
, 
" , 
" 

.. 

III t 

II,! i 

>. Ii 
/' '. 
1 . 1 

I : 

. 
{ 
1 , 

I 

( 

1/ /1 • ..1 

need new-year n o • 

REPRINTED FROM 'THE PHYSICS AN/) CII LAIIS'''?>' OF IIIGII PRESSURES' 

EFFECTS OF HIGH P. ESSURli: ON GLASS* 
By H. M. COllEN and RUSTUM I~OY 

(Pellllsylvallia Slate VlliI'ersil)" Ullivf'l'sily Park, Pa., U.S.A.) 

Glasses provide a whole family of materials which can undcrgo continuous and substantial changes 
in propcrties with thc application of ult ra-high pressures in the range 20- 200 kb, even when these 
pressures arc applied for a very short timc and at room temperature. Inercases in density of approxi
mately 10- 20% have bcen reali sed in simple gla~~es sllch as germania and silica. For most glasses, the 
total pcrmanent compaction reaches a 1l1;I ~im llll1 value independent of thc actual tcmrcrature and 
rressure conditions. llelow this maximllm vallie the (tllllpa<.:tinn is a fUllction uf both telllperature and 
rressure. Qualitative calculations show rdn;" ~ahk (,)n~i,tcncy at a val ue Ill' --.{). 51 for the tcrm 
'volume uf ions over molar volulllc' whcn vari"u, gla"cs OIre elllllJlrcs~cd 10 their maximum density. 
Molar rcfractivity calculations show that thc c,lInpactili ll b realised OIt the expense of the void spaces in 
the structure ilnd not by increasing thc prill1;II'Y l'IHlIlli nalillll ,If the netwurk formcrs. 

I'rcliminary results on expcrimcnts wllh dideclliC lu~~ dl\pcr~i\ln ill .Iilll, at these rressures, show 
mcasurablc changes. The innuencc Ill' high l'le~,"rc lin Ihe killl.: l ics or glass crystallisation is quite 
profound . Dry silica gluss can be cry~talli , .. d '" Illw as 70() ' (lit II I'n:ss lirc or (,0 kb). Glasses 01 the 
composilion of eucryptite lind srodul1lclu,: ,hoI\' a n:markable l1ueJ.:atiol1 behavior. Such glllsscs may 
he crys tlillised within II few mil1utes lit IClll p.:rntlll'l·' ItC;lr )00" IIltd prl'sMires or npproxil1llltcly 20 kb. 
The course nnd the products of crystallisation nrc (kpClldcllt lin whcthcr or not the presslll'e is IIpplkd 
during the heating-up stuge or only IIncr the ':Imple ha~ lIilailled hir.h tcmpcrulure. Nuclci of the low 
tcmpcruturc- high density (X-forms of both the~l' minna ls t:nlt he r(lrlllcd if the pressure is upplied lit very 
low tcmperatures. Thcse nuclei will thell grow 111 thc 11I t.: her temperature region to well-erystalliscd 
low-temperature spodumcne or cucryptite. 

Introduct ion 
Bridgman & SimonI first reported the ellcct of vay-high pressure on certain glasses. They 

reported that silica glass could be densifi cd l:vcn at roo m temperature with an applied pressure 
exceeding 100,000 atm. They were also able lO ~h()w that the percentage densification in a series 
of glasses containing different alkali ions is related to the composition of the glass. When one 
considers the nature of such a permanent compression in the glass, it is not immediately obvious 
how this is realised . Crystalline materials which have been exposed to very-high pressures and 
elasticalIy compressed to approximately 5 of their volume, appear to return to exactly their 
original volume. In some cases, of course, they undergo a phase transition, and if the activation 
energy for a reverse transformation is suflicient, thc high-pressure form may be recovered under 
ambient conditions and persist metastably. Glasses are formed from those very materials which 
do have very high activation energies for reconstructive changes between different structural 
arrangements. Hence, it is possible to imagine that the clastic compression itself may somehow 
be frozen-in. Alternatively, one could imagine tha t a continuous structural change in response to 
the pressure- temperature environment takes place and these new structures may be quenched 
to ambient conditions. The nature of the latter structural change and its dependence upon 
temperature and pressure should provide very important data in the evaluation of theories on 
the structure of glassy materials. The results or Bridgman & Simon showing a threshold efTect at 
100 kb for silica glass might at first tend to indicate a sudden major structural change in the short 
range order phase. However, preliminary work along similar lines showed not only that there 
was no threshold effect at 100 kb, since the efTect of pressure could be recorded continuously 
from 20 kb to 175 kb at room temperature, but also that the magnitude of the changes were 
considerably greater than those reported by Bridgman & Simon. A systematic study was, there
fore, undertaken to describe precisely the influence of pressure and temperature (as independent 
variables) on the refractive index, density, molar refractivity and certain other properties. From 
the structural viewpoint it was considered desirable to explore in greatest detail the simplest 
glasses, but also to include glasses which represented various end member structural types. 

