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Extent of immiscibility in the ettringite—thaumasite system
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Abstract

Solid solutions between thaumasite and the related phase ettringite were prepared and characterised by X-ray diffraction and
infrared spectroscopy. A miscibility gap in the solid solution is identified and defined. Crystallographically, the miscibility gap is
identified as a gap in the unit cell dimensions of the solid phases formed between ¢ = 20.95 (10.475) and ¢ = 21.3 A. A combination
of quantitative X-ray powder diffraction and infrared spectroscopy enabled us to define the miscibility gap in terms of Al:Si ratio.
Ettringite can accept the replacement of 1/2 its Al by Si, while thaumasite tolerates little or no Al in its structure.

© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Thaumasite (Ca3;SiSO,CO3;(OH)s-12H,0) and the
related phase ettringite (CagAly(SO4);(OH), -26H,0)
are formed in cement and concrete by the action of
aqueous sulfates and/or carbonates [1-4]. The formation
of ettringite is limited by the alumina content of the
cement and leads to expansion and cracking. The effects
of thaumasite formation can be much more severe since
it involves the reaction of the main binding phase of the
cement, calcium silicate hydrate (C-S—-H). Thaumasite
(Fig. 1) and ettringite have very similar structures and
therefore give similar X-ray diffraction (XRD) patterns.
The identification of the thaumasite form of sulfate at-
tack (TSA) by XRD can therefore be problematic and it
is likely that in the past TSA has been incorrectly di-
agnosed as conventional sulfate attack, in which et-
tringite is produced.

The structure of thaumasite [5] (depicted in Fig. 1) is
based on columns with composition [Ca;Si(OH)s-
12H,0]*". The sulfate and carbonate anions lie in an
ordered arrangement in channels between the columns.
The structure is hexagonal with a =11.054 A and
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c=10410 A [5,6]. Ettringite has a similar structure [7]
with silicon replaced by aluminium and sulfate plus
carbonate replaced by sulfate plus 2H,O in the channels.
It has lower symmetry with a trigonal lattice and the
c-dimension approximately doubled (a=11.23 A,
¢ =21.50 A [6,7]). The change in symmetry is appar-
ently caused by the ordering of the anions in the chan-
nels of the two structures. The charge difference of Si
and Al means that the total charge of anions required in
the structure is reduced in ettringite.

The similarity of the crystal structures of thaumasite
and ettringite leads to the possibility of the formation of
solid solutions between them. This solid solution has
been discussed in the literature [5] and observed in
natural samples [8], concrete affected by TSA [2] and
laboratory studies [9,10]. A miscibility gap is expected to
exist [5,10] because of the different symmetries of the
two structures. However, no information is available on
the extent of the miscibility gap.

In this paper, the characterisation of thaumasite—
ettringite solid solutions by X-ray diffraction and in-
frared spectroscopy is described. Other work on these
phases is described separately [11-13].

2. Preparation of materials

Solid solutions between thaumasite and ettringite
were prepared by mixing a slurry of calcium oxide in
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Fig. 1. Crystal structure of thaumasite (a) column structure lying parallel to c-axis (b) projection of structure onto ab plane.

10% sucrose solution with one of the appropriate
amounts of sodium silicate, sodium aluminate, sodium
carbonate and sodium sulfate [6,10].

Both the silicon:aluminium and sulfate:carbonate
ratios in the starting mixes were varied in 10% incre-
ments between the thaumasite (Ca;SiSO,CO3;(OH)g-
12H20) and ettringite (CaéAlz(SO4)g(OH)12 26H20)
compositions. The mixes were sealed in polyethylene
bottles and stored at 5 °C for 6 months with periodic
agitation, prior to isolation by suction filtration. In
order to prevent contamination by atmospheric carbon
dioxide, preparation and isolation were carried out
under nitrogen. All water used was double distilled,
boiled and cooled under nitrogen before use.

X-ray diffraction was carried out shortly after isola-
tion in order to determine unit cell parameters and the
results are described in a separate paper [11]. For the
work described here, quantitative X-ray diffraction and
infrared spectroscopy were carried out 18-24 months
later, after the solids had been stored dry in sealed
plastic bags. Transmission electron microscopy, energy-
dispersive X-ray analysis and electron diffraction studies
of these solids are described elsewhere [11-13].

