2-X)NazO . XAI,O, . (6-2X)SiO,: 'd' 
represents the density in glcm' 



H. M . COHEN AND R. ROY: DENSIFICATION OF GLASS AT VERY HIGH PRESSURE 

The influence (If temperature, pressure, and shear on 
densification 
It has already been poipted out that Bridgman & 
Simon(2a) could not record densification below 100 
kilo bars at room temperature for silica glass discs 
subjected to pressure in an uniaxial pressure device. 
However, the results portrayed in Figure 3 of this study 
show that densification of powdered silica glass 
(particle sizes ranging from 40 M to 80 Jl) can be re
corded at room temperature when the applied pressure 
is greater than 20 kilo bars. Microscopic examination 
of the powdered specimens shows that the index of 
refraction can vary from grain to grain by as much as 
±0'006 of a unit. This variation in index of refraction 
has been attributed to differences in shear stresses 
present when the pressure is initially applied to the 
powdered specimen. As major differences of the extent 
of densification are recorded for bulk samples and 
powdered samples, shQar must play some role in the den
sification process. This has · previously been suggested 
by Bridgman,(8) Weir et 01.,(9) Weir & Spinner, (lO) 

Mackenzie, (Ga) Mackenzie & Laforce, (11) and Aboaf. (12) 
However. the results portrayed in Figure 6 and 
Table 2 show that above 500°C, far below the glass 
transition temperature of Si02 glass, the silica glass 
can be densified under purely hydrostatic pressure. It is 
therefore established that the role of shear in the 
densificalion of glass is no different from its usual role 
in increasiog the rate of solid-state reactions. (19) 

Thus, sllear in one sense plays a role similar to tem
perature- it supplies an activation energy for the 
deosification reaction. However, shear cannot be 
equated to an increase in temperature caused by 
significant 'local heating'. This has been borne out by 
Mackenzie. (Ga) The inhomogeneity . of the index of 

12 /4 /6 /8 20 22 24 
Wavelength in microns 

Figure 11. Infra-red absorption spectra in tM 11-25 JJ spectral 
regioll for progreuiyely densifted SiO, glasl. 'd' reprelentl the 
density in gfcm' 

d - 2-20 
- - d-2'53 
--- d-HO 
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Figure 12. Infra-red absorption spectra in 
the 11-25 Il spectral region for progres
sively rknsi/ied glaslel in the series 
(2-X)Na:O. XAlz03. (6-2X)SiOz : 'd' 
represents the density in gfem3 

refraction of runs of Si02 glass along the 600° C curve 
in Figure 3 is just as great as the inhomogeneity of runs 
on the 25° C curve. This is an indication that the shear 
stresses at each temperature are of the same magnitude. 
However, the percentage densification at 600°C is 
significantly greater than at 25°C. These results sug
gest the following hyp~thesis. Shear forces as well as 
thermal energy serve to accelerate the densification 
reaction, but the main effect of temperature goes be
yond that of a thermal activation agent. It appears that 
at each pressure and temperature there is a metastable 
equilibrium or pseudo-metastable equilibrium struc
ture of the glass which is attained very rapidly and then 
persists. In other words, shear, at a given pressure, 
affects only the kinetics of densification; whereas tem
perature, at a given pressure, affects the kinetics of 
densification as well as the ultimate equilibrium or 
pseudo.,.equilibrium structure. Dachille & Roy(19) have 
shown that, in crystal-crystal transformations, within 
their experimental limits, shear changes the kinetics 
of a structural transformation but not the equilibrium 
relations. They also showed that, using shear to over
come an activation energy barrier, the experimentally 
determined pressure-temperature equilibrium curves 

r 
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for many solid-solid phase transitions could be ex
tended to much lower temperatures than would be 
possible if no shear stresses were present. Since densi
flcution is a structural change, the results of this study 
arc in concordance with these conclusions. 

