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Tricalcium aluminate hydration: Microstructural
observations by in-situ electron microscopy
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Environmental scanning electron microscopy (ESEM) was used to study the microstructural
changes that take place during the hydration of tricalcium aluminate (C3A) in the absence
and presence of gypsum (CSH,; where A=AIl,03, C=Ca0, H=H,0, S=S503). The ESEM
proves to be a valuable tool in the observation of cement hydration and no specialised
equipment other than the ESEM is required. The hydration process can be observed at any
time without the need to halt the hydration process prior to specimen preparation.
Subsequently, artefacts associated with specimen preparation, such as water loss and

desiccation, are now avoided.

In the absence of sulphate, amorphous gel, poorly crystalline hexagonal calcium
aluminate hydrate (? C4AH19) and cubic calcium aluminate hydrate (C3AHg) are observed on
the surface of C3A grains. When small amounts of sulphate (2% gypsum) are present the
same phases are observed. If larger amounts of sulphate (25% gypsum) are added to the
system amorphous gel products, crystalline ettringite (CsAS3H32) and monosulphate
(C4ASH1,) are observed. The crystalline products grow both within the amorphous gel and,
where space allows, in interstices suggesting a through solution mechanism of transport.

© 2004 Kluwer Academic Publishers

1. Introduction

Tricalcium aluminate (C3A) forms 5-10% of the
clinker mass in ordinary Portland cement (OPC) and all
hydration products of C3A, whether or not they contain
sulphate, are believed to play a key role in the induc-
tion period [1, 2]. At ordinary temperatures and in the
absence of sufficient sulphate, hydration of C3 A causes
a phenomenon known as ‘flash set’ whereby setting is
accelerated by the rapid formation of hydrated calcium
aluminates but the mechanical strength of the resultant
paste is poor [3]. C3A can form many hydration prod-
ucts in the absence of sulphate. For example:

2C3A 4+ 27H — C4AH 9 + C,AHg
2C3A + 21H — C4AH;3 + C,AHg
C4AH 9 + C;AHg — 2C3AHg + 15H.

In previous scanning electron microscope (SEM) stud-
ies a gel coating C3A grains has been observed within
the first ten minutes of hydration [4, 5]. The layer is of
variable thickness and appears to peel off the surface
[4]. Replacement of the gel by hexagonal plates oc-

curs within one hour of hydration [5]. These plates are
thought to be either C;AHg or C4AH;3; however lab-
oratory X-ray diffraction (XRD) on similar pastes did
not confirm the presence of either phase. After one or
two hours icositetrahedra of the cubic phase C3AHg are
observed [4, 5], the most stable calcium aluminate hy-
drate at room temperature. Synchrotron X-ray diffrac-
tion suggests the formation of C3AHg occurs much
more quickly, the transformation from C3 A starting af-
ter only a few minutes [6]. The intermediate product
has been identified as C, AHg with or without C4AH 9.

Addition of sulphate in the form of gypsum to the
anhydrous OPC clinker suppresses these reactions by
providing a source of sulphate ions. An initial gel is ob-
served coating grains [4, 7] but it is more coherent than
that observed in the absence of sulphate [4]. Ettringite
rods are observed in the edge of the gel, formed by the
reaction:

CsA + 3CSH2 + 26H = C(,AS3H32.

This proceeds until all the available sulphate has been
used up [4]. Ettringite then reacts with remaining

*Present address: Soft Condensed Matter Physics Group, Department of Physics, University of Queensland, St Lucia, Brisbane, QLD4072, Australia.

fAuthor to whom all correspondence should be addressed.

00222461 © 2004 Kluwer Academic Publishers

997



C3A to form calcium aluminium monosulphate hydrate
(commonly referred to as monosulphate):

CAS3Hz3; + 2C3A + (n — 8)H = 3C4ASH;;,

(where n = 12-14) but no such phase has been previ-
ously identified with SEM techniques.

In addition to SEM and synchrotron X-ray analysis,
methods such as differential thermal analysis (DTA)
[8,9], thermogravimetric analysis (TG) [8], calorimetry
[8] and X-ray diffraction (XRD) [5, 7, 10-12] have been
used to examine C3A hydration. More recently, attenu-
ated total internal reflection Fourier transform infrared
spectroscopy (ATR-FTIR) has proved useful for follow-
ing the process in real time [13]. Despite all this activity,
there still remains doubt as to the exact mechanism by
which C3;A hydrates, both in the absence and presence
of gypsum and additives. This uncertainty is not helped
by the fact that standard microscopy techniques cannot
provide definitive real time information regarding the
formation of products and the development of morphol-
ogy. Conventional light microscopy does not have the
resolution to probe the microstructural events taking
place in solution pores, or at grain surfaces. Conven-
tional electron microscopy, both scanning and trans-
mission are inherently post mortem and intrusive, due
to the high vacuum observation environment.