3. X-ray diffraction

X-ray diffraction and Rietveld refinement were used
to obtain accurate unit cell dimensions for the solid
solution phases produced, and quantitative phase in-
formation. Solids were prepared for analysis by lightly
grinding with corundum (a-Al,O;) in a 1:1 weight ratio,
and side-loading into the sample holder to minimise
preferred orientation. X-ray diffraction data were col-
lected on a Bruker AX8 diffractometer, using CuKuo
radiation over the angular range 5-60° 20, with a step
size of 0.04° and a count time of 4 s per step. Rietveld
refinement was performed using the general structure
analysis system (GSAS) software [14,15]. Unit cell pa-
rameters, 20-zero errors, scale factors, peak shape and
width parameters were refined. Atomic positions were

not refined since the data quality was not considered to
be adequate. A more detailed description of the refine-
ment procedure is given elsewhere [12], along with a
graph showing the quality of fit of observed and calcu-
lated data.

The results from QXRD are shown in Figs. 2 and 3.
Fig. 2 shows the unit cell parameters of the solid solu-
tion phases present, with ¢ plotted against a. Fig. 3
shows the quantitative phase information obtained for
the solids from the Rietveld refinement results. In many
cases, two solid solution phases coexist, one similar to
ettringite and one similar to thaumasite.
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Fig. 2. Unit cell parameters of solid solution phases: square, thaum-
asite; triangle, ettringite; circle, solid solution phases.
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Fig. 3. Quantitative XRD results: pale grey, thaumasite; dark grey,
ettringite; black, calcite; white, amorphous phase.
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In Fig. 2, a gap exists between the unit cell dimen-
sions of the two structure types. We believe that this gap
corresponds to a change in symmetry between thauma-
site and ettringite. Solid solutions with ¢ > 21.3 A are
characterised as ettringite-like structures, while phases
with ¢ < 20.95(10.475) A are characterised as thauma-
site-like structures. There is no significant change in unit
cell parameters since the solids were first analysed by
X-ray diffraction [11].

Quantitative phase information (Fig. 3) shows that
the solids contain contaminating phases, i.e. calcite and
an amorphous phase, likely to be calcium silicate hy-
drate. In samples close to the thaumasite end of the
series, the amount of amorphous material present in-
creases sharply and calcite is formed. There is no sig-
nificant change in relative amounts of the two solid
solution phases since the solids were first isolated [11].

4. Infrared spectroscopy

Fourier transform infrared spectroscopy was carried
out using an ATI Mattson Genesis Series FTIR trans-
mission instrument. A known mass of solid was ground
with dried KBr and the mixture was pressed at 2000 psi
for 5 min. Infrared data were collected over the wave-
number range 400-4000 cm~'. The infrared spectra of
some of the solids are shown in Fig. 4. The absorption
bands present in these spectra were identified by com-
parison with previously published data for thaumasite
and ettringite [16-19], and by reference to other more
general work [20,21]. Table 1 identifies some of the im-
portant bands in the IR spectra of these materials.

Infrared data analysis was carried out using Micro-
soft Excel®. A procedure was devised to quantify the
octahedral Si bands in the spectra. The experimental
absorption spectrum was fitted by least-squares methods
to a calculated spectrum produced by mixing the ex-
perimental spectra of the ettringite and thaumasite end
members:

I = X(I) + Y(1y)

where I; is the calculated absorbance at wavenumber i,
I; and I; are the measured absorbances of thaumasite
and the ettringite respectively at wavenumber i, and X
and Y are variables. The thaumasite spectrum used in
the calculated pattern is a high purity natural sample
from Crestmore, California. The fitting was performed
over the wavenumber range 475-525 cm~' (corres-
ponding to the 500 cm~! SiOg band) by varying X and
Y, and a good quality of fit was achieved over the whole
spectrum (see Ref. [12]). Since only thaumasite (/)
contributes to the intensity of this band in the calculated
pattern, the value of Y is proportional to the amount of
octahedral Si present in the solid.
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Fig. 4. Infrared spectra of selected solids. Note: Si:Al ratios refer to
the molar ratios in the starting mixes.

Table 1

Wavenumbers of important infrared absorption bands
Wavenumber/cm ! Assignment
3600-3200 O-H stretch
1680 O-H bend
1400 C-O stretch (CO37)
1100 S-O stretch (SO%")
940/920 NTON
875 C-0 bend (CO%)
850 AlOg
750 SiOg¢ stretch
500 SiO¢ bend

In order to account for the presence of other phases
in the solid, and hence obtain a measure of octahedral Si
in the solid solution phase, these results were normalised
with the quantitative XRD data described above using
the equation:

moles octahedral Si in ettringite/thaumasite

molesgq * massqqg MW,
* *

=Y
Mwstd

masse

where moles,y 1s the number of moles octahedral Si in
2 moles of standard thaumasite =2, massyy is the
mass of standard, mass.; is the mass of ettringite/
thaumasite in the sample (calculated from the measured
total mass of the sample and the QXRD crystallinity)
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Fig. 5. Octahedral Si levels in solid solutions: solid diamond, mea-
sured values (dotted line indicates two-phase region); dashed line,
theoretical maximum (i.e. thaumasite composition).

and MW, /MW is the ratio of molecular weights of
standard and sample (=1).