Since glasses are always metastable phases below their liquidus temperature, it is quite 
clear that the structural arrangement which is proposed during the densifieation process must 
have a finite limit which must be reached before this phase crystallises to the stable crystaIline 
form under the environments superimposed lIpon it. Hence, it is quite natural that we should 
proceed from an examination of the densification to an examination of the crystallisation of 
simple glasses under pressure. Here again, simple compositions are desirable, but in view of the 
extensive work on the crystaIlisation of the lithium alumina silicates and the technological im
portance of the same, considerable effort has been expended on studies of compositions corres
ponding to the minerals eucryptite and spodumene . 

·Contribution No. 61-69 from the College of Mineral Industries, The Pennsylvania State University. 
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Experimental 
Virtually all the work to be reported upon has been conducted in opposed anvil-type 

apparatus. The general principles involved in the construction of the apparatus and the anvils 
themselves as well as details of the performance and calibration of such apparatus are given 
elsewhere. 2,3 A recent paper3 describes various modifications and gives evaluations of different 
piston materials, etc. In another paper to be presented at this Symposium (see p. 77), criticism of 
calibration procedures and the evaluation of the opposed anvil pressure by utilisation of the 
Bil-Bill transition is presented. Tn apparatus of the type used, pressures up to 175 kb were 
reproducibly and very simply achieved at room temperature. Pressures near 150 kb have been 
sustained for several hours at temperatures below 400 0 and pressures near 100 kb may be sus
tained for several hours at temperatures as high as 600 °. 

Experimental procedure 
In general, the glasses were ground .to pass a 200-mesh sieve and were pre-pelleted as a very 

thin wafer of approximately 8 mils thick into a nickel ring of the same thickness (see Dachille & 
Roy211). The wafer is surrounded on both sides by platinum-rhodium discs so that the entire 
system is quite free from contamination cxcept by platinum or nickel. The system is usually 
taken to the derived temperature and the pressure applied for a short period ranging from t 
minute to a few minutes. The pressure is released and then the temperatures lowered rather 
quickly. For certain runs it was necessary to make a series of experiments with times extending 
into 24 or 48 h. under these same conditions. rn most cases, the glasses were recovered as a 
continllous transparent film which could then be examined for certain optical properties as a 
film or crushed for meaSl!rl!ll1ent of density and/or rerractive index, etc. Densities were deter
minl!d by it simple procedure with the usual heavy liquid media and centrifugation. Refractive 
indices were Ille;\sured by the Becke line technique under a polarising microscope. lnfra
red spectra were obtained with the Perkin Elrl1l.:r, Modd 21, and visible spectra with a Beckman 
OK 2 spectrometer. For the studies on the kinetics of cryst;\lIisation, quantitative X-ray diffrac
tion procedures were employed with usc of a Norelco diffractometer, and standardisation with 
mixtures of the glass and the crystalline phase being formed. 

