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Ettringite formation and microstructure of rapid hardening cement
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Abstract

This paper reports the formation and microstructure development of ettringite during hydration of two rapid hardening cements under

various handling times. The rapid hardening component of one of these cements is crystalline calcium fluoroaluminate while that of the other

is an amorphous calcium aluminate. During hydration, the crystalline fluoroaluminate component forms ettringite from the very beginning.

The amount of ettringite increases with time producing needle-shaped crystal of various sizes. The amorphous calcium aluminate component,

on the other hand, exhibits an initial induction period after which there is a rapid formation of needle-shaped ettringite crystals of nearly

uniform size.
D 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

In Japan, rapid hardening cements are being used

increasingly in a variety of highway repairs. These

cements usually have a short handling time of about 20

min, and the compressive strength over 24 MPa can be

obtained in about 3 h after mixing. Since 1995, with

changes in the freight truck tonnage, there has been much

activity on increasing the thickness of highway bridge slab.

This work involves large construction equipment placing a

rather large volume of rapid hardening cement. The

handling time of these cements has to be extended to at

least about an hour to perform this type of highway work

[1]. The control or manipulation of the handling time of

rapid hardening cements has also become necessary with

the new developments in tunneling and repair and rein-

forcing methods [2]. It is, therefore, important and useful,

from the material design viewpoint [3], to understand and

clarify the effect of extending handling time on the

hydration and microstructure development of these rapid

hardening cements.

Two types of rapid hardening cements are used in this

study. The rapid hardening component of one of them is a
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crystalline calcium fluoroaluminaete while that of the

other is an amorphous calcium aluminate. Both react with

anhydrite during hydration to produce ettringite. The

hydration of rapid hardening cements has been investi-

gated in detail by Uchikawa and Uchida [4] and Naka-

gawa [5]. However, little information is available on the

quantitative comparison of the abovementioned rapid

hardening cements, particularly, regarding their hydration

behavior and microstructure development under extended

handling times. This study is aimed to provide informa-

tion on the formation and microstructure development of

ettringite in the initial stages of hydration and hardening

of these two types of cements under various handling

times.
2. Experimental

2.1. Materials

Table 1 shows the chemical composition and physical

characteristics of the two rapid hardening cements investi-

gated. The main rapid hardening component of Type A is

crystalline calcium fluoroaluminaete while that of Type B is

an amorphous calcium aluminate. A set retarder consisting

of hydrocaboxylic acid and sodium carbonate was used with

both cements.



Table 1

Chemical and physical properties of rapid hardening cements

Cement Chemical composition (%) Rapid hardening Specific SSAa

Ignition loss SiO2 Al2O3 Fe2O3 CaO MgO SO3 R2O F
component gravity (cm2/g)

Type A 0.6 13.8 11.4 1.5 59.1 0.9 10.2 0.7 1.2 C11A7�CaF2 3.03 5500

Type B 2.1 15.6 9.5 2.1 58.5 0.6 9.7 0.9 0 Amor-C12A7 3.03 4670

a Blane’s specific surface area.
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2.2. Sample preparation

To stop the hydration of the cements investigated, it was

important to select a method that would not result in the

decomposition of ettringite. We tested several methods

using synthetic ettringite [6]. Treating cement paste with

acetone followed by drying for 16 h at 40 jC was found to

be the most suitable method.

2.3. Cement hydration

To prolong the handling time of hardening cements, the

retarder was added, by mass of cement, in amounts of 0.2%,

0.7% and 1.2% to Type A cement, and 0.7% and 1.0% to

Type B cement. This dosage resulted in the handling times

of 30, 60 and 120 min (referred to as HT30, HT60 and

HT120, respectively, in Figs. 1–5) for both cements. The

retarder was added by dissolving it in the mixing water. A

water-to-cement ratio of 0.5 was used in all experiments.

Conduction calorimeter was used to obtain heat liberation

curves during hydration.

The cement samples were hydrated and cured in the

bottles made of polystyrene at 22 jC. The hydration was

stopped after a prescribed time (5, 30, 60, 90, 120, 180 and

300 min) by mixing the sample with a large quantity of

acetone and milling in an alumina mortar. The sample was

then filtered under reduced pressure and dried for 16 h in a

thermostat at 40 jC.
Fig. 1. Heat liberation curves for Type A cement.
2.4. Quantitative analysis

The amount of ettringite produced during hydration was

determined by quantitative X-ray diffraction (XRD) using

10 mass % a-alumina as the internal standard. The ettringite

peak area was determined using the method of numerically

integrating functions fitting the peak profile obtained by

XRD. The amount of ettringite produced was determined by

comparing its peak area with that of pure synthetic ettringite

(taken 100%). The ignition loss was determined by heating

the samples at 1000 jC for 30 min.

2.5. Microstructure

The microstructure of hydrated samples was examined

by scanning electron microscopy (SEM), and their pore size

distribution was determined by mercury (Hg) porosimetry.
3. Results and discussion

3.1. Rate of heat liberation

Figs. 1 and 2 show the heat liberation curves for Type A

and B cements, respectively. For Type A, the hydration

appears to begin immediately upon mixing the cement with

water, as shown by a rapid heat liberation, which is then

followed by two more reaction stages (Fig. 1). Ettringite
.

.

Fig. 2. Heat liberation curves for Type B cement.



Fig. 4. The amount of ettringite produced by hydration of Type A cement.
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was the only product detected by XRD. Increasing the

retarder dosage delayed the second and third peaks in the

heat liberation curve. For Type B cement, on the other hand,

there was no heat generation immediately after addition of

water, and only a large exothermic peak was noticed (Fig.

