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Abstract

A few cases of sulfate attack, involving the formation of thaumasite, have been discovered in site concrete. A technique able to detect

small amounts of thaumasite in the presence of ettringite is necessary for developing a detailed understanding of the mechanism of thaumasite

sulfate attack and for assessing concrete structures exposed to sulfates. Optical microscopy and X-ray diffraction (XRD) analysis may be used

to identify thaumasite in large quantities in a concrete sample. However, the usefulness of optical microscopy is limited by its resolution.

When ettringite is abundant, the identification of thaumasite by XRD analysis is very difficult as the d-spacings between thaumasite and

ettringite are so similar that the XRD peaks of thaumasite in small quantity may be overwhelmed by the adjacent strong peaks of ettringite. In

this study, concrete specimens containing bands of both ettringite and thaumasite were examined by backscattered electron imaging, first

under low vacuum (9 Pa) and then under high vacuum. Prior to examination, the specimens were dried at 50°C, resin impregnated, then

polished. Under high vacuum, thaumasite and ettringite bands appeared heavily cracked and of similar gray scale; they could not be

differentiated visually, only by X-ray microanalysis, which is laborious and sometimes imprecise. Under low vacuum, the appearance of

ettringite was similar to that in high vacuum, but thaumasite was different, with very few cracks and darker gray scale. This suggests that

thaumasite requires a higher vacuum than ettringite to lose its structural water. Thus, low vacuum SEM can be used to identify thaumasite and

to differentiate between thaumasite and ettringite. D 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Sulfate attack of concrete, involving the formation of

ettringite and gypsum, has been recognized for many years.

However, only a few cases of sulfate attack involving the

formation of thaumasite have been discovered in site con-

crete [1±6]. The mechanisms of the two forms of sulfate

attack are different. One consequence is that sulfate-resist-

ing Portland cement, which provides high resistance to

conventional sulfate attack, is vulnerable to the thaumasite

form of sulfate attack [5,6].

Ettringite is a normal product of cement hydration and

the thaumasite form of sulfate attack always starts with the

formation of small quantities of thaumasite which may

gradually develop into large deposits. Therefore, a technique

able to detect small amounts of thaumasite in the presence

of ettringite is necessary for developing an understanding of

the mechanism of thaumasite sulfate attack and for assessing

the current condition and residual life of concrete structures

exposed to sulfates.

Thaumasite (CaSiO3�CaCO3�CaSO4�15H2O) belongs to

the family of ettringite-type crystal hydration products. Its

crystalline structure, X-ray diffraction (XRD) pattern, mi-

crostructural features and many of its optical properties are

similar to those of ettringite (3CaO�Al2O3�3CaSO4�32H2O).

Such similarities create difficulties in differentiating thau-

masite and ettringite. Optical microscopy [5,7] and XRD

analysis [8] may be used to identify thaumasite in large

quantities in a concrete sample. However, for the sample

with thaumasite present at relatively low contents or con-

centrated in small areas, the usefulness of optical micro-

scopy is limited by its resolution. The d-spacings of

thaumasite (Powder diffraction file 25-127, JCPDS) and

ettringite (Powder diffraction file 9-414, JCPDS) are suffi-

ciently similar that the XRD peaks of thaumasite in small
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quantity may be overwhelmed by the adjacent strong peaks

of ettringite. Consequently, the identification of thaumasite

by XRD analysis is difficult and especially so at low

thaumasite or high ettringite contents.

SEM with X-ray microanalysis has the potential to

identify thaumasite, from massive down to trace amounts.

However, thaumasite and ettringite have similar microstruc-

tural features in images obtained by SEM in the conventional

high vacuum mode [5,7]. Hence, thaumasite identification in

the SEM currently relies on X-ray microanalysis. Much

experience and many analyses are required to judge whether

the material being analyzed is thaumasite, sulfate-rich C-S-H

gel [9] or a mixture of C-S-H gel and gypsum or ettringite.

In this study, SEM in the low vacuum mode was used

to examine concrete containing both ettringite and thau-

masite. It was discovered that SEM at low vacuum

facilitates the identification of thaumasite even in very

small amounts.