Inherent in the above explanation is the question of 
\\ het her there is a true metastable equilibrium struc
ture for the glass at any given temperature and pres
Sill e. The most important criterion of equilibrium is 
reversibility. In order to prove that there is indeed a 
ITIl~tastable equilibrium volume for glass which is a 
function of pressure, it must be shown that the pur
ported metastable equilibrium density can be ap
proached by glasses whose densities are respectively 
greater and less than the purported equilibrium den
~, ity. This reversibility was demonstrated for the 
NatO. Ah03.4Si02 glass but not for Si02 glass. 
Apparently the activation energy necessary to cause 
densified samples of Si02 glass to revert to a less dense 
phase is greater than the thermal energy available at 
(,O(}OC. 

The work of Douglas & Jones(20) and Douglas & 
Jsard(21) strongly supported the view that at a given 
lemperature at atmospheric pressure a glass structure 
Joes approach a true metastable equilibrium and the 
Jata from the present study (Figures 1-6) firmly 
suggest that this conclusion can be extended to include 
the pressure variable. 

Structural aspects of densification 

Figure 8 and the data of Cohen & Roy(l7) show that 
the relationship between the index of refraction and 
the density of progressively densified silica glass, alkali 
silicate glasses, and the sodium aluminosilicate glasses 
which were studied is virtually linear. The molar re
fraction for the densified phases was calculated, and as 
expected from the linear relationship between the 
index of refraction and density, the molar refraction 
remains almost constant. Dachille & Roy(22) have 

Pressure in kilobars 

Figure 13. The relationship between the 
densijication and compressibility 0/ glass 
(P,'eviously published(6) 
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shown that a change in the primary co-ordination 
number of the silicon ions would require a c.hange of 
10-15% in the molar refractivity, whereas the largest 
change observed was 3'5% for silica glass and less for 
the other glasses. It is interesting to note that the molal 
refractivities of the normal silica glass (density. 
2·203 g/cm3) and the most dense silica glass (2'624 
g/cm3) are equal to the respective molar refractivities 
of cristobalite and IX-quartz. This calculation indicates 
that densification involves a change in the packing of 
tetrahedra rather than a major structural rearrange
ment of the first co-ordination sphere of the ions. 

A significant feature of the data on the densificatiot, 
of glass is that each glass composition which was 
studied apparently attained a maximum density. At
tempts to densify a glass beyond this maximum density 
by increasing the temperature and pressure either 
proved abortive or resulted in the devitrification of the 
glass. This maximum density strongly suggested a 
special structural significance. The maximum density 
phase for silica glass was attained near the pressure 
and temperature limits of the apparatus; however, the 
maximum density phases for all other glasses were 
attained well below this limit. The silica glass, which is 
difficult to devitrify when 'dry' (preheated to 800°C for 
half an hour and desiccated prior to being subjected to 
pressure), would invariably begin to devitrify at 650°C 
(within two to three minutes) at pressures which cause 
the glass tf) attain its apparent maximum density; it 
appears therefore that the attainment of a maximum 
density for the silica glass is structurally significant. 

Lacy(23) pointed out some interesting relationships 
in the atomic packing in silicate glasses. On the as
sumption that the region of influence of each ion is 
spherical and by using values of the ionic radii found in 
crystalline substances, he was able to calculate approxi
mately the fraction of the molar volume which the iOlls 
in a glass occupied. It was shown that 43% of the total 
space in silica glass is occupied, which is considerably 
less than that theoretically possible for spheres of 
uniform size (74%). It was also pointed out that the 
closest overall packing that has been found is 52% for 
lithium metasilicate glass. 

The fraction of the molar volume which the ions 
occupy in the progressively densified glasses studied 
was calculated using Goldschmidt's values of ionic 
radii and the measured densities of the densified 
glasses. The results of the calculations for silica glass. 
the alkali silicate glasses, and the sodium alumino
silicate glasses studied are shown in Figures 14 and 15. 
In Table 4 the per cent molar volume occupied by the 
ions in a given glass before it was subjected to pressure 
is compared to the value for the most dense glass 
which can be produced. It is seen from Figures 14 and 
15 that the value of per cent molar volume occupied hy 
the ions tends toward an asymptotic maximum as the 
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Figure 14. T1te pr~ssUT~ tk~ndef!C~ 01 fh~ ~r c~nf molar volum~ 
occupied by fM iOM lor SiO, glass and glass~s in fM s~ri~s 
(1-X)Na,o.XAI,o,.(6-1X)SiO, 

glasses are progressiv~ly densified. It is also seen from 
Table 4 that the value for the most dense glasses is ' 
approximately 52% in most cases, irrespective of the 
value for the starting glasses. The notable exception is 
the potassium silicate glass. There is an interesting 
coincidence between this maximum figure of 52% with 
the figure of 52% for lithium metasilicate glass quoted 
by Lacy(U) as the highest packing found in any glass 
investigated. Indeed, attempts to densify a lithium 
metasilicatc glass were unsuccessful. 

