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BY CONTINUOUS X-RAY DIFFRACTION
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AssrnAcr

The phase transformations of six difierent varieties of silica were examined by con-

tinuous *-ray difiraction while heated to 1400' C.

The (101) peak intensity changes which often accompany lhe a-B qtattz inversion are

a function of particle size. There is, however, no correlation between these changes and the

gradual increase in the (101) d-spacing as the material is heated.

The crystallization temperature of p-cristobalite from a siliceous material is a conse-

quence of the crystallinity and initial structural perfection of that material-the better the

crystallinity, the higher the transition temperature. Rock crystal quartz gives B-cristobalite
at 1200" C. I whereas, amorphous silica gel produces this phase of 900" C'

Tridymite was not detected as a transitional phase mineral in the silica system.

INrnooucrroN

During the past few decades many persons have studied the silica sys-
tem and have presented data regarding the stabil ity conditions of poly-

morphic silica minerals.
Previous methods and techniques used in examining the sil ica system

were diversified. In an early fundamental investigation of this system,
Fenner (1913) used static equil ibrium conditions. Since that t ime, the

thermochemical measurements of Mosesman and Pitzer (1941), the
difierential thermal studies of Keith and Tuttle (1952), and numerous
other  invest igat ions by Sosman (1927),  Jay (1933),  Buerger  (1954),

Fl<jrke (1955 and 1956), and Holmquist (1958), to mention only a few,

have contributed greatly to our knowledge and understanding of this

system.
The design and inception of continuous heating &+ay diffraction

techniques now permit a new approach to the examination of certain
problems regarding phase transformations within the SiOz system. This

report is based on data obtained using this heating-difiraction technique.
Of principal interest is the alpha-beta quartz inversion and the crystal-
lization temperature for different initial forms of silica, and also the

establishment of this technique for studying the effect of inherent struc-
ture of mlterial upon consequent mineral phase transformations'

S,qMpr-Bs AND PRocEDURE

Six varieties of silica representing difierent degrees of structural per-

fection and crystallinity were examined by continuous r-ray difiraction
as they were heated to 1400o C. These were rock crystal qvattz |rom

near Hot Springs, Arkansasl chert from Dover, England; chalcedony

196



PHASE TRANSFORMATIONS IN SILICA I97

new phase mineral formation'

ExpBnruBNra'r Dar'l
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Frc' 1' Method used in plotting *-ray diffraction data. The intensities of a characteristic
difiraction peak at different temperatures are transferred to a curve.

heated upward from 200o C. with a slight break at about 600o C., which
is essentially a reduction in rate of inJease, and a final increase in ratejust prior to the transformation to p-cristobarite. D.T.A. curves show an
endothermic reaction at about 570" c. indicating some structural rear-
rangement at this temperature . A 3.42 A B-quatzspacing was eventuaily

Tenlr 1. Specrnc Ver_urs or.rrrr (101) euanrz
Rrlmctou ar Va_nrous Tnuprnarunns

20. c.
220. C.
390' c.
490" c.
595" C.

1120" c.
1280' C.
1340' c.
1370' c.

3 . 3 4 4
3 . 3 s  A
3.36  A
3 . 3 7  A
3.38  4
3 .3e  A
3.40  4
3 . 4 1 4
3 . 4 2  4
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Frc' 2' Changes in quartz as heated to 1400' C'

reached at 1370" c. at the rate of f ir ing used. rt is important to note that

the same increase in the (101) d-spacing of qtattzwas observed as each of

the three difierent size fractions was heated'

Difiraction results from these three quartz fractions are shown in Fig'

3. The unsized fraction and the less than -74 micron fraction show a

slight gradual increase in the peak height 
"f-ll^tito^t) 

o:T^t:-1t-Oittt""

with an increase in temperature up to aLout 500" C' Accompanying heat-

;;'il;;aoi to ooo. c. there is a sharp drop in peak height, but on

heating to higher t.-pt*tu"s the intensity oi this reflection gradually

increases again. As tttt tt*pt'uture of formation of cristobalite is ap-

proached the intensity 
"fift" 

qlrattzreflection decreases' Thus' there is a

gradual increase in ttie intensiiy of this peak immediately preceding both

the break in dimension change in a-B quart z (and the temperatrrre of the

thermar reaction) and the tr-ansformation to B-crystobalite. The change

in the (101) qvartz dimension between 500o and 600" C' is accompanied

by an abrupt change in peak height, but not an overall change in diffrac-

peor int lensi tv or  i  tot  )  ref te l t ion (  tes i  -  t lon -
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Frc. 3. Continuous t_ray difiraction results from rock crystal quartz.