2. Experimental

The source of concrete was a 152 mm thick precast

concrete tunnel lining that had been buried in London Clay

for 30 years. The concrete was made of ordinary Portland

cement, Thames Valley gravel (flint), and siliceous sand

(quartz). The concrete mix proportions and cement compo-

sition are unknown. Cores, 100 mm diameter, 152 mm long

were wet cut from the lining and then 40 � 20 � 5 mm

specimen blocks were sliced from the surface of the

concrete that had been in contact with the ground, using

a diamond saw. The specimen blocks were dried in an oven

at 50°C for 3 days and were then resin impregnated under

vacuum at a pressure of the order of 10ÿ3 Pa for a period of

around 15 min. The impregnated specimens were lapped on

a sand dish of 200 mm and polished on cloths saturated with

diamond particles at four levels from 9 mm down to 1 4=
mm. The polished specimens were stored in a CO2-free

cabinet at 55% RH, until required for the SEM observations

at low vacuum.

Carbon coating was not required for the specimens to be

observed at low vacuum. After the observations by SEM at

low vacuum, the specimens were further dried for 2 days by

vacuum pump at a pressure of the order of 10ÿ4 Pa and they

were then carbon coated under pressure down to around 7 �
10ÿ5 Pa. The carbon-coated specimens were then re-exam-

ined by SEM, this time at high vacuum.

A JEOL 5410LV SEM was used. The pressure in the

sample chamber could be adjusted in the range of 6±66 Pa.

The instrumental parameters for SEM were: accelerating

voltage = 20 kV; loaded beam current = 55 mA; beam spot

size (SS) setting = 12; pressure in the specimen chamber, 9

Pa (low vacuum mode) or around 10ÿ4 Pa (high vacuum

mode). The quantitative X-ray microanalysis was carried out

in the high vacuum mode. The accelerating voltage was

maintained at 20 kV and the beam spot size setting was

increased to 18. The ZAF procedure was used to quantify 11

elements (Na, Mg, Al, Si, P, S, K, Ca, Ti, Mn, and Fe).

Oxygen was determined by stoichiometry.

Raman spectroscopic measurements were carried out

using a Renishaw Raman Microprobe (system 2000), with

a laser (488 nm) excitation source having a power at the

specimen of the order of 4 mW. While the equipment is

capable of spatial resolution of approximately 2 mm, for

these analyses of a transparent phase, it appeared to be

degraded to approximately 50 mm [10].

3. Results and discussion

Sulfate attack was diagnosed to be occurring to a depth

of less than 5 mm into the concrete. Carbonation was

commonly identified in the region suffering from sulfate

attack. A backscattered electron (bse) image obtained by

SEM at low vacuum is shown in Fig. 1; the fine ettringite

bands are typical of conventional sulfate attack. The micro-

structural features of the ettringite bands appear to be very

similar to those commonly observed by SEM in the con-

ventional high vacuum mode [11]. In addition to the

ettringite bands, visually different bands were also present

in the same areas (Fig. 2a and b). The latter had a uniform

gray level that was darker than the ettringite, C-S-H gel, and

siliceous sand. Unlike the ettringite, there were very few

cracks in these bands. The cracks observed in the ettringite

bands were believed to be caused by shrinkage during

drying. Some of the dark bands had apparently developed

in parallel with the ettringite bands (Fig. 2b).

The same specimens were further vacuum dried, carbon

coated and were then observed under SEM in the high

vacuum mode. It was interesting to find that the dark bands

observed in the low vacuum mode had almost completely

lost the microstructural features that distinguished them

Fig. 1. A bse image of ettringite bands (arrowed) taken by SEM in low

vacuum mode. The scale bar indicates the length of 50 mm.
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from ettringite. Comparing Fig. 2a and c with Fig. 2b and d,

the gray level of the dark bands was turned into the light

gray characteristic of ettringite and C-S-H gel, and shrink-

age cracks appeared in the bands.

Qualitative X-ray microanalysis was carried out at low

vacuum. The dominant elements in the central areas of the

dark bands were Ca, Si, and S. Al was more or less present

in most of the analyses. A small amount of carbon was

detected in the dark bands and also in the cement paste

surrounding them. The carbon probably originated from the

carbonation of the concrete and the impregnation resin. The

composition of the dark bands could be attributed to

thaumasite, but could also have resulted from C-S-H gel

sorbing a certain amount of sulfate [9] or being intermixed

with gypsum or ettringite. Quantitative X-ray microanalysis

was carried out on the same specimens. The analyses were

focused on the material in the dark bands and the ettringite

bands. The results are presented in the atomic ratio plots

shown in Fig. 3a and b. It should be borne in mind that the

analysis volume might partly include the materials around

the bands because the bands are narrow. The scattered data

spots suggest that the materials analyzed are mixtures. The

main groups of analysis spots in the dark bands and the

ettringite bands are distributed adjacent to the theoretical

atomic ratios of thaumasite and ettringite, respectively, i.e.

