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Abstract

It has been recognized that the interaction between a superplasticizer and C3A is crucial when controlling the rheology of Portland cement
grouts, mortars and concretes. In spite of the fact that a great deal of research has been done to understand the exact nature of this interaction
using different experimental techniques, there is not yet a clear understanding of all the basic principles which command that interaction. In
an attempt to cast some complementary light in the type of interactions developed between C3A, Portland cement and a polynaphthalene
sulfonate superplasticizer in the presence of calcium sulfate, the rheological behavior of a particular cementitious system in which only
calcium aluminates or calcium sulfoaluminates hydrated phases could be formed has been studied. This study has shown that superplasticizer
molecules are not only adsorbed on unhydrated cement phases but also and perhaps more on some of their hydrates. This adsorption on the
hydrates slows down drastically or even stops the growth of ettringite germs. However, when all the initial superplasticizer molecules have
been consumed normal growth of ettringite resumes. This interaction between superplasticizer molecules and ettringite can be used to explain
the important water consumption in the early stages of mixing as well as the never answered question: where are all the superplasticizer

molecules in a hardened concrete. © 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Superplasticizers represent today an essential family of
admixtures when formulating modern durable concretes [1].
As soon as superplasticizers molecules enter in contact with
cement particles some of them are adsorbed on cement
particles creating negatively charged particles repulsing
each other so that cement particles do not flocculate any-
more [2-5].

It has been found from experience that superplasticizers
must be used at an appropriate dosage if unwanted second-
ary effects have to be avoided [6]. In some cases, these
secondary effects result in a rapid and unrecoverable slump
loss, in other cases in a very strong retardation, in other
cases in a severe segregation or excessive bleeding. Some
researchers have pointed out that the adsorption of super-
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plasticizer molecules on cement particles could not explain
the large amount of superplasticizer consumed during the
initial phase of cement hydration [3]. Finally, there is always
the question that has not received a final answer: where are
going all the superplasticizer molecules in the hydrated
cement paste [3,6]?

Some recent research tend to show that superplasticizer
molecules are not only adsorbed on cement particles but that
there are becoming part of the hydrated calcium aluminate
phases [7,8]. Recently, Fernon [9] has shown the existence
of mixed products formed by the absorption of superplas-
ticizers molecules within structural sheets of hexagonal
aluminates. She found that these mixed compounds were:

¢ well crystallized when a low dosage of superplastici-
zer was used and when superplasticizer molecules had
essentially a linear structure;

* highly disorganized or even amorphous when the
superplasticizer dosage was high or when the super-
plasticizer molecules were showing some branching.
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If the existence of such mixed compounds can be used
to explain where the superplasticizers molecules are
trapped in the hardened concrete, the existence of these
mixed compounds cannot explain the high early consump-
tion of water during the initial phase of cement hydration
[3]. In fact, if the right amount of calcium sulfate is added
in a Portland cement, hydrated tetracalcium aluminate
phases should not be formed during the early stages of
cement hydration. Tetracalcium aluminate hydrates usually
appear several hours or days after setting when all sulfate
ions have been consumed by the formation of calcium
sulfoaluminate hydrates and that there is still some un-
reacted C3A.

Usually, ettringite is first formed during the early stages
of cement hydration. Its transformation into calcium mono-
sulfoaluminate occurs several hours after setting when the
cement paste is already well hardened. Therefore, it is
rather in the interaction between ettringite and the super-
plasticizer that the important initial water consumption
must be looked for. The purpose of the simple following
experiments has been to show how the presence of a
superplasticizer in a reacting cementitious system can
influence its setting time and the cristallinity of the
ettringite formed.

2. Methodology

In order to study the action of superplasticizers on
portland cement compounds, a direct synthesis technique
by mixing appropriate solutions has been already proposed
[9,10]. If with this technique it is easy to detect the newly
formed phases, the final results that are obtained could not
always apply when the reacting medium is composed of
solid constituents. In fact, in such a case, the dissolution rate
of the solids is an essential factor in the involved chemical
processes. For example, when calcium sulfate is added in
portland cement, the crystalline form of this calcium sulfate,
and particularly its dissolution rate plays an almost as
important role as the total amount of calcium sulfate on
the rheological properties of the mixture [11].

In order to figure out the influence of the dissolution rate
of solid constituents, a particular ternary system has been
selected for this study. This system can generate only few
well-identified hydrates. It is composed of a calcined kaolin,
of lime and anhydrite. It has been extensively investigated
by one of the authors [12]. The setting and hardening of
such a system normally should occur following the devel-
opment of reaction (Eq. (1)). In such a reaction calcined
kaolin brings active silica and alumina while anhydrite
brings sulfate ions.