The advent of so called ‘low pressure’, ‘wet’, ‘natural
state’ or ‘environmental’ scanning electron microscopy
(ESEM) has allowed in-situ studies to be carried out on
hydrating pastes. This has a two-fold benefit in that it
eliminates some of the artefacts of damaging sample
preparation and allows real-time in-sifu studies to be
performed in an environment that maintains the original
state of the material. The purpose of this paper is to
build on previous work on Ca3SiOs pastes [14, 15] by
extending the in-situ ESEM approach to investigate the
mechanism of C3 A hydration with and without gypsum.

2. Experimental details

The C3;A was supplied by Construction Technology
Laboratories (CTL), Skokie, IL, code no. TICO1. The
powdered material was mesh 20 and contained rough
grains in the size range 0—100 um. Reagent quality
gypsum was also provided by CTL.

The in-situ ESEM experiments were performed on
an Electroscan E3 fitted with a LaB¢ electron gun. For
in-situ hydration experiments, a measured amount of
ground dry sample, consisting of C3A with either 0,
2 or 25% gypsum (by weight of C3A) was placed at
room temperature on the Peltier stage of the ESEM on
a copper stub. The instrument was pumped down in a
‘dry’ sequence to prevent absorption of moisture prior
to the start of observation. A chamber gas (H,O) pres-
sure of approximately 5 torr was set and the dry material
imaged. The powder was then hydrated with a water to
solid ratio (W/S) of 5 or 10 by reducing the sample tem-
perature through the dew point. The hydration was ter-
minated after times ranging from 30 s to 8 h and excess
water removed to observe the resultant microstructure.

External hydration studies were also carried out on
C3 A powders containing 25% gypsum, hydrated at W/S
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= 0.5 and W/S = 5. Pastes were prepared with de-
ionised water and stored in sealed containers for 24 h.
A small amount of the paste was then placed in a cooled
copper stub on the Peltier stage of the ESEM at ~2°C.
A ‘wet’ pump down sequence [16] was used in order
to minimise the amount of liquid exchanged between
the sample and the atmosphere. Again, an imaging wa-
ter vapour pressure of approximately 5 torr was set to
observe the paste at 24 h.

3. ESEM observations
3.1. Hydration of C3A in the absence
of gypsum; W/S=5

At 5 min a ‘semi-transparent’ amorphous coating, prob-
ably <1 um thick, was observed on the C3A (Fig. 1).
The layer thickens with time and small plates begin to
develop within this gel-coating after an hour (Fig. 2),
which are probably poorly crystalline hexagonal cal-
cium aluminate hydrates (C;AHg, C4AH,3, C4AH9).
The plates convert to the more stable cubic phase
(C3AHg) after 8 h (Fig. 3).

3.2. Hydration of C3A and 2% gypsum;
W/S=5

In the early stages these pastes behave similarly to those
with no gypsum. An amorphous coating with foil-like
morphology covers the C3A crystals (Fig. 4) within the
first few minutes. Irregular plates of calcium aluminate
hydrate form within the gel in ten minutes, similar to
those observed in Fig. 2.

3.3. Hydration of C3A and 25% gypsum;
W/S=5

Within 1 min, gel-like hydration products similar to
those observed in Fig. 1 form on grain surfaces. Two
distinct morphologies are observed at 5 min. Proximal
to gypsum grains, stubby ettringite crystals can be seen
developing from the gel (Fig. 5), whilst foil-like gel, al-
ready observed for 2% gypsum (Fig. 4), develops more
distally. As time passes, ettringite forms more elongate
needles and the gel layer thickens. Hexagonal platelets
forming rosette structures start to develop in the gel, the
structures being characteristic of monosulphate. As the
reaction proceeds, the formation and continued growth
of existing crystallites becomes the dominant process,
the C3 A grains becoming covered in a mat of ettringite
crystallites (Fig. 6) whilst some primary monosulphate
continues to form. After 6 to 8 h hydration small flat
crystallites of secondary monosulphate grow from bun-
dles of ettringite needles on the surface of CzA grains
(Fig. 7). In samples hydrated external to the ESEM, no
monosulphate was observed, flattened splays of ettrin-
gite crystals being the dominant hydration product after
24 h (Fig. 8).