tion intensity. The ub.r"gj change in peak height is accompanied by anincrease in peak width inig. rl"r" trr"t irre integrated intensity is thesame.
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In order to determine the effect of prolonged heating on the (101) d-

spacing shift, Iess-than-2 micron qvartz was held at various tempera-

tures for different periods of t ime. After 20 hours at 520' C' the (101) re-

flection maintained a 3 37 Ldimension-the same value that was initially

measured at 520o C' during the regular heating cycle' When held at

650' C. the same relationship was observed; namely, there was no addi-

tional shift ing of the (101) reflection value from 3.38 A, the init ially re-

corded value at that temperature. With an additional temperature in-

crease the d-spacing continues to increase, slowly at first but more rapidly

above 1200o C.

2OO"C 4Oe 5OO. aooo looo" tzoo. l4oo' 200.c 400 5000 800"

Frc. 4 (left). continuous *-ray difiraction results from less-than-2 micron chert as heated

to 1400" C.

Frc. 5 (right). Continuous r-ray diffraction results from less-than-2 micron chalcedony

as heated to 1400" C.

Chert

The heating curve for the less-than-2 micron chert sample (Fig' a) is

similar in configuration to that of less-than-2 micron quattz. No intensity

variation of the initial a-quattz (101) diffraction peak accompanies heat-

ing from 400o to 800" c. There is a slight increase in the intensity of the

(101) reflection just prior to cristobalite nucleation at 1050' C'

chert also exhibits a gradual shift in the d-spacing as it is heated. The

rate of this change is of the same approximate magnitude as that ob-

served from rock crystal qtartz; however, the maximum dimension at-

tained at 1370" C. was oniy 3.39 A instead of the 3.42 A value recorded

for the beta modification as derived from rock crystal quartz at that tem-

perature.

Cholced.ony

The less-than-2 micron chalcedony (Fig. 5) init ially showed difiraction

effects tor a-quartz. There was no gradual intensity change of the (101)

reflection on heating from 400o to 800o c. An increase in diffraction peak

intensity suggesting an increase in structural perfection is indicated,
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however, just prior to the init iar appearance of B-cristobarite at 950" c.
with the nucleation and growth oiir istobalite, there is a comparable de-
clea,se i.n the intensity of the quartz peak. That is, the qtart" progres_
sively decreases as the cristobalite increases. with the uttimate disap-
pearance of quartz there is a leveling out of the B-cristobalite curve signi-
fying complete conversion. A graduar shift in the d-spacing of the (101)
reflection again accompanied the heating of this materiar. As with chert
the maximum value attained for B-quar t) *uronly 3.39 A.

8OO" lOO0" t2OO" 6 0 0 " c  8 0 0 "  t o o o o  t 2 0 0 "  t 4 0 0 c  t 6 0 0 0

-.^1": 6 (left)' changes in the cristobarite (111) peak intensity as opar is heated to1400. c.
(right)' Curves depicting the formation of beta-cristobalite from silicic acid and

sllca ge_t.

Opal,

Si,licic acid

on heating, sil icic acid showed no diffraction effects prior to 900. c. At
that temperature, however, beta-cristobalite began forming. The cristo-
balite diffraction peaks increased graduaily in intensity with continued

1
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heating and attained a maximum at 1250" C' (Fig' 7)' A measure-of the

beta-ciistobalite (111) reflection peak intensity is regarded as an indica-

tion of the amount of nucleation of, or the degree of transformation to

this modification: thus, the maximum intensity at 1250o C' represents

the most complete conversion of the silicic acid to beta-cristobalite under

these conditions of heating' At temperatures above 1250" C' there is a de-

crease in the peak intensity which accompanies partial fusion' It is-noted

that no diffraction data for other SiOz polymorphs were observed prior

to the formation of beta-cristob alite, i 'e', no quartz or tridymite formed

prior to the cristobalite.

