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Abstract

Solid solutions between thaumasite and ettringite were prepared by methods analogous to those well established for the preparation of
thaumasite and ettringite. The extent of immiscibility in this system is investigated by varying the Al:Si and SO4> ~ :CO;? ™ ratios in reactant
mixtures. The solids produced were analysed by quantitative X-ray diffraction, with Rietveld refinement also providing accurate unit cell
dimensions, energy-dispersive X-ray analysis and infrared spectroscopy. The compositional and unit cell variations in the solid solution are
discussed. A wide variety of solid solution compositions were produced with both the thaumasite and ettringite structures, but all preparations
were considerably diluted by secondary amorphous products. © 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Thaumasite (C3SSCH,s) and ettringite (CcAS3Hs,) are
formed by the action of sulfates on cement and concrete
[1-6]. In conventional sulfate attack [1], the monosulfate
(C4ASH,») in the cement reacts with external sulfate solu-
tions to form ettringite, resulting in expansion and cracking.
In the thaumasite form of sulfate attack (TSA) [2—6], calcium
silicate hydrate, the main binding phase in the cement, reacts
with aqueous carbonate and sulfate ions to form thaumasite.
Consequently, TSA has also been observed in concrete made
with sulfate-resisting Portland cement [2]. The attack results
in softening and disintegration of the cement matrix.

Solid solutions between thaumasite and ettringite have
been observed in several cases of TSA [2,4]. Thaumasite—
ettringite solid solutions have also been found in nature [7]
and have been produced in laboratory studies [8—10]. The
range of solid solutions possible in this system is presently
unknown. A miscibility gap is thought to exist because the
thaumasite and ettringite structures, though very similar,
have different symmetries [10—12]. The similarity of the
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X-ray diffraction (XRD) patterns and the formation of solid
solutions make it likely that TSA has been misdiagnosed as
conventional sulfate attack in the past.

The structures of thaumasite and ettringite were deter-
mined by Edge and Taylor [11] and Moore and Taylor [12],
respectively. Both structures have been refined more recently
[13—15], with the reported structures agreeing with the
earlier works except in the fine structural detail. Thaumasite
has a crystal structure based on columns of composition
[Ca;Si(OH)s- 12H,0]* " with the SO,> ~ and CO5> ~ anions
lying in an ordered arrangement in channels between the
columns. It is hexagonal with a=11.054 Aand c=10.410 A
[11,13,16]. The thaumasite structure is of interest crystallo-
graphically since it contains Si octahedrally coordinated by
O. The ettringite structure is similar with Al replacing Si in
the columns and 3S0,> ~ plus 2H,0 replacing 2SO4* ~ plus
2CO;” ~ in the channels. It is trigonal with a=11.234 A and
c=21.501 A [12,16]. A detailed comparison of the thauma-
site and ettringite structures in relation to solid solution
formation was described by Barnett et al. [10]. Solid solution
between thaumasite and ettringite involves replacement of
silicon by aluminium and replacement of sulfate/carbonate by
sulfate/water. It is possible that the replacements of Si and
SO4> ~ /CO5? ™ are partly or completely independent of each
other, i.e., that the sulfate:carbonate ratio is independent of
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the silicon:aluminium ratio, while the total SO4*~ plus
CO5>~ changes to maintain charge balance. This will be
discussed in a later paper [17].

The work presented here aims to determine the possible
range of compositions of solid solutions between thaumasite
and ettringite. Solid solutions have been prepared by meth-
ods analogous to those reported in the literature [16] for the
production of thaumasite and ettringite, with both the Si:Al
and SO,> ~:CO;” ™ ratios in the starting mixes being varied
incrementally between the two end members. Techniques
sensitive to solid solution effects in mixtures of phases were
used to analyse the solids produced, namely XRD and
transmission electron microscopy. Infrared (IR) spectro-
scopy has also been applied to these solids. The presence
of absorption bands due to octahedral silicon in the IR
spectrum provides a means of quantifying the miscibility
gap in the solid solution, since all the octahedral Si present
are in the thaumasite/ettringite and will not be present in any
contaminating material.