3.4. Hydration of C3A and 25% gypsum at
other W/S

When a lower W/S is used (0.5) the amount of mono-

sulphate, both primary and secondary, is much in-

creased. However, when a higher W/S of 10 is used



Figure 2 Hexagonal calcium aluminate hydrate plates forming in the amorphous gel on the surface of a C3A grain. Image taken after one hour of
hydration. W/S = 5, %gypsum = 0. Scale bar is 20 um.
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Figure 3 Micrograph and interpretative sketch of amorphous gel, hexagonal calcium aluminate hydrates and cubic C3AHg on C3 A grain. Image taken
after eight hours hydration. W/S =5, %gypsum = 0. Scale bar is 20 um.
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Figure 5 Short stubby ettringite crystals developing proximal to large gypsum crystals. Image taken after five minutes hydration. W/S = 5, %gypsum

= 25. Scale bar is 5 pm.

no monosulphate is observed at all. Ettringite is the
dominant hydration product and forms larger crystals
(compare Figs 6 and 9) suspended in the aqueous phase
in intergranular spaces.

4. Discussion

Previous SEM studies have used specialised cells to hy-
drate samples outside the SEM [4, 5, 7]. Using ESEM,
this equipment is no longer required and the sample can
be hydrated on a normal specimen holder. No time is
lost at the beginning of hydration and the same sample
can easily be observed at any stage of the hydration

process. No coating (gold or carbon) is required in an
ESEM and the usual problems associated with atmo-
spheric CO; incorporation [10] are eliminated.

When little or no sulphate is present a gel coats the
surface of C3 A grains (Figs 1 and 10). This gel is gener-
ally thought to inhibit further hydration and initiate the
induction phase in cement, although Pratt and Scrivener
[4] suggested that this gel is incoherent and even peels
away from the surface of the CzA. However, no such
peeling was observed using the ESEM, suggesting the
environmental chamber used by Pratt and Scrivener
[4] allowed some desiccation of the sample, the ‘peel-
ing off’ of the gel being a result of drying out the

1001



161194311 C3A + Bupsum 2528

~

v ; -
- e
»i'm Sy

25k V ESD x3J23@ D=i2mm P=33T
Polymer & Colloids Cavendish Lasb 941117 R3

1611594512 C3A_ + Gupsum
Ssmple TC480)>

28kVv ESD E-1-1-1-] D=12mm P=5S3T
Folymer & Colloids Cevendish Lab ¥4.11.17 RS

Figure 7 Irregular platelets of secondary monosulphate forming from bundles of ettringite needles after eight hours hydration. W/S =5, %gypsum
= 25. Scale bar is 5 pm.
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Figure 8 Splays of ettringite crystals after twenty four hours hydration external to the ESEM. W/S =5, %gypsum = 25. Scale bar is 10 um.
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Figure 9 Long slender ettringite crystals growing in an intergranular space. W/S = 10, %gypsum = 25. Scale bar is 5 um.
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Figure 10 Summary of hydration products observed in the ESEM with various W/S ratios and gypsum additions. All gypsum additions are by weight
of C3A. Samples in grey were hydrated inside the ESEM; others were hydrated externally to the ESEM for the first 24 h.

sample. Whether the gel is capable of inhibiting fur-
ther hydration is as yet debatable. Certainly it coats the
C3A grains, but calcium aluminate plates are observed
within ten minutes. Microcrystalline calcium alumi-
nates, not observable by ESEM, form even earlier as has
been suggested by synchrotron X-ray analysis [6]. It is
unclear from evidence here whether the plates extend
down to the surface of the C3 A grains or whether a layer

of gel is maintained on the C3 A surface. If a gel layer is
maintained it is likely that dissolution of the C3 A grains
is controlled by diffusion of ions through the gel which
may slow down if not totally inhibit C3A hydration.
Cubic aluminates (C3AHg) were observed amongst
the calcium aluminate plates within 8 h (Figs 3 and 10).
Previous SEM experiments show the formation of such
cubic aluminates much earlier at 1 to 2 h [4, 5] although
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the W/S ratios used in these experiments were lower
than here (0.5 and <0.1, respectively, rather than 5
as used here). Synchrotron X-ray experiments suggest
even more rapid C3AHg formation within a few min-
utes although accelerated formation may occur due to
localised heating by the X-ray beam [6]. The W/S is
approximately 1 for Jupe et al.’s [6] experiment (pers.
comm. C. Hall, 2002), but localised heating could have
caused evaporation and reduction of the W/S, suggest-
ing a lower W/S may speed up formation of C3AHs.