S/Ca = 1/3, Al/Ca = 0, and Si/Ca = 1/3 for thaumasite and S/

Ca = 1/2, Al/Ca = 1/3, and Si/Ca = 0 for ettringite. Almost

all the analysis spots fall in or adjacent to the triangle with

the atomic ratios of thaumasite, ettringite, and C-S-H gel as

the three corners. The composition of C-S-H gel in cement

paste is quite variable. Its Si/Ca ranges roughly from 0.5 to

0.7 [12]. S/Ca and Al/Ca of C-S-H gel vary more widely

because C-S-H gel sorbs sulfate and intermixes with alumi-

nate bearing hydrates. Accordingly, the corner representing

C-S-H gel in Fig. 3 is estimated by extrapolating the data

point trends. The above observations suggest that the

analyzed materials are primarily mixtures of these three

phases. The dominant phase in the dark bands is thaumasite.

Thaumasite and ettringite are partially intermixed or in the

form of limited solid solutions. Many analyses in the

ettringite bands are distributed along the tie line between

ettringite and C-S-H gel. This arises from the analysis

volumes including the C-S-H gel adjacent to narrow ettrin-

gite bands.

Raman spectroscopy gives further confirmation of the

presence of thaumasite in the dark bands. Before Raman

spectroscopic analysis, the dark bands in the specimens

were coordinated in the SEM. Fig. 4 shows the Raman

spectrum of the dark band shown in Fig. 2a. The three

Raman spectrum peaks, 990, 658, and 460 cmÿ1, are

consistent with the published Raman spectroscopic data

for synthetic pure thaumasite with peaks at 993, 663, and

459 cmÿ1 [13]. The peak at 658 cmÿ1 is attributed to the n1

frequency of silicon in 6-coordination with oxygen. Thau-

masite contains silicon in 6-coordination with hydroxyl

([Si(OH)6]ÿ2) [14±17]. The silicon present in the calcium

Fig. 2. A bse images of thaumasite bands (arrowed). All the scale bars

indicate the length of 50 mm. Micrographs (a) and (b) were taken by SEM in

low vacuum mode. Micrographs (c) and (d) were taken by SEM in high

vacuum (conventional) mode corresponding to the same fields as

micrographs (a) and (b), respectively.

Fig. 3. Quantitative X-ray microanalyses in the thaumasite bands and the

ettringite bands expressed in atomic ratios.
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silicate hydrates (C-S-H gel) and anhydrous cement (alite

and belite) is in tetrahedral coordination with oxygen, which

corresponds to a peak in the range 800±1000 cmÿ1. There-

fore, the peak at about 658 cmÿ1 can be regarded as the

characteristic band of thaumasite. The peak at 990 cmÿ1 is

attributed to the SO4 n1 frequency [13]. The peak at 460

cmÿ1 is unassigned, while that at 1074 cmÿ1 could be due

either to SO4 or CO3 [10].

The above results confirm that the dark bands observed

by bse imaging in the SEM at low vacuum were thauma-

site. Differences in water lost by thaumasite and ettringite

during drying create differences in the microstructural

features of the thaumasite and ettringite bands. Both

thaumasite and ettringite shrink on loss of structural water.

The shrinkage causes cracking and increases the average

atomic number of the material and hence, its bse coeffi-

cient and gray scale. The dark thaumasite bands observed

under SEM in low vacuum mode show the microstructural

features of the thaumasite before losing the majority of its

structural water. These observations suggest that thauma-

site requires a higher vacuum than ettringite to lose its

structural water.

The thaumasite bands were concentrated in isolated

areas of the cement paste and the paste±aggregate transi-

tion zone. Some of them passed through the siliceous

aggregate particles. The aggregate was very low in

carbonate. The source of carbonate for thaumasite forma-

tion was probably calcite due to carbonation of the

cement paste or carbonate ions in the ground water. The

amount of thaumasite formed was significantly less than

that of ettringite.

4. Conclusions

� In high vacuum bse images of concrete blocks dried

at 50°C and resin impregnated, thaumasite and

ettringite bands appear heavily cracked and of

similar gray scale. They can be differentiated by

X-ray microanalysis, but this is laborious and

sometimes imprecise.
� In low vacuum bse images of the same specimens

(prior to exposure to a high vacuum), the appearance

of ettringite is similar to that in high vacuum, but

thaumasite is different, with very few cracks and a

darker gray scale.
� Therefore, low vacuum SEM can be used to identify

thaumasite and to differentiate between thaumasite

and ettringite. The technique has the potential to play

an important role in diagnosing the type and extent of

sulfate attack of site concrete and in investigating

sulfate attack mechanisms.
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