Results 
Data on del1sijicaliol1 ()/~/a.l'.\' 

Fig. I shows a graph of the refractive index of silica glass plotted as a function of the pressure 
to which the sample was exposed. It should be made quite clear that this is a refractive index of 
the glass after the entire quenching procedure and rcmoval from the sample holder, etc. Jt is not, 
of course, the refractive index at pressure. Throu gh rn;quent repetition and through storage of 
the samples for over 2 ycar~, it is quite dear th at there is no change in the silica glass caused by 
normal processing in the examination procedu re. ' I Il l' variation in the refractive index of the 
product glass, if the sample i~ tn;alcd : I ~ a wllok, can be quite large, ranging up to ± 0·006, 
although most of the material may rail within ;\ I1 llll.:h narrower range. It appears in the data 
in Fig. I that silica glass Illay be compressed to a new structurul form with a linearly increasing 
density and refractive index, depending 011 the rre~sure. The variation of refractive index across 
the sample is undoubtedly due to inholllogem;itics in the pressure. Although the glass, when 
removed from the sample chamber, is indeed bin;frcquent, the change of refractive index is quite 
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independent of this birefringence, most of which is lost when the glass is crushed. It will be 
noted from the data on anvil runs that very little change appears to have been effected below 
20 kb. To confirm the fact that this effect is not due to the uniaxial nature of the pressure, as well 
as to extend the range to lower pressures, samples of silica glass sealed into gold capsules were 
placed in hydrostatic environment at 4 and 7 kb under argon pressure. The refractive index of 
the glass was extremely homogeneous and was raised to approximately 1,461 and 1,464 for 4 
and 7 kb respectively at 600 0 (see Fig, 2). The results for germania and a few other glasses in 
Fig, 3, show a comparable magnitude of change of refractive index. The densities of most of 
these glasses have also been measured and the relationship between density, the refractive index 
being nearly linear, If one calculates the molar refraction of silica gla~ses from the refractive 
index and density data and the Lorentz- Lorenz equation, it is found that the refractivity for 
silica decreased from a value of 7 ,45 for ordinary silica glass to 7 ,19 for the very dense silica 
glass obtained , This latter glass has a refractive index essentially identical with that of quartz 
and its molar refractivity, it will also be seen, is identical to that of quartz (7 '19), 
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Before proceeding further, it is necessary to rt:l a tc the nature of the results being presented 
to what we believe is actually ha ppening in the relatio nship, In Fig, 4 is plotted the refractive 
index of the glass being examined vt:rsus the preSS lI rt: , When the glass is compressed, the density 
presumably moves along the line ACe. Th e slope of thi s line Jllay be obtained from the com
pressibility data on silica glass as given by Birch e! (/1 ,5 and this is the slope actually shown, Thus 
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the glass is being elastically compressed along the line AC'C while pressure is being applied. 
However, in 'addition to this compression, the glass is also capable of a continuous structural 
change in response to its new pressure-temperature environment. . This change also involves 
densification,due to a rearrangement of the tetrahedra so as to use up some of the void space. 
At the given pressure, the structural change adjusts the density to a point corresponding to D. 
The kinetics 'of such a change are extremely rapid. Upon release of pressure, however, the struc
tural change in the reverse direction is extremely dinicult, and hence, the glass does not return 
from D to A: instead, the elastic compression which is stored in D is released and the glass returns 
to a position E. Finally, it is plotted as a point in graph of the type of Fig. I at the pressure of 
the run corresponding to B'. Figs. I and those like it, the refore, are generated by a sequence of 
points corresponding to B'. 
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Curve AB'B represents the measured index of 
refraction of quenched silica glass as funclion 
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/rom A to D. 

Curve DE represents, schematically, the re
lense of the compression of the del/sifted silica 
glass when the external pressure is quel/ched 

The index of refraction was calculated, from 
the compressibility data given by Birch et 

al.", from the molar refraction relation 

Influence of temperature 
From the fact that silica glass has an extremely low thermal expansion, it might have been 

predicted that the densification would not be increased il' tilt: temperature of the run was increased 
a few hundred degrees Celsius. The fact s, however, prove to be quite different. The tempera
ture of the run had a profollnd inlluence on the final density of the glass. This is shown in Fig. 2 
where the density of the resultant si lica glass has been plotted against temperature in isobaric 
runs. The results so far mi ght suggest that temperat ure was merely serving to accelerate the 
reaction and bring the glass to its equ ilibrium vallie mon; quickly . This is true to a certain extent, 
and is illustrated by the inability to obtain a Illca~lIrahh; t:hange in the silica glass at room tem
perature at 10 kb, while at 7 kb and 675" an incn.:a~c in rerractive index to 1·467 was recorded. 
However, the main effect of temperature' is quite liilrcrellt. It appears that at each pressure and 
temperature there is an equilibrium or pseutfoequilibriul11 structure of the glass which is attained 
very rapidly and then hardly changes at all. One can hardly explain otherwise the fact that silica 
glass heated to, say, 200 0 at 60 kb comes to equilibrium in I or 2 min., and does not change there
after, even in a period of days, while heating to 400 0 at the same pressure also gives a psuedo
equilibrium value within a minute or two which is distinctly higher. The structural state of the 
glass therefore appears to be a rather ensitive indicator of both its pressure and temperature 
environment. 