2. Preparation of materials

The preparation of solid solutions between thaumasite
and ettringite was carried out at 5 °C by methods analogous
to those published [16] for synthesising the end members.

Eleven mixes, ranging from ettringite to thaumasite, were
prepared according to Table 1 to provide a range of Si:Al
ratios. For each mix, a slurry of 6.70 g of calcium oxide
(obtained by firing Analar CaCOs) in 445 cm® 10% wt/wt
sucrose solution was mixed with a slurry containing the
required amounts of sodium silicate (reagent grade
Na,Si,05-2H,0), sodium aluminate (reagent grade NaAlO,),
sodium sulfate (Analar Na,SO,4) and sodium carbonate
(Analar Na,COs) in 20 cm® water. The amounts of silicate,
aluminate, sulfate and carbonate were varied incrementally
between the end members of the solid solutions, as described
in Table 1. Ettringite itself was prepared slightly differently,
by mixing the calcium oxide slurry with one containing 12.57
¢ of aluminium sulfate hydrate (Analar Al,(SO4);-16H,0).

In order to exclude atmospheric carbon dioxide, all prep-
arations were carried out under a nitrogen blanket. The cal-
cium oxide used was freshly prepared by firing Analar CaCO3
at 1000 °C overnight and the water used was boiled, dou-
ble-distilled and allowed to cool under nitrogen before use.

The mixes were sealed in high-density polyethylene
bottles. The ettringite-based end member formed almost
immediately after mixing. All the other mixes were stored
at 5 °C for 6 months with periodic agitation. Samples of the
solids produced were isolated by suction filtration, carried
out under nitrogen. The solids were then washed with
distilled water and dried over silica gel in a desiccator at
room temperature.

3. XRD and Rietveld refinement

Samples of the solids were prepared for QXRD analysis
by being lightly ground with corundum (a-Al,03) and side-
loaded into a sample holder (to minimise preferred orienta-
tion). XRD patterns were collected using Cu Ko radiation
with a Philips PW1730 diffractometer over the angular
range 4—60° 26, with a step size of 0.04° 26 and a count
time of 4 s per step. Rietveld refinement was carried out
using the commercially available SIROQUANT software pack-
age [18]. The single crystal structure determinations for
thaumasite and ettringite, carried out by Edge and Taylor
[11] and Moore and Taylor [12], respectively, were used as
starting models in the refinement procedure. The refinement
procedure provides quantitative phase analysis and accurate
unit cell dimensions for the solid solution phases [19].

Fig. 1 shows small sections of the XRD patterns of a
number of solids. The figure highlights the changes that take
place in the XRD patterns as a result of solid solution effects.
In some of the solids produced, two distinctive solid solution
structure types were present, while in solids close to the end
member preparations, one solid solution phase was formed.
These are subsequently referred to as ‘thaumasite-type’ and
‘ettringite-type’ phases. The changing quantities of these two
phases are clear from their relative intensities in Fig. 1. The

Table 1
Composition of starting mixes
Si:Al
molar S0,2:CO5% Mass of Mass of Mass of Mass of
Series ratio molar ratio Na,Si,05-2H,0 (g) NaAlO, (g) Na,S0y4 (g) Na,CO; (g)
1 100:0 50:50 4.34 0.00 5.65 423
90:10 54:46 391 0.33 5.93 3.81
80:20 58:42 3.47 0.65 6.22 3.38
70:30 62:38 3.04 0.98 6.50 2.96
60:40 67:33 2.60 1.31 6.78 2.54
50:50 71:29 2.17 1.64 7.07 2.12
40:60 76:24 1.74 1.96 7.35 1.69
30:70 82:18 1.30 2.29 7.63 1.27
20:80 88:12 0.87 2.62 7.91 0.85
10:90 93:7 0.43 2.94 8.20 0.42
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Fig. 1. Partial XRD patterns of solid solutions. Si:Al ratios refer to starting mixture compositions as defined in Table 1.