As the density of silica may be increased by 20%, it 
is somewhat surprising to realjse that the most dense 
phase of silica glass has a very open structure; in fact, 
it is just as spacious as «-quartz, for its density is nearly 
the same. Why, then, is it not possible to produce a 
denser glass phase? Before attempting to answer this, 
it is necessary to review some experiments and pro
posals made by Bernal. (24) 

Bernal proposed a theory of the structure of simple 
monoatomic liquids based on a geometrical approach. 
He has recently given a more complete discourse on 
his theory" but the substance of this has not been 
published. The portion of Professor Bernal's discourse 
which is of most interest to this paper is his description 
of an experiment he made to determine how closely 
similar sized spheres could be irregularly packed. This 
was determined by filling a container with steel balls 
and shaking the container until the balls no longer 
rattled, i.e. had achieved the closest possible irregular 
packing. The volume which the balls occupied could 
~ measured; hence the packing density could be calcu
lated. The balls could occupy approximately 68% of 
the total volume compared to 74% for cubic closest 
packing of the same size spheres. 
--~------------------------------------

·Symposium on Crystal Synthesis and Structure in Solid S~te 
R~h, State Colle"" PeDnJylvlU)ia, 27-28 April 1962. 
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The fact that irregqlarly closest packed balls of the 
same size can fill up 68% of the available volume shows 
that the structure of even the most dense silica glass 
does not correspond to an irregular closest packed 
oxygen network. . 

It is Q.ow possible to return to the question: Why is it 
not possible to prQduce denser glass phases than found 
in this study? If the answer is related to a geometrical 

" limitation of the pacldng of ions in the glass, the. struc
ture of the maximum density phases must consist, to a 
first approximation, of irregularly oriented close 
packed or closest packed structural units. The obvious 
structural unit to consider in silicate glasses is the Si04 
tetrahedron. The Si~ bond is several times stronger 
than the ~ka1i- or alkaline earth-oxygen bonds, and it 
is not unreasonable to suggest that the Si-O tetrahedra 
will remain inyiolate. To test this idea an experiment 
along similar lines to the experiment of Professor 
Bernal was performed. A large number of i-in dia. 
plastic balls (6000) were glued together to form 1500 
individual tetrahedra. The tetrahedra were placed in 

Table 4. The per cent molar volume occupied by,the ions 

% VolUMe % VolUMe 
occupied occupied 
be/ore for maxiMUM 

Composition detUi./ication density pNu~ 
, 

SiO, 44 52 -GeO, 42 49 
LitO. 0-1 MgO. HSiOa 47 52 
NaaO.o-lMgO.HSiO, 44 SO 
K,O. 0'1 MgO. HSiO, 41 46 
1·5Na,O.0-5AlaO •• SSiO, 46 52 
Na,O.Al,O,.4SiO. 46 52 
0·9Na,O. HAlaO,.3-8SjO, 46 S2 
1·2Li,O. SiO, 52 

" 
S2 

LiRb(PO,). SO SO 
Li,Rba(P,O,} SO SO 
NaPO, 51 SI 

f 



H. M. COHEN AND R. ROY: DENSIFICATION OF GLASS AT VERY HIGH PRESSURE 

containers of various sizes and shapes. For a given 
experiment the container was tapped sharply with a 
rubber mallet until there was no audible rattling of the 
tetrahedra. The important result was that it was 
possible to fill only 55±2% ofthe space with the tetra
hedra. There is an interesting correspondence between 
this figure and the maximum values of the per cent 
molar volume occupied by the ions which are listed in 
Table 4. 