Siructural aspects of densificalioll process 
If the hypothesis is correct that the clensification of the glass by high pressure is achieved at 

the expense of the rearrangement of the tetrahedra to usc up void space in the structure, then it 
ought to be possible to chet:k the hypothesis by a st lIdy or the influence of pressure on .glasses 
in which the percentage of voids is difrerent. i\ systematic study has been attempted by a 
thorough evaluation of three glas~es of the wmpo'iitions R~O, 0·1 MgO, 2·9 SiOz with the alkali 
ion changing from lithium to potassium. The n:sults of' the measurements are shown in Figs. 5 
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and 6. Here one finds that the saturation value for the densification, as well as the difference in 
the percentage densification, depend on the size of the ca tion. A most interesting calculation 
may be made for the packing density of alt the saturated or maximum-density phases which 
have been achieved. It is found that the ratio volume of ions divided by molar volume is, in 
most of these cases, approximately 51 %, irrespective of the ratio for the original glass. 
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Changes in optical absorption spectra alld d eclrical propel'fies of glasses 

Although the results in these areas are far from complete, some are recorded to show the 
magnitude of the effects to be expected. From the ~tructural work recorded above, it was clear 
that one could no. expect a change of major co-ordination number of the network-forming 
cation. Jt was hoped however, that perhaps a change in the co-ordination of the network
modifying cations may be efTcctcu as a by product of the densification process. Co2+ and 
Ni!!+ ions were lIsed as colour indicators. It was ho ped that, even though a complete co
ordination change of these ions lllay not be efTeckd , it might be possible to find a lattice contrac
tion clrect analogous to that reported by Schmitz-l) u Mo nl et al. 6 in the shift of the absorption 
maximum in spinels as a functi o n of the general lattice parameter. No major changes wcre 
observed. 

Recent interest in the dispersion of the die lec tric loss offers the possibility of confirming 
the mechanism of the change hypothesised in Pig. 4. For this purpose, it will be necessary to 
be able to make measurements both at high pressure and high temperature as well as to repeat 
the measurement after quenching. Glasses of the composition (2-x)NazO,xAI203,(6-2x)SiO:l 
have been prepared and cast into nearly bubble-free blocks by heating in iridium crucibles at 
1800°, and thin wafers have been cut and polished from these. The dielectric properties of the 
glass were determined as a function of frequency at atmospheric pressure and the experiment 
has been repeated at pressures as high as 30 kb. Fi nally after release of the pressure (and after 
densification of the glass) the experiment has bec n re peated. Since thorough evaluation of the 
results is not yet complete, it woultl be miskad in )! to J1rc~c n t the data at this time. 
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Crystallisation of glass under pressure 
rt has been pointed out above that the L~Ia\S appears to undergo a continuous structural 

change in the direction of increased den,ity by rearrangement of the tetrahedra of the network 
formers. Quite clearly, if this rearrangement is carried to equilibrium rather than to a meta
stable equilibrium, the glass must crystallise to the crystalline phase stable under the given P-T 
conditions. Silica glass cannot be crystallised at a finite rate below approximately 600° in our 
apparatus. ]n early studies,2a silica glass was used as starting material to obtain either quartz 
or coesite. In the equilibrium field of those respective crystalline phases, crystallisation oc
curred in a few hours, even at pressures as low as 20 kh when very small amounts (not detect
able by weighing) of water are present. In the present study, it was found that if the silica glass 
was very thoroughly dried, it docs not crystallise at pressures up to 100 kb at temperatures below 
600°. Under these conditions, either coesitc or stishovite might be the stable crystalline phase. 
Barely perceptible crystallisation is aehiev",d if' the temperature is increased to 700° at pressures 
of HO kb in several hours. Since the limit of' the apparatus is very close to tbese conditions, a 
thorougb study of SiO~ crystalli sation was considered infeasihle. Germania glass was used for a 
more exhaustive study, since it was found that it could be crystallised well within tbe range of 
experiment. Thoroughly dried germania glass cannot be crystallised at temperatures below 150° 
at pressures ncar 100 kb. 