figure also emphasises the solid solution effects on structure,
observed by XRD, since the positions of the peaks due to each
phase are changing. This suggests that compositional varia-
tions are affecting the unit cell parameters of both phases.
In Rietveld refinement, the ‘thaumasite-type’ phase was
assumed to have the thaumasite structure and the ‘ettringite-
type’ phase the ettringite structure. Corundum was included
in the refinement procedure, as well as calcite, which was
present in some samples. The parameters refined were: zero
point error, scale factors, unit cell parameters, peak width
and shape parameters. Fig. 2 shows an example of the
graphical output of the Rietveld procedure, illustrating the
agreement between calculated and observed data. This figure
is typical of the quality of fit obtained (x> ~ 5%) in samples
containing two distinct solid solution phases. No attempt has
been made in this work to refine the atomic positions or
occupancies of the thaumasite/ettringite structures. There-
fore, any changes in relative intensities caused by changing
composition have not been studied. Peak intensities would
not necessarily change uniformly with composition in a

complicated system such as this. Also the presence of two
very similar phases makes accurate assignment of peak
intensities impossible because of overlapping of reflections.
While it may be possible to refine sulfate/carbonate ratios by
this technique, the similarity in size of aluminium and silicon
would make refinement of the Si:Al ratio by Rietveld
methods meaningless. The XRD work therefore concentrates
on the changes in unit cell dimensions caused by solid
solution effects, which are more easily measured, and on
quantitative phase analysis of the mixtures.

Weight ratios of the crystalline phases are automatically
outputted by the Rietveld refinement procedure and were
used to calculate the quantities of ettringite/thaumasite, any
crystalline impurities and amorphous material (by differ-
ence) in the solid. Fig. 3 shows the quantitative XRD
results, indicating the amounts of the solid solution phases
present as well as impurity phases (calcite and amorphous
material). All the solids were found to contain a consid-
erable level of amorphous material, and the amount of
amorphous material present increases sharply close to the
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Fig. 2. Results from Rietveld refinement of solid solution prepared with Al:Si=2:3 and SO,> ~:CO5> ~ =2:1. Legend: cross— observed; line— calculated;
lower plot— difference. Main ettringite-like (E), thaumasite-like (T) and corundum (C) peaks are highlighted.

thaumasite end of the series. In these samples, CaCO3 was
also detected. The preparation of the thaumasite end mem-
ber was found to contain only 25% by weight thaumasite.

Fig. 4 shows the refined unit cell parameters in graphical
form. The graph shows the unit cell parameters of the solid
solution phases plotted against each other (c versus a). To
aid comparison, the c-dimensions of the thaumasite-like
phases have been doubled.
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The solid solution phases formed lie roughly on a line
between the thaumasite and ettringite end members, with a
large gap between two separate clusters. This gap corre-
sponds to unit cell parameters a=11.08—-11.14 A and
¢=20.9(10.45)-21.25 A. In the samples where two phases
were formed, one phase lies in the ‘thaumasite’ cluster
(a<11.08 A) and one lies in the ‘ettringite’ cluster
(a>11.14 A). The gap between the two clusters is believed
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Fig. 3. Quantitative XRD corresponding to solids precipitated from starting solutions as defined in Table 1. Legend: white — thaumasite; light grey — ettringite;

black — calcite; dark grey — amorphous.
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Fig. 4. Unit cell parameters of solid solutions. Legend: solid diamond— ettringite-type solid solutions; solid square — thaumasite-type solid solutions;
hollow circle— thaumasite; hollow square— ettringite. c-dimension of thaumasite-type phases is doubled to aid comparison.

to correspond to the change in symmetry between ettringite
and thaumasite.