The plastic ball model of irregularly closest packed 
tetrahedra cannot necessarily be interpreted as the 
model of densified silica glass. The model, at first sight, 
appears to correspond to an orthosilicate (individual 
tetrahedra) rather than a tektosilicate (three-dimen
sional network). Further reflection and examination of 
the model reveals that, in fact, the irregular or 'heap 
packing' of tetrahedra creates a large percentage of 
octahedral sites. Further, tetrahedra share corners, 
edges, or faces plus a lower proportion of other 'co
ordinations'. Thus the resultant model is not at all 
'orthosilicate' in character. 

The important conclusion which can be drawn from 
the model is that there is a geometric limit to the 
amount of space which irregularly close packed struc
tural units can occupy. This also supports the hypo
thesis that the densification of glass involves a second 
order or continuous structural change. This structural 
change is brought about by a rearrangement of struc
tural units which constitute the glass structure. The 
size and type of structural unit or units which con
stitute a given glass would depend on the size, charge, 
and polarisability of the ions in the glass. The maxi
mum density to which a glass may be densified is 
achieved when the strongest structural units have 
achieved an irregular closest packing. Further, the 
densification of glass is possible only because of the 
absence of long range order in the glass structure. 

The concept that glasses contain structural units is, 
of course, not new. Huggins(25) has been able to ex
plain some of the volume relations in sodium silicate 
glasses by postulating the existence of different types of 
'structons' or structural units. Tilton(2~) proposed a 
plausible model for silica glass by assuming the glass 
was made up of cages of pentagonal dodecahedra 
connected by an intermediate mesh. The silicon ions 
occupied the vertices of the pentagonal dodecahedra 
and the oxygen ions occupied the edges. He termed 
these cages 'vitrons'. These works serve as examples to 
illustrate the growing support for the concept that 
although there is a decided absence of long-range order 
in most glasses, there is an extent of short-range order. 
Thus, the hypothesis of densification of glass which 
assumes the existence of definite structural units is 
tenable. 

In this study the basic unit proposed is the Si04 
tetrahedron. In Table 4 it is seen that the most dense 
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potassium silicate glass has a more open structure than 
any of the maximum density phases of the other glasses 
studied. As the potassium ion is too large for octa
hedral sites and has a relatively low polarising power, 
the type of structural units which might be present 
would be relatively open. 

Changes in the infra-red absorption spectra/or SiOz 
glass and some sodium alumillosilicate glasses 

The assignment of absorption bands of silica glass has 
been discussed recently by Lippincott et 01., (27) and a 
review of the literature on the infra-red absorption of 
glasses in the system Na20-AhOa-Si02 was given by 
Day. (14) The spectrum of silica glass is characterised by 
strong bands at 9,05, 12,4, and 21·4 jJ. and may be 
assigned as the Si-O stretching, Si stretching, and 
Si-O-Si bending characteristic group frequencies. As 
AP+ is substituted for SiH the spectral absorption at 
9 jJ. shifts to longer wavelengths. 

The infra-red reflection spectra of silica glass densi
fied approximately 2% by neutron irradiation and 
pressure respectively have been examined by Simon(2H) 
and Mackenzie. (6&) They observed an approximate 
shift of 0·2 jJ. of the main Si-O stretching band in the 
9 jJ. spectral region to higher wavelengths for progres
sively densified silica glass. This is in agreement with 
the results of this study. Simon(28) attributed this shift 
to a decrease in the Si-O-Si bond angle. However, if 
Lippincott et 01.,(27) are correct in their assignments, 
such a change should appear in the Si-O-Si band, not 
in the main Si-O band. The shift could also be attri
buted to a small increase in the mean Si- O bond length 
reflecting a possible increase in the average co
ordination of some of the silicon ions. In this paper no 
further significance will be attributed to this shift. 
However, neither Simon(28) nor Mackenzie(6&) re
ported any change in the shape of the reflection bands. 
It is seen from the absorption spectra of progressively 
densified silica. glasses shown in Figures 10 and 12 that 
there is a very significant broadening and weakening of 
all the major absorption bands, but only the 9 jJ. band 
shows any measurable shift. A quantitative inter
pertation ofthis effect is not possible, but the broaden
ing of the 12·5 jJ. band can be interpreted qualitatively 
as an increase in the distribution of bond angles 
possible due to a more 'random packing' of tetrahedral 
units. In other words, as the silica glass is progressively 
densified there may be a decrease in the extent of the 
short-range order. 