2). Ettringite was detected by XRD at around the time of the

middle of this exothermic peak. This peak is produced

presumably by the dissolution of amorphous calcium alu-

minate and anhydrite and the formation of ettringite. With

increased retarder dosage, the time of appearance of this

peak is delayed (i.e., a prolonged induction period is

observed), but its size remains relatively unaffected. Amor-

phous calcium aluminate, the rapid hardening component of

Type B cement, shows remarkably high reactivity compared

with crystalline calcium aluminate [7]. The restrained reac-

tion in the early hydration of Type B cement, therefore, may

be due to some special surface condition introduced by

grinding of the amorphous calcium aluminate.

3.2. Ettringite production and microstructure

The amount of ettringite produced during hydration was

calculated using the following equation:

Ettringite ð%Þ ¼ 100RhEsð100� LsÞ=RsEhð100� LhÞ

where Rh and Rs are the XRD peak areas of ettringite and

internal standard, respectively, for the hydrated sample, and

Eh and Es are the peak areas of ettringite and the internal

standard for the synthetic ettringite, respectively. Lh and Ls
are ignition losses for the hydrated sample after t min and

synthetic ettringite, respectively.

The XRD analysis shows ettringite as the sole hydration

product even up to 300 min. The amount of ettringite as

determined by XRD is found to be almost the same as that

calculated from the ignition loss data (Fig. 3). The ignition

loss, therefore, appears to be entirely due to the loss of
Fig. 3. Relation between the amount of ettringite as determined by XRD

and that calculated from the ignition loss data.
combined water in ettringite upon heating. This result also

confirms that crystalline materials with orientations, such as

needle-shaped ettringite, can be determined quantitatively

by XRD, provided care is taken in preparing the samples for

measurements.

Figs. 4 and 5 show the amount of ettringite produced by

hydration of Type A and B cements, respectively. In Type

A, ettringite is formed from very early stage, and its

amount increases gradually with time. Extending the han-

dling time decreases the ettringite formation rate requiring a

longer time to produce a certain amount of ettringite. In

Type B cement, there appears to be an induction period

which is followed by rapid formation of ettringite. Extend-

ing the handling time increases the induction period, but

does not appear to affect the shapes of the heat liberation

curves.

Fig. 6 shows SEM photographs of some of the hydrated

cement pastes after 180 min. The handling time for these set

samples was 30 min. For Type A, minute needle-shaped

ettringite crystals are observed at the beginning of hydra-

tion. After 180 min, needle-shaped crystals of various sizes

are noticed. For Type B, although no ettringite is detected in

the early stages of hydration, a large amount of needle-

shaped ettringite crystals of nearly uniform size is observed

after 180 min. These micrographs appear to correlate well

with Figs. 4 and 5 data regarding ettringite formation with

hydration time. In Type A, fine ettringite crystals are formed
Fig. 5. The amount of ettringite produced by hydration of Type B cement.



Fig. 6. SEM photographs of hydrated samples (HT30, after 180 min).
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immediately after the addition of water, which gradually

grow larger in size. In Type B, on the other hand, no

ettringite is formed until a certain period of time after the

addition of water. However, once ettringite begins to form, it

forms rapidly producing crystals of comparatively uniform

size.

3.3. Total pore volume of hydrated cement pastes

Figs. 7 and 8 show, respectively, the correlations of total

pore volume and threshold diameter for cumulative pore

volume of cement pastes with the hydration time. In the

case of Type A cement, the threshold diameter shifts to

smaller values and the total pore volume decreases with

increasing hydration time. The Type B cement shows

smaller total pore volume than that the Type A cement at

60 min and its threshold diameter also shifts to smaller

values. This threshold diameter does not show any signif-

icant variation afterwards.

The changes in total pore volume and threshold diam-

eter in hardened cements can be correlated with ettringite

formation during hydration. In Type A cement, the amount

of ettringite continues to increase and crystals of various

sizes are formed with hydration time with the result that

large pores are filled with them. Consequently, both the
Fig. 7. Total pore volume of hydrated cement pastes.
total pore volume and the threshold diameter decrease with

time. In Type B cement, ettringite crystals of comparative-

ly uniform size are formed rapidly in the first stage after

which there is very little change. Consequently, at 60 min,

both the total pore volume and threshold diameter have

smaller values compared with those for Type A. At 180

min, when both cements are expected to show about the

same strength, we observed about the same total pore

volume. In this instance, the amounts of ettringite pro-

duced by Types A and B are 13.4% and 15.2%, respec-

tively, with the result that both cements show very similar

values.
4. Conclusions

The two rapid hardening cements used in highway repair

work, produce ettringite in their early stages of hydration.

However, there is a distinct difference between these

cements regarding the mechanisms of ettringite formation

and its microstructure. The heat liberation curve for Type A

cement shows three stages of reaction. Ettringite is formed

immediately after addition of water and its amount con-

tinues to increase with time. Extending the handling time
Fig. 8. Threshold diameter for cumulative pore volume of hydrated cement

pastes.
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decreases the rate of ettringite formation. The heat libera-

tion curve for Type B cement shows only one large

exothermic peak. Ettringite begins to form rapidly at

around the middle of this peak. There is an induction

period in the initial hydration stage which can be prolonged

by prolonging the handling time. The Type A cement

exhibits ettringite crystal growth of various sizes whereas

Type B produces ettringite crystals of nearly uniform size

crystals. The total pore volume and threshold diameter of

both cements gradually decreases with hydration time;

however, these parameters show relatively smaller values

for Type B than those for Type A in the initial stages of

hydration.
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