4. Energy-dispersive X-ray (EDX) analysis

EDX analysis was carried out using a Link attachment on
a JEOL 2000EX transmission electron microscope. Samples
were prepared by dispersing a small amount of solid in
isopropanol in a test tube and agitating for several minutes
in an ultrasonic bath. A small amount of this suspension was
then placed on a carbon-coated copper grid and allowed to
dry. Analytical data were collected for 20—30 single, iso-
lated crystals in each sample.

Electron microscopy identified crystals of two different
morphologies in the solid solution samples, identified in
Fig. 5:

e Type 1—short, stubby crystals, considered to be
‘ettringite’;

* Type 2—acicular crystals, considered to be ‘thauma-
site’ [9].

The two morphologies were observed to co-exist in the
samples identified as containing two different solid solution
phases by XRD. Where only one phase was observed by
XRD, only one morphology existed.

EDX analysis of Ca, Si, Al and S showed no clear dep-
endence of the morphologies on composition. In some cases,
the two morphologies clearly had different compositions,
while in others they appeared to have the same composition.
In general, the acicular crystals tended to have higher Si
and lower SO,> ~ contents than the stubbier crystals.

The composition of the solids, as measured by EDX, is
shown in Figs. 6 and 7. Fig. 6 shows the average S and Si
contents of the solids. Fig. 6 suggests a systematic defi-

ciency in S0,2 ~ levels, which could be due to higher-than-
expected substitution for CO5> ~ (or OH 7). Fig. 7 shows
the Si and Al contents for all the individual crystals
analysed. In Fig. 7, it can be seen that the short, stubby
crystals (Type 1) are concentrated at higher Al contents,
while the acicular crystals (Type 2) have higher Si levels.

Fig. 5. Transmission electron micrograph of a solid solution sample.
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Fig. 6. Mean S versus Si for solid solutions. Legend: circle— measured; line— expected.

There is a considerable degree of overlap of the composi-
tions of the two morphologies at intermediate Al/Si levels.
No clear gap in the solid solution was observed.

In many cases, especially close to the thaumasite end of
the solid solutions, the average Si content is higher than
expected and the total (Al + Si) is greater than the theoretical
value of 2. The excess Si observed could result from inter-
ference from secondary amorphous phases or from the
presence of tetrahedral silicate anions in the channels of the
structure [20]. In either case, any excess Si would be present
in tetrahedral coordination with O, rather than the octahedral
coordination in the solid solution phase of interest. It could
therefore be detected by techniques sensitive to coordination
environment, e.g., IR spectroscopy and NMR.

5. IR data collection and analysis

Fourier transform infrared (FTIR) spectroscopy was car-
ried out using an ATI Mattson Genesis Series FTIR trans-
mission instrument. Samples were prepared for analysis by
grinding a known mass of solid with dried KBr. The resulting
powder was then pressed at 2000 psi for 5 min to produce a
pellet for analysis. IR data were collected by summing 16
scans over the wavenumber range 400—4000 cm ~ .

Some of the resulting IR spectra are illustrated in Fig. 8.
Absorption bands were identified by reference to previously
published IR data on ettringite and thaumasite [21-24],
where possible, and by reference to other more general
information [25,26]. Table 2 gives the wavenumbers of the

important bands. Absorption bands due to tetrahedral Si
were identified in samples close to the thaumasite end of the
series— the same samples where excess Si was detected by
EDX and a drop in crystallinity occurred. We may therefore
conclude that the excess Si observed by EDX is contained
within the amorphous phase in these solids.