The absorption spectra for progressively densified 
1·SNa20. O·SAbOs. SSi02, Na20. Ab03. 4Si02, and 
0·9Na20. 1·IAl03. 3-8Si02 glasses which are shown in 
Figures 11 and 13 also display a broadening of bands 
but no obvious shift in spectral position. The absorp
tion band at 9-10 Jl apparently decrea.ses in intensity. 
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This anomalous decrease in intensity could be attri
buted to a change in co-ordination of a fraction of the 
aluminium or silicon ions. If this is true, a new absorp
tion band should appear. (22) However, if any of the 
aluminium or silicon ions do increase their co-ordina
tion number, the new co-ordination number would 
probably be averaged over a distribution. Any new 
infra-red activated absorption would be spread over a 
wide spectral region and positive detection would be 
difficult. 

It was previously suggested that densification in
volved a second order structural change with no con
comitant major change in the co-ordination of the 
network-forming ion's. The anomalous decrease in in
tensity of the 9-10 " band of the sodium alumino
silicate glasses and the shift of the 9 " band of Si02 
glass to higher wavelengths are, at best, marginal 
evidence in favour of a possible co-ordination change 
of a fraction of the network-forming ions. Thus, the 
above hypothesis must stand, but the possibility that a 
finite fraction of the network-forming ions increase 
their average co-ordination as the , glass is densified 
cannot be discarded. \ 

The very marked broadening of the absorption 
bands in the 14 and 22 " regions for the densified 
sodium alumino silicate glasses is, as in the case of 
silica glass, attributed to substantial changes in the 
Si-O-Si, Si-O-Al or Al-O-Al bond angles, affecting 
the stretching mode (14 ,,) and the bending mode (22,,). 

Summary and conclusions 

Summary 

It has been shown that glasses can undergo continuous 
and substantial changes in density with the application 
of ultra-high pressures in the range 20-200 kilobars, 
even when these pressures are applied for a very short 
time and at room temperature. Increases in density of 
approximately 10-20% have been realised in simple 
glasses such as Ge02 and Si02. 

The temperature dependence of the densification of 
glass under pressure was also studied since this proved 
to be a most important variable. 

Densification of the following glass compositions 
was studied: Si02; Ge02; a series R20.0·IMgO.2·9 
Si02 (R=Li, Na, K); a series (2-X)Na20.XAlz03. 
(6-2X)SiOi)C=0·5, 1'0, H); 1. 2Li20. Si02; NaP03; 
LiRb(pOa)z; and Li2Rb2(P207). 

The relationship between the refractive index and 
density was determined for progressively densified 
SiOz glass, glasses in the series R20. O·IMgO. 2'9SiOz 
(R=L, Na, K), and glasses in the series (2-X(NazO. 
XAlzOa (6-2X)SiOz. The relationship for each glass, 
within experimental emu, is linear. The slope of the 
curves, i.e. ratio of the change in index of refraction to 
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the change in density (gfcm3), for each glass is approxi
mately five. The molar refractivity of the densified 
glasses was calculated from the density and index of 
refraction data. The maximum change in the molar 
refraction was 3'5% for Si02 glass which was densified 
(fractional increase in density) by 20%. The change in 
the molar refractivity of the other glasses studied is 
less than 3'5%. According to the criteria of Dachille & 
Roy, (ZZ) a change of primary co-ordination (say, 9-6) 
involves a change of 10-15% in the molar refraction. 
Thus, densification of the above glasses does not in
volve a major structural rearrangement of the ions. 

The per cent increase in the density of all glasses 
studied is a function of the pressure and temperature 
to which the glass is subjected. For glasses in the series 
(2-X)Na20.XA120a(6--2X)Si02 it appears that at 
each pressure and temperature there js a metastable 
equilibrium structure of the glass which is attained 
within a few minutes and then persists. 