Silica gel'

Silica gel also gave no diffraction peaks prior to 900' C' At that tem-

perature beta-cristobalite began forming (Fig' 7)' The most rapid

cristobalite growth as indicated by the (111) reflection peak intensity

occurred between 1100o and 1200o c., and nearlycomplete transformation

was reached by 1400' C. Neither a nor B-quartz, nor tridymite formed

prior to the nucleation of B-cristobalite'

Drscussrow

The sharpness and intensity of anr-ray diffraction peak can usually be

regarded as an indication of ih. d.g,.. of crystallinity and perfection oI

atomic arrangement within the structural framework of a mineral. Thus,

the nature otlne (tOt) quartzreflection should be acceptable as a stand-

ard upon which the periection of atomic arrangement of the alpha and

beta forms of this mineral can be compared. Of particular interest are the

diffraction data obtained while heating rock crystal qlrartz, chert, and

chalcedony. Prior to heating each of these materials gave relatively

sharp 3.34 A diffraction Peaks.
There was an abrupt d....ur" in peak height intensity of the (101) re-

flection as crushed-but-unsized quartz was heated from 400o to 800o C'

which includes the temperature interval usually given for the alpha-beta

qlartz inversionl whereas, there was no intensity decrease of this same

reflection when the less-than-2 micron fraction of the same specimen was

heated through the identical temperature interval' Integrated peak area

intensity measurements through the in"erciott interval are' however' the

same for both fractions. Keith and Tuttle (1952) report that in the

coarser-grained chert and novaculite samples which they examined' the

obserrrable heat effects were only weak; whereas, after fine grinding these

same materials showed a measurable heat adsorption through the inver-

sion.
Thed i f f r ac t i on in tens i t yda ta ,d imens iona l va lues ,and the rma lda ta

all suggest a relatively p,o,'ou,'.ed. structural inversion at about 600" C.
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The gradual increase of the (101) lattice dimension or quartz is cer-
tainly a function of temperature. Jay (1933) reported a progressive in_
crease in the dimensions of quartz as it was heated to the tiansition tem-

expansron measurements that Jay recorded up to 700' c. Even after
some of the material has been converted to cristobalite at 12500 c. the
(101) lattice dimension of the remaining quartz continues to increase.

rn the l iterature there is a lack of agreement as to the unit cell dimen-
sions for F-quartz Bragg and Gibbs (1925) determined their measure-

always dependent on the temperature at which the material is measured.
wright and Larsen (1909) studied qtartz optically as it was heated.

They reported gradual changes in birefringence on heating to 1400o C.
The fact that birefringence changes occur graduaily, taking place over
the entire temperature range, and are not restricted to the slo.-szs" c.
inversion temperature interval is significant. These continuous optical
changes and the gradual d-spacing changes which we recorded both indi-
cate a continuous gradual change in the internal atomic arransement of
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Qtartz as it is heated. The continual change in dimension through the

temperature interval where an abrupt energy reaction occurs' and where

optical characteristics change, is in accord with structural considerations

ceding the a-p quartzinversion. It is a predecessor of cristobalite density

and dlepicts the beginning of a tetrahedral rearrangement which ulti-

the B - qtartz f ramework.
The actual temperatures at which B-cristobalite forms from each of the

materials appears to be a consequence of the structural perfection of the

starting -a1erial. Silicic acid and silica gel, which are mostly amorphous'
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both crystallize to form B-cristobalite at 900" c. without any prior qvartz
phase; whereas, chalcedony, chert, and rock crystal quuitr, which de_
velop B-cristobalite at 950", 1050o, and 1200' c. respectively, represent
higher degrees of crystallinity and structural perfection in that order. The
heating curves of the latter three materials also show a comparable re-
duction in the increase in the intensity of the quartz reflection prior to
the cristobalite transition, i.e., qtrartz, which has the highest 6_cristo_
balite crystallization temperature, arso has the smallest increase in cryart"
intensity. This comparable reduction of any increase in the (101) peak
intensity preceding transformation, when coupred with the higher tem-
perature at which the structural transition occurs, would indicate that
the crystallization temperature for B-cristobalite as it forms from any
such sil iceous material is a consequence of the init ial structural perfec-
tion of that material. The better the init ial structure, the smaller the
(101) peak intensity increase which precedes the B-cristobalite formation,
and also the higher the temperature of this transformation.