For IR data analysis, the transmission spectra were
transferred to a spreadsheet package (Microsoft Excel) and
first converted to absorbance spectra. A procedure was
devised to quantify the octahedral Si bands in the spectra,
which involves the least squares fitting of the experimental
data to a calculated spectrum produced by mixing experi-
mental ettringite and thaumasite' spectra:

I = X(Ii) + Y (Iy)

where I; is the calculated absorbance at wavenumber i; /;
and [, are the measured absorbances of ettringite and
thaumasite, respectively, at wavenumber i; and X and Y are
variables. The value E(]c,-—lm-)2 was then minimised for
the wavenumber range 475—525 cm ' (corresponding to
the 500 cm ~ ' SiO4 band) by varying the values X and Y.
Since only thaumasite (/;;) contributes to the intensity of the
SiOg¢ absorption band in the calculated pattern, the value of
Y is proportional to the amount of octahedral Si present and
hence the ‘thaumasite’ content of the solid solution. Fig. 9
shows the level of agreement between calculated and
observed spectra in the 400—1500 cm ~ ' region.

! The thaumasite spectrum used in the calculated pattern is a high-
purity natural sample from Crestmore, CA.
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Fig. 7. Si versus Al for solid solutions; all analyses shown. Legend: circle— Type 1 morphology; cross— Type 2 morphology; line— expected.

A calculation was then performed to obtain the octa-
hedral silicon content of the ettringite/thaumasite phase in
the solid:

moles octahedral Si in ettringite/thaumasite

molesgq X massgy

mass,

where molesgq=moles octahedral Si in 2 mol of standard
thaumasite =2; massgq=mass of standard; mass.;=mass
ettringite/thaumasite in sample (calculated from measured
total mass of sample and QXRD crystallinity).

The results are presented in Fig. 10. The good agreement
of the results close to the thaumasite end with the maximum
possible octahedral silicon level shows that this method
provides a valid route to the measurement of octahedral Si
in the solid solution.

6. Miscibility gap

The results presented in Fig. 10 show the octahedral Si
levels in the ettringite/thaumasite phases prepared. For the
single-phase systems, these values directly provide the
composition of the solid solution. However, for the two-
phase systems, represented by the dotted region in Fig. 10,

the values obtained give only an average octahedral Si level
of the two phases. It is not possible to measure directly the
degree of solid solution in each phase. However, it is
assumed that the compositions of solids at the ends of the
single-phase regions on either side of this gap lie close to the
limits of the solid solution between thaumasite and ettrin-
gite, and that the two-phase systems are simply mixtures of
these two compositions. In order to test this assumption, the
octahedral silicon levels measured in the proposed limiting
compositions were used, in conjunction with the relative
amounts of ettringite- and thaumasite-type phases in the
two-phase systems (measured by QXRD), to calculate 7,yg,
the expected average octahedral silicon:

Yoett %thaum
Navg = W X Rett + ————— X Nthaum

100

where %ett and %thaum are percentage ettringite-like and
thaumasite-like character, respectively (from QXRD re-
sults), and ney and Agaum are the number of moles of
octahedral Si in the ettringite and thaumasite limits of the
miscibility gap.

The results of this calculation are also shown in Fig. 10,
alongside the measured values. The good agreement con-
firms the assumption that the single-phase limiting compo-
sitions on either side of this ‘gap’ are very close to the limits
of the miscibility gap.
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Fig. 8. IR spectra of thaumasite—ettringite solid solutions. Si:Al ratios refer to starting mixture compositions as defined in Table 1.

This evidence therefore defines a miscibility gap between
Al:Si mole ratios of 1:1 and 1:7 (50% and 87% replacement
of aluminium by silicon). The extent of the solid solution
between thaumasite and ettringite is illustrated in Fig. 11, in
which the miscibility gap is marked by a dotted line. The
Si:Al ratios in the starting mixes are shown and highlight the
difference between the expected and observed Si:Al ratios in
the solid solutions. The thaumasite structure tolerates the
replacement of 1/8 of its Si by Al, while the ettringite
structure tolerates the replacement of 1/2 of its Al by Si.