When only small amounts of sulphate are added to the
system, calcium aluminate hydrates are still observed.
However, when larger amounts are added, calcium alu-
minosulphate hydrates form (compare %gypsum = 2
and 25 in Fig. 10). Initially a gel is formed on C3A as is
observed in the absence of sulphate. It is likely that the
gel also contains sulphate in addition to the calcium,
aluminium and water. Scrivener and Pratt [4] observe
that this gel was denser than that formed in the absence
of sulphate. No similar observations were noted here.

Within 5 min, short stubby ettringite crystals are ob-
served forming within the gel (Figs 5 and 10), slightly
earlier than those observed by Scrivener and Pratt [4]
at 10 min. The ettringite appears to grow within the
gel coating C3A grains proximal to gypsum where a
source of sulphate ions is readily available. More distal
to the gypsum, foil-like gel forms suggesting relatively
high concentrations of sulphate are required in the early
stages of ettringite formation. As time proceeds, ettrin-
gite mats cover the C3 A (Figs 6 and 10). When the W/S
is increased from 5 to 10, larger crystals of ettringite are
observed forming in intergranular spaces. Smaller et-
tringite crystals grow when the W/S is lower, although
this may simply be a result of space availability. Et-
tringite is believed to form by diffusion [17, 18], hence
where the W/S is higher there are more intergranular
pores and space for new crystals to grow into [19].

The formation of primary monosulphate during the
early stages of hydration has been detected by other
analytical techniques. Brown and Lacroix [17] report
early monosulphate when hemihydrate was used as
the sulphate source, although in previous SEM studies
monosulphate formation was not observed when either
gypsum or hemihydrate were used, even after 4 days hy-
dration [4]. The formation of monosulphate may result
from a lack of sulphate transport after initial ettringite
has formed. Areas deficient in sulphate then develop
monosulphate. This argument is also supported by the
fact that no monosulphate is observed when the W/S
is increased from 5 to 10. A higher fluid to solid ratio
would result in enhanced ion transport. In this situation
no primary monosulphate is observed.

Other techniques such as calorimetry, differential
thermal analysis (DTA) and infrared spectroscopy do
not detect primary monosulphate. This may either be
a result of increased W/S ratios or mixing during hy-
dration. When the sample is placed in an ESEM it is
not mixed or homogenised, whereas other techniques
commonly stir the sample during or prior to analysis.
If the sample is stirred, sulphate deficient ‘pools’ are
unlikely to form, hence primary monosulphate is un-
likely to form. Additionally, other phases or processes
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may bury the formation of monosulphate. For example,
the ettringite infrared spectra may overlap the monosul-
phate peak when the ratio of ettringite to monosulphate
is high. In calorimetry, the initial large exotherm would
disguise any monosulphate formation and gypsum and
monosulphate overlap when using DTA.

5. Conclusions

ESEM provides an easy technique for looking at C3A
hydration both in the presence and absence of gypsum.
Apart from the ESEM itself, no specialised equipment
is required. One sample may be observed throughout
the hydration process without the need to look at mul-
tiple samples that have been hydrated external to the
ESEM. Sample preparation such as reaction quench-
ing and coating are no longer required. Furthermore,
the experiment can take place in a CO, free environ-
ment and desiccation of the sample during preparation
or observation can be avoided.

One unusual feature has been noticed: that of pri-
mary monosulphate formation. This may be a result
of small-scale heterogeneities in the ESEM sample,
whereas in practical operation a cement paste is usu-
ally stirred and homogenised, thus avoiding primary
monosulphate formation.

Gels are observed coating grains of C3A both in the
presence and absence of sulphate. When sulphate is
deficient the gel develops into plates of an unspecified
calcium aluminate hydrate. Cubic C3AHg eventually
forms. It is not known whether the gel still coats the
surface of C3A grains during formation of crystalline
phases.

If sulphate is present, ettringite forms within the gel.
Primary monosulphate forms where heterogeneities in
sulphate concentration exist, areas low in sulphate al-
lowing monosulphate formation. When the W/S is in-
creased ionic transport is enhanced and no primary
monosulphate forms.

Ettringite crystals are shorter when the W/S is lower
and longer when it is increased. However, it is not yet
clear if this depends on the W/S ratio and saturation or
space availability, there being more intergranular space
available when the W/S is increased. Ettringite eventu-
ally converts to monosulphate as sulphate is used up.
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