The effect of hydrostatic pressures up to 10 kilobars 
on silica glass was studied by sealing silica glass into 
gold capsules and placing the capsules in an internally 
heated pressure vessel utilising argon gas as a pressure
transmitting medium. It was possible to densify the 
silica glass at pressures greater than four kilobars and 
temperatures greater than 500° C. The results from runs 
subjected to hydrostatic pressure are consistent with 
the results from runs ~ubjected to pressure in the uni
axial pressure-transmitting device. 

Each glass composition which was studied attained <l 

maximum density. Silica glass attained a maximum 
density at pressures greater than 120 kilobars at 25°C 
and 60 kilobars at 600° C. The alkali silicate glasses 
studied attained 'a maximum density at 500° C when 
the applied pressure exceeded 40 kilobars, and' the 
sodium aluminosilicate glasses studied attained a 
maximum density at approximately 550° C when the 
applied pressure exceeded 70 kilobars. Alkali phos
phate glasses; NaP03, LiRb(p03h, and LhRbz(P207) 
could be de!lsified by only a few per cent, and 1·2LizO. 
Si02 glass could not be densified. 

The maximum density phase of most of the glass 
compositions studied shows a remarkable consistency, 
at a value of 0'52, for the ratio 'volume of ions over 
molar volume'. Notable exception to this is the glass 
K20.0·IMgO.2·9Si02, for which the ratio for the 
maximum density phase is 0·46. Thus, even the most 
dense glass phases which could be produced have 
relatively 'open' structures. 

It was experimentally determined that tetrahedra, 
constructed by gluing plastic balls together, can occupy 
only SS ±2% of the container when irregularly closest 
packed. This clearly illustrates that there is a geometric 
limit to the amount of space which irregularly close 
packed structural units can occupy. The correspond
ence of the figure SS ±2% (plastic ball experiment) 
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with the 52% figure for the maximum molar volume 
which the ions in a glass could occupy led to the hypo
thesis that the densification of glass is achieved by a 
rearrangement of structural units which constitute the 
glass. The existence of structural units can be postu
lated on the basis ofthe experimental results; however, 
the data do not permit the delineation of specific types 
of structural units which might exist in a particular 
glass, but suggest that they may be as small as the 
Si04 tetrahedra. 

The infra-red absorption patterns of progressively 
densified Si02 glass and (2-X)Na20. XAb03. (6-2X) 
Si02 glas·ses were recorded. The major changes in the 
spectra are: 

1. Si02 glass. The 9 Jl Si-O stretching frequency 
shifts to higher wavelengths. A shift of approxi
mately 0·4 Jl is observed for a glass whose density 
increased from 2·20 to 2·60 g/cm3. The major 
absorption bands at 9, 12, and 21 Jl are noticeably 
broadened and weakened. 

2. (2-X)NazO.XAJzOa.(6-2X)SiOz. The absorp
tion band in the 9 Jl spectral region apparently 
decreases in intensity, but no new absorption 
bands are noticed. The absorption bands in the 
13 and 22 Jl regions are noticeably broadened, 
almost disappearing in the most dense phases. 

The broadening of the spectral absorption bands of 
silica glass and the sodium aluminosilicate glasses can 
be attributed to an increase in the distribution of bond 
angles and possibly to a more random arrangement of 
tetrahedral units. In other words, as these glasses are 
progressively densified there may be a decrease in the 
extent of short-range order. The anomalous decrease 
in the intensity of the 9 Jl absorption band is con
sidered weak but admissible evidence in favour of an 
increase in average co-ordination of a finite fraction of 
the network-forming ions. 

Conclusions 
The data suggest that at each pressure and temperature 
there is a metastable equilibrium structure of the glass, 
and that the short-range order of the glasses studied 
decreases as the glass is progressively densified. 

It is concluded that the densification of glass is inde
pendent of the compressibility and involves a second 
order structural change in the network of the glass. 
This structural change is brought about by a rearrange
ment of small structural units which constitute the 
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glass structure rather than a major structural re
arrangement of the first co ordination sphere of the 
ions. The size and type of structural unit- or units 
which constitute a given glass depends on the size, 
charge, and polarisability of the ions in the glass. The 
maximum density to which a glass can be densified is 
achieved when the structural units are irregularly 
closest packed. 
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