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TMA AND SEM CHARACTERIZATION OF THE THERMAL
DEHYDRATION OF AUSTRALIAN SEDIMENTARY OPAL
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The dehydration of samples of a Coober Pedy, South Australian sedimentary white opal, displaying play of colour, was investigated
using TMA by heating the samples of the specimen to a range of temperatures between room temperature and 1000 at 200°C inter-
vals followed by cooling to room temperature. Etched fracture surfaces of the samples were then examined using SEM. The samples
showed the typical expansion at low temperature up to 210°C before contraction was observed. The contraction of the opals was as-
cribed to both sintering, supported by morphological change observed in the SEM micrographs, and dehydroxylation of the silanol
groups producing silicon-oxygen-silicon bridges resulting in a more dense silica network.

Keywords: amorphous silica, dehydration, opal, SEM, TMA

Introduction

Opal is a hydrated amorphous silica, with the general
formula SiO, nH,0, and is formed naturally through a
process of dissolution of felspathic aluminosilicates
followed by the precipitation of the silica as a colloi-
dal sol of monodispersed spheres with a size range of
100 to 450 nm [1, 2 and references therein]. The
monodispersed silica spheres are then flocculated and
sedimented into ordered arrays which diffract visible
light producing the play of colour that is characteristic
of the precious opal. This process of diagenesis of in-
organic silica results in the incorporation of signifi-
cant amounts of water in the opal. Water contents of
opal have been measured in the range 1 to 21% [3],
and for the sedimentary Australian opal, the subject of
the current paper, between 6 and 10% [4]. Four types
of water have been identified in opal; surface ad-
sorbed water, molecular water trapped in silica cages
in the bulk of the opal, surface silanol and bulk silanol
water [1]. Thermal methods have so far not been able
to differentiate between these water types as the water
is contained in sites with a range of energetics and due
to the necessity for diffusion of the water out of the
opal during dehydration.

Thermal methods, applied to the characterisation
of the dehydration of opal, have, however, successfully
differentiated between specimens of opal derived from
three regions of Australia, Andamooka and Coober
Pedy in South Australia and Lightning Ridge in New
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South Wales [4]. This regional differentiation was based
on the rate and temperature at which water loss occurred
during dehydration measured by thermogravimetric
analysis (TG) and by dimensional change using thermal
mechanical analysis (TMA). In the TG, the differentia-
tion is observed in the position of the maximum of the
water loss peak in the DTG curve. In the TMA, an ex-
pansion in the opal specimen is observed up to a peak
whereupon on further heating contraction is observed.
The differentiation was based on the position of the
peak. This differentiation is valuable as it furthers the
understanding of opal as a material, it aids the further
understanding of the origins or genesis of opal and is
important as other physical and chemical test methods
(e.g. trace element distribution [2]) have not found clear
differences between opals derived from the different re-
gions in Australia (although, it should be noted that, to
the trained eye, the origin of an opal specimen can gen-
erally be identified by visual inspection!). This paper,
therefore, furthers the investigation into the thermal
characteristics of opal by characterising a specimen of
colour (or precious) opal derived from Coober Pedy by
thermally treating the opal specimen using TMA and
characterising the effect of the thermal treatment using
electron microscopy (SEM).
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Experimental

A relatively large homogenous specimen of Coober
Pedy seam opal displaying play of colour was cut into
‘logs’ approximately 10x3x3 mm using a diamond im-
pregnated wafering blade and water as the lubricant.
The ends of the long dimension were then ‘faceted’ par-
allel to each other, for analysis in the TMA, by polishing
the ends on a 400 grit diamond impregnated 8 inch
(250 mm) lap on an Imahashi polishing machine.