Fig. 11 shows that, on the ettringite side of the miscibility
gap, no ettringite was produced with replacement of
between 6% and 50% of the aluminium by silicon. Three
samples were prepared, which could be expected to fall in

this region, but they all contained a higher octahedral silicon
content than expected. Although we have not investigated

Table 2

Wavenumbers of important absorption bands

Wavenumber/cm ~ ! Assignment
3600-3200 O—H stretch

1680 O—-H bend

1400 C-0 stretch (CO5% ™)
1100 S—0 stretch (SO4> ™)
940/920 Si04

875 C-0 bend (CO5>7)
850 AlOg

750 SiOg stretch

500 SiO4 bend
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Fig. 9. Comparison of observed and calculated spectra for sample prepared with Si:Al=1:4. Legend: cross— observed; solid line— calculated.

this specifically, this could be explained by the presence of
the other phases, which may alter the equilibrium in such a
way that the ettringite-type phase contains a higher-than-
expected level of silicon. Alternatively, the ettringite-type
phase is more stable with a higher level of Si than with a lower
one. The ettringite structure has two crystallographically
distinct aluminium sites [12]. The apparently favoured com-
position of a 1:1 Al:Si ratio could therefore be due to an

ordered structure being preferred in which one of the two sites
contains Al, while the other contains Si.

From a consideration of the crystal structures of thauma-
site and ettringite [10—15], there is no reason why Si and Al
cannot freely replace each other in the two structures, except
that they have different charges. The difference in symmetries
of thaumasite and ettringite is due to the different ordering of
the anions in the channels of the structures. The total charge

2.5
a 2 e 75.‘
§ IR She ;'_‘.
Q 1.5 n " .o
g : STV IS T AN
: <o - R
o -~
%) 1 |
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0 ¢ T T T T | | | I I
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o ] ‘&5
e&\ 6\\69 QQ%\)
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Fig. 10. Octahedral Si levels measured in thaumasite/ettringite phases. Legend: dashed line— maximum level; solid diamond — measured values; hollow

diamond — calculated values; dotted line — two-phase region.
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Fig. 11. Miscibility gap in the thaumasite—ettringite solid solution. Legend: Dotted line represents miscibility gap between thaumasite and ettringite. Si:Al

ratios refer to starting mixture compositions as defined in Table 1.

(and hence the number) of anions in the channels has to
change to balance the effects of varying the Al:Si ratio. In an
ettringite-based solid solution, the levels of anions in the
channels must increase when Al is replaced by Si. The excess
anions presumably replace the two water molecules in the
channels of the structure. In thaumasite-based solid solutions,
a deficiency of anions would be needed to balance the
replacement of Si by Al. [A Si:Al ratio of 7:1 (the maximum
degree of solid solution in thaumasite observed in this work)
would require an anion occupancy of 96.875%.] In either of
these two scenarios, the structures could become unstable,

leading to the observed miscibility gap. The effects of altering
the anion SO,> ~:CO5> ™ ratios in the starting mixes will be
described in a later paper [17].

7. Comparison of techniques

The combination of QXRD and IR spectroscopy
described above has provided a tool for the quantification
of octahedral Si in the solid solution phases described in this
work, which in turn identified a miscibility gap. Due to the

113 21.6
° 21
S +215
11.25 ¢
. 8 +21.4
g ° A
g 112 o $ +213 §
[72] 17}
2 . 1212 &
S s 3
§ 1211 F
& g
g 111 +21 %
£
& g . 1209
11.05 - R
4208
11 . . l . 207
0 0.5 1 1.5 2 2.5

moles octahedral Si in thaumasite/ettringite

Fig. 12. Comparison of unit cell dimensions (XRD) and octahedral Si levels (IR). Legend: solid diamond — a-dimension; hollow diamond — c-dimension.
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Fig. 13. Comparison of Si levels obtained by EDX and IR. Legend: diamond — actual values; line — ideal.

presence of large amounts of amorphous material, the IR
technique alone cannot be used to determine the degree of
solid solution in these systems. The QXRD data are required
so that the amount of the solid solution phases in each solid
can be determined.