The Si contribution to the solid solution composition
relative to the starting compositions is shown in Fig. 5.
The dotted region of this graph represents the solids in
which two ettringite/thaumasite phases formed. In these
cases, the value plotted represents an average of the
octahedral silicon contents of the two solid solution
phases. These two-phase systems are mixtures of the two
compositions representing the miscibility limits of the
solid solution.

As an initial estimate of the miscibility limits, it was
assumed that the compositions of the single-phases on
either side of the two-phase region represented the limits
of the solid solution. The two-phase systems would
therefore be mixtures of these two compositions. This
would suggest that ettringite can accept the replacement
of up to 1/2 its aluminium by silicon, while thaumasite
tolerates the replacement of 1/8 of its silicon by alu-
minium.

A more detailed approach was then used to calculate
the miscibility limits from the average values for the
two-phase systems, using the following equation:

n(Sioct) = fetln(Sioct)en +.ﬁhaumn(Sioct)thaum

where n(Sio) is the experimentally measured value for
the octahedral Si level in the solid, f. and fihaum are the
fractional ratios of ettringite- and thaumasite-like pha-
ses in the mixture and 7(Sioe )y, and 7(Sioet)yaum ar€ the
limiting compositions on the ettringite and thaumasite
sides of the miscibility gap respectively.

This equation was solved using least squares methods
for the four two-phase systems to find the best fit values
of n(Sioer)y, and n(Sioe)ypaum- This approach gave
1(Slget) oy = 1.05 and n(Sioet) ppum = 1.95.

These limits of miscibility are compared with the
initial estimates and with the measurements for the
single-phase systems in Fig. 6. On the ettringite side of
the miscibility gap, the value of 1.05 agrees well with the
initial estimate, again showing that half the Al in et-
tringite can be replaced by Si.
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Fig. 6. Extent of immiscibility in the thaumasite-ettringite system:
dotted line, two-phase region; solid line, “‘single”’-phase region; dia-
mond, measured compositions of single-phase systems.

However, on the thaumasite side of the gap this ap-
proach suggests that thaumasite tolerates little or no Al
in its structure. The initial estimate suggested a higher
level of substitution was possible. Some of the appar-
ently single-phase systems on the thaumasite side of the
miscibility gap also suggest higher levels of substitution.
We believe that this discrepancy is due to problems with
the XRD detection of ettringite in the presence of large
amounts of thaumasite in these apparently single-phase
systems. Asymmetry in the peak shapes, which leads to
higher intensity on the lower angle side of the peaks than
on the higher angle side, could potentially lead to sig-
nificant amounts of ettringite-like phases being unde-
tected in the presence of thaumasite because the
ettringite peaks are at slightly lower angles than the
equivalent thaumasite peaks. (Conversely, this asym-
metry would not cause the same problem in detecting
thaumasite in the presence of large amounts of ettring-
ite.) Approximately 10 wt.% ettringite in the single-
phase system on the thaumasite side of the miscibility
gap would account for the discrepancy between the
initial estimate for the limiting composition on the
thaumasite side of the gap and our final result.

5. Conclusions

A gap in the solid solution between thaumasite and
ettringite can be identified crystallographically by a gap
in the unit cell dimensions of the solid solution phases
between c-dimensions of 20.95(10.475) and 21.3 A. This
gap is believed to correspond to a change in symmetry
from the thaumasite structure to the ettringite structure.

The combination of the techniques of quantitative
X-ray diffraction and infrared spectroscopy has enabled
us toidentify the extent of immiscibility in the thaumasite—
ettringite system for the first time. Thaumasite can tol-
erate little or no replacement of Si by Al in its structure.
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Ettringite tolerates a higher degree of solid solution,
with up to 1/2 its Al being replaced by Si.

This work has highlighted problems in detecting et-
tringite by XRD in the presence of large amounts of
thaumasite. This effect should be considered when
analysing cement and concrete samples which have been
affected by the thaumasite form of sulfate attack.

The location of the miscibility gap in this system,
between 50% and 97% replacement of Al by Si, has
implications for the formation of thaumasite in different
cement systems. The thaumasite structure can accept
only a limited amount of aluminium and therefore
equilibrium systems which contain larger amounts of
aluminium are unlikely to form a stable thaumasite
phase. The chemistry of cements blended with BFS,
PFA etc., that contain higher Al levels than OPC, sug-
gests that the formation of a stable thaumasite phase in
slag or fly ash blended systems is less likely.
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