Thermal analysis was carried out on a TA Instru-
ments TMA 2940 Thermo-mechanical Analyser us-
ing the instrument as a dilatometer. Specimens were
heated at a heating rate of 0.5°C min "', in a static air
atmosphere, to 200, 400, 600, 800 and 980°C and
then cooled to room temperature at 5°C min .
The specimens were recovered from the TMA experi-
ments and fractured. The fracture surfaces were
etched with hydrofluoric acid vapour and platinum
coated before mounting and placing in a LEO Supra
55VP SEM for micro-structural analysis. Images of
the fracture surface were collected using the in-lens
detector with an accelerating of 20 kV.

Results and discussion

TMA measurements were carried out up to limiting
temperatures which were set at 200°C intervals be-
tween room temperature and 1000°C in order to deter-
mine the effect of heating on the morphology of the
opal (Fig. 1). Expansion was observed to a maximum
of 0.11+0.01% at a temperature of 210+5°C before
contraction was observed correlating with the data
previously published [4]. The total degree of contrac-
tion for each of the heat treated samples is listed in
Table 1. Expansion coefficients, for each sample run,
were measured over 100°C range at 200°C intervals
and are also listed in Table 1. All specimens were ob-
served to have similar expansion coefficients
throughout the testing range suggesting good homo-
geneity in the opal sample tested. The contraction
rates were observed to increase as the temperature in-
creased, although close to 1000°C the rate of expan-
sion decreases markedly, suggesting that the pro-
cesses occurring which cause the large decrease in the
linear dimension (up to a maximum of 2.25%
(Table 1)) are close to completion. For the cooling
segment of each experimental run, the expansion co-
efficients, for specimens heated to above 200°C, are
all fairly similar with some scatter observed in the
data rather than any observable trend. For the sample
heated to 200°C, a temperature below the transition
temperature from expansion to contraction, the con-
traction followed the expansion curve fairly closely
suggesting reversibility of the thermal expansion.
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Fig. 1 TMA curves for ‘logs’ of Coober Pedy colour opal
heated in a static air atmosphere at 0.5°C min " to the
temperatures indicated followed by cooling to room
temperature at 5°C min'. The 200°C specimen is in-
cluded, but as the expansion below the peak is revers-
ible, its cooling curve simply follows the heating curve

SEM images of each specimen, at 100.000 times
magnification, are shown in Fig. 2a to f. The untreated
specimen (Fig. 2a) is observed to have the distinct opal-
ine structure of monodispersed silica spheres, with a di-
ameter of approximately 420 nm, packed in ordered ar-
rays. The specimen heated to 200°C also shows the dis-
tinct silica sphere structure (Fig. 2b). There is a differ-
ence in the apparent degree of etching that is observed
which could be associated with a change in the character
of the ‘cement’ which holds the spheres together. On
heating to 400°C, the outline of the spheres remains vis-
ible, however, the fine structure within the spheres be-
gins to disappear. Above 400°C, sintering of the struc-
ture appears to occur. Etching reveals less and less of the
fine structure of the opals with only voids observed for
the higher temperatures.

Based on the SEM and the TMA data, the dehy-
dration of opal to high temperature is accompanied by
a sintering of the opal. As the silica is in a hydrated
form, the dehydration process results in the removal
of all types of water contained in the specimen.

SiOz'nHzo - SIOZ + nH,0 (l)

For bound water, the removal of water results in
the formation of silicon-oxygen-silicon bridges.

=8i-OH + HO-Si= - =Si-O-Si= + H,0 (2)

The removal of silanol groups from the structure
will result in the contraction in volume. Therefore,
two processes are likely to be involved in the contrac-
tion process; sintering of the amorphous silica is
likely to result in fusion of the particles, as is ob-
served in the SEM images, and contraction associated
with the elimination of bound water (silanol groups)
resulting in the formation of silica bridges and a re-
duction of the volume of the system. The latter pro-
cess has been observed by *’Si NMR for the dehydra-
tion of opal heated to 1000°C [5].
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Fig. 2 SEM images of the specimens heat treated in Fig. 1. The specimens are: a — no heat treatment, and samples heated to
b—200°C, ¢ —400°C, d - 600°C, e — 800°C and f — 980°C
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