Fig. 12 shows the relationship between unit cell param-
eters and the degree of solid solution determined by IR. The
unit cell dimensions can be seen to vary with composition
and are not constant at the limiting compositions of the solid
solution. The variation in unit cell parameters cannot be
directly related to Si content because the S0,2~:CO5%~
ratio is also changing. The measurement of unit cell param-
eters provides little quantitative information on the degree of
solid solution in relation to Al/Si content because the
exchange of SO,> ~ for CO5> ~ (or possibly OH ™) is likely
to have a much larger effect on the unit cell parameters.
Also in structures such as these, the unit cell parameters do
not change linearly with composition [27,28].

Comparison of the EDX and IR results (Fig. 13) shows
the correct trend, although there is some deviation between
the two data sets. It is noted, however, that the errors
associated with the EDX technique are large and statisti-
cal analysis of the EDX data shows that the solids are
inhomogeneous. The amorphous material present cannot
be observed by TEM and no information is available on its
composition. Therefore, it is possible that the amorphous
phase is closely associated with the thaumasite/ettringite
crystals and interferes with the analytical results obtained
by EDX.

8. Conclusions

The XRD/Rietveld results confirm the presence of solid
solutions between ettringite and thaumasite. Two structure
types, having predominantly ettringite-like and thaumasite-
like XRD patterns, were distinguished. The simultaneous

occurrence of both in certain preparations suggests the
presence of a miscibility gap in the solid solution.

The unit cell parameters of both the ettringite-like and
thaumasite-like phases vary a great deal from the end
members of the solid solution and a ‘gap’ exists in the
variation of unit cell dimensions between the two structure
types. This is believed to correspond to the change in
symmetry between thaumasite and ettringite and to provide
an explanation for immiscibility in this system.

In combination with XRD, FTIR has allowed us, for the
first time, to identify the extent of immiscibility. Despite
the preparations being impure, it was possible to show that
the thaumasite structure can tolerate the replacement of
only 1/8 Si by Al. On the ettringite side of the gap, the
compositional range is wider; ettringite can tolerate the
replacement of 1/2 its Al by Si. The immiscibility can be
explained in terms of changes in anion site occupancy and
ordering in the channels of the structure.

Two morphological types were observed by TEM and
seemed to be correlated with the two structure types iden-
tified by XRD. However, EDX analysis (Fig. 7) was unable
to distinguish the gap in the compositional range determined
by FTIR. A high degree of variation in crystal composition
was a characteristic of these analyses, suggesting nonequili-
brium conditions or influences from other phases. The
excess Si observed by this method appears to be associated
with the amorphous secondary phase and may be associ-
ated with the tetrahedrally coordinated Si observed in the
FTIR spectra.

The location of this miscibility gap explains the com-
positional range of thaumasite observed in concrete affected
by TSA. In these cases, the thaumasite phase formed has a
composition close to CazSi(OH)sSO4C0O5-12H,0. On the
thaumasite side of the miscibility gap, only a narrow range
of compositions is possible. The location and extent of
immiscibility prevent thaumasite with higher levels of
aluminium in its structure from forming in concretes.
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The formation of thaumasite—ettringite solid solutions is
significant in investigation of the TSA for several reasons.
Firstly, the similarity between the thaumasite and ettringite
structures, and hence the XRD patterns of these and inter-
mediate compositions, leads to problems in identification by
XRD. While the thaumasite and ettringite end members can
be distinguished by careful measurement of peak positions,
the presence of solid solutions would make it very difficult
to identify the nature of the thaumasite/ettringite phase
formed by measurement of d-spacings alone.

Secondly, the presence of reactive alumina, usually in the
form of ettringite, is known to assist in thaumasite forma-
tion. The formation of solid solutions has previously been
observed as a precursor to thaumasite formation [8,29,30]. It
would appear likely, therefore, that the solid solution
between thaumasite and ettringite could play a role in
initiating thaumasite formation.

This work has determined the miscibility gap between
ettringite and thaumasite. Research is continuing to assess
the stability of these solid solutions, and to determine the role
of alumina in initiating or accelerating thaumasite formation.
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