Because of this apparent rerationship between the crystall ization tem-
perature of B-cristobalite and the initial perfection of the atomic arrange-
ment or structure of the material, it is suggested that temperature alone
be minimized as a major factor controlling this transformalion. It is sug-
gested that in the one-component SiOz system the formation temperature
of B-cristobalite should not be considered as a fixed value, but rather that
it be expressed as a function of the crystallinity and struitural perfection
of the material from which it develops. The formation of crisiobarite at
900" c. from amorphous silicic acid and silica gel adds credence to this
proposal.

The absence of tridymite when the different SiOz materials are heated
is noteworthy. More than forty difierent heating triars were made during
the course of our study and not once was any indication of the presence
or formation of any tridymite observed. The normal transformation se-
quence was

a-quartz - B q,rurr, 
variable tems p-cristobalite.

The absence of the tridymite "phase" is not unusuar in studies of the one-
component SiO2 system; in fact, this modification has never been syn_
thesized in the laboratory without the use of ',mineralizers,, which in-
troduce foreign ions into the system and thereby result in ,,complex-
stuffed" derivatives (Fldrke, 1955).

Hil l and Roy (1957) reportedly prepared pure tridymite hydrother_
mally at a pressure of several hundred atmospheres fromall forms of sil ica;
however, Holmquist (195s) states that under hydrothermal conditions
the hydronium ion, HrO+, has the same effect as the mineralizing ion
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potassium which, according to Flcirke (1956) is the best promoter of the
format ion oI  t r idymite.

Fltjrke (1955) questions the fact that tridymite can exist as a thermo-
dynamically stable phase of pure silica at one atmosphere pressure.
Holmquist (1958) re-examined, thermodynamically, the possible trans-
formations of this system. He concludes that " . . . the mineral tridymite
is not a stable phase of pure sil ica at one atmosphere but belongs in
binary and multicomponent systems."

If tr idymite is removed from the SiO2 system, where should the inver-
sion temperature between the stability fields of quartz and cristobalite be
placed? Mosesman and Pitzer (1941) concluded such a hypothetical in-
version point at about 1050o C. at ordinary pressures. Our data would
support such a direct transformation; however, we would propose that
the exact temperature at which this inversion takes place is a consequence
of initial structural perfection when dealing with already crystallized ma-
terials' 

Suuuenv

Phase transformations of various forms of silica on heating to 1400' C.
were studied by continuous r-ray diffraction. Curves representing peak
intensity of the silica phases veisus temperature are presented for the
different forms of silica.

On heating sil ica gel and sil icic acid, B-cristobalite forms directly at

900' C. from both materials without any pure quartz phase. On heating
chalcedony, chert, and quartz there is a gradual change in the (101)

qtartz spacing as the temperature increases from 60o to 1370o C. How-

ever, only in the case of rock crystal qtartz was a 3.42 A value attained.
In the case of qtartz in fairly coarse particles, the intensity of the (101)

reflection sharply drops at the initiation of the a-0 transition but in-
creases again as the spacing of the B-form develops. This phenomenon is

an indirect consequence of particle size, for integrated peak area intensity
measurements show no such abrupt change.

The relatively abrupt change in structure at 570o C. is followed by a
gradual preferential reorganization of the silica tetrahedra with addi-
tional temperature increases. This is suggested by gradual changes in

crystal dimension that also accompany heating to higher temperatures.
These dimensional changes, however, cannot be attributed solely to
thermal expansion for they are often accompanied by a gradual increase
in the intensity of the (101) quartz reflection prior to conversion to B-
cristobalite. This increase is particularly pronounced for chalcedony and
very scant for quartz, and could indicate a better arrangement of silicon
and oxygen atoms within the B-quartz structure just prior to structural
transformation. There is a more rapid change in dimension above
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1000" C. as the cristobalite density is approached. This progressive
change resembles that which precedes the a-B qtartz inversion.

Variations in the crystall ization temperatures of B-cristobalite as
formed from different varieties of sil ica show that the better the crystal-
Iinity and structural perfection of the silica, the higher the B-cristobalite
crystallization temperature. Rock crystal qtartzforms beta-cristobalite
at 1200" C., but silica gel produces this modification at 900' C.

A direct inversion from B-quartz to B-cristobalite is supported; how-
ever, the exact temperature of this transformation is believed to be a
function of the crystall inity of the starting material.

At no time was tridymite identif ied; thus, the authors support those
who would eliminate tridymite as a stable phase mineral in the one-com-
ponent sil ica system.
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