The rate of crystallisation at fixed temperatures (ncar 500°) and fixed time appears to vary 
approximately linearly with pressure, at least bdow total crystallisation of less than 50 %. 

In the development of the new technology based on the crystallised glasses, the system 
lithia-s ilica plays a very important role. A great deal of work has been done on the crystallisation 
of glasses of the composition Li20,AI20a,2Si02 and Li203.AI~Oa,4Si02. 13linov & Roy? have 
made a study of the rate of crystallisation or glasses of slieh com positions and obtained some 
most remarkable results. Fig. 7 shows the percent age of fJ-cucryptite crystallised out as a function 
of time in glasses of the composition of ellcryptitc which has been treated in the following manner. 

The powdered glass is loaded on to the anvils (see above) and the anvils are brought together, 
but no pressure is applied and the furnaces heated up to the given temperature-a process 
usually taking 45 min. to I h. The pressure is then applied for the length of time which is plotted 
as the abscissa, the pressure is released instantaneou~ly and the sample is cooled as rapidly as 
possible. The formation of a maximum 0(' crystallisation with time in this curve poses a most 
difficult problem. At present, it is believed thal the explanation for this is as follows. The initial 
phase, which is nucleated from the cucryptite <.:()rnpo~ition is a silica-rich phase which may be 
called silica-O, according to the terminology sllggested by Royl! earlier. This phase subsequently 
reacts with the remaining glass- first di~~()lving and then n:-preeipilating a phase poorer in 
silica. The analogous situation without pressure has already been reported by Ruiz & Roy,O 
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Quite a different phenomenon is found if the conditions of experiment arc changed only 
lilightly. In a second set of experiments, the pressure is applied during the heating-up process. 
Not only is the percentage of crystallisat ion of the glass dramatically changed, but also the 
phases which are crystallising. Tn the case of elleryptite, it was possible, for the first time, to 
synthesise IX-eucryptite without the presence of any mineraliser. As for spodumene, the natural 
form of spodumene has !lever previously been synthesised reproducibly. In this study, it was 
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found that low or ct-spodumene could be synthesised easily by crystallising the glass at tempera
tures above 750° and pressures in excess of 20 kb, if a pressure of 10 kb or more was maintained 
during the heating-up period. Fig. 8 shows plots of the percentage of ct- and fJ-eucryptite crystal
lising out as a function of time under these conditions. 

i ' ll! ~ f't'\'lhlilillllilill or!' (\) fill" 1'1 '1",11'11,. (II) ,'III ..r gl,, \\' III II rO l/.vIl/llttll/l/' pl'riod 
.I v (i,I"'ri,'" .II rI,, ' 1',,1 ' 1/', "i'i '/" '/ ,/11' III!.' ""III/II!: "I' 

Til \! (\!ll1p~rat\ln: lI\1d pr\!SS\Ir\! 1I1' ':1), la/l'' .I II1 '\1 a l~ kCPII.\l l1 \ I:t1l1 al (.50" alld 20 kb 
Pllillts alolll! abs.:issn illdi.:ate prcssun: duril1g 1,,:alil1l! 0, nun\! ; I, 5 ; 2, 10; 3, 15; 4, 20 kb. 

Clearly the nuclei of the high-density phases arc formed at the lower temperature under 
pressure. However, these nuclei willI/of grow at appreciable rates below 400°, and, if the sample 
is heated at temperatures between 400 alld ('()O " , I he Iluclei of the /1-phase will form and grow 
raster. If the pre-formed nuclei are taken to a high enollgh temperature, then the growth of these 
IX-phase nuclei predominates over the nuclea tioll ;lllti growtll or the /1-phases. 
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