Al,03-2Si0; + 5Ca(OH), + 3CaSO,
+ 29H,0—Al,053-3Ca0-3CaS04-32H,0
+2[Ca0-Si0,-H,0] (1)

In certain conditions, when some sulfate ions are miss-
ing, such a system results in the formation of monosulfoa-
luminate according to reaction (Eq. (2)), or even in the
formation of calcium aluminate hydrates according to reac-
tion (Eq. (3) or (4)) when sulfate ions are totally absent.

Al,05-28i0, + 5Ca(OH), + CaSO, + 9H,0
—Al,03-3Ca0-CaS0,-12H,0
+2[Ca0-8i0,-H,0] (2)

A1,052Si0;, + 5Ca(OH), + 3H,0
— AL 03-3Ca0-6H,0 + 2[Ca0-Si0,-H, 0] (3)

A1,03:28i0, 4 6Ca(OH), + 9H,0
—AlL03-4Ca0-13H,0 + 2[Si0,-Ca0-H,0] (4)

The kaolin used in this study was an industrial kaolin
containing 85% of kaolinite and 15% of quartz. The lime
used was a high purity laboratory lime and the anhydrite
was an industrial by-product containing 97.5% of anhydrite.
The superplasticizer used was a sodium salt of a poly-
naphthalene sulfonate of high quality. The dry powders were
first thoroughly mixed in their dry form before adding water.
Paste samples were taken from time to time to be observed
under X-ray diffraction and thermal analysis.

3. Experimental results

3.1. Influence of the superplasticizer on the setting time of
the cementitious system under study

Two almost identical pastes were prepared with a 0.65
water/cementitious ratio. They contained exactly the same
amount of kaolin, lime, anhydrite and demineralized water
except that in the second one, 2% (by mass of the cementi-
tious powders) of superplasticizer was diluted in the mixing
water. The two pastes were molded and cured in closed
vessels. Their setting was followed with a Vicat needle.

It has been found that the two pastes followed a com-
pletely different setting pattern.

Mix 1 that was prepared with demineralized water only,
had its setting completed within 18 h so that the demolding
of the specimens could be done at 24 h. On the contrary,
Mix 2 which contained the superplasticizer did not set
before 5 days, it was rather looking like a gel that was
thickening and hardening very slowly with time. The final
setting did not occurred before the seventh day. The pre-
sence of the superplasticizer modified drastically the hard-
ening process of the cementitious system. This strong
retarding effect can be explained in two ways.

Firstly, it can be assumed that superplasticizer molecules
when they are adsorbed on the constituents of the cemen-
titious system modify drastically the dissolution rate of the
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Fig. 1. X-ray diffractograms obtained from Mix 1 (no superplasticizer): (a) 2 h after mixing; (b) 24 h after mixing. E = Ettringite; Q =Quartz; CH=Lime;

A= Anhydrite.

constituents reducing the crystallization rate of ettringite
which is in any case responsible for the setting of the paste.
If such a hypothesis is to be true, set retardation should
be essentially of kinetic origin, ettringite, being formed
very slowly during all the setting and its amount increasing
with time.

Secondly, it can be supposed that superplasticizer mole-
cules are adsorbed not only on the unreacted constituents
but also on ettringite germs just after their formation. In
such a case, compounds that do not have the binding
properties of usual ettringite should be formed. If such a
hypothesis is found to be true it can be concluded that the
superplasticizer has modified the crystallization and growth
of ettringite.

These two hypotheses do not exclude each other and it
could be possible that at the same time a slow down in the
dissolution rate of the constituents of the cementitious
system and an inhibition of ettringite crystallisation can
happen simultaneously. In order to better understand what is
actually happening in the system under study, the evolution
of the hydrated phases has been followed par X-ray diffrac-
tion and thermal analysis.

3.2. Influence of the superplasticizer on the products
of reaction

Fig. 1 represent the X-ray diffractograms obtained on
samples of the two pastes, 2 and 24 h after their mixing.

For Mix 1 prepared with demineralized water, Fig. la
shows that ettringite, characteristical peaks are easily

observed after two hours and that their intensity increases
until 24 h (Fig. 1b). Thermal analysis curves (Fig. 2)
confirm this analysis. It is easily seen that the 105 °C peak

Fig. 2. Thermal analysis curves of the reaction products obtained from Mix
1 (a) 2 h after the mixing; (b) 24 h after the mixing.
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corresponding to ettringite dissociation grows in size
between 2 and 24 h.

For Mix 2, containing the superplasticizer, ettringite
peaks are clearly seen in the sample observed at 2 h (Fig.
3a) but they have almost completely disappeared at 24 h
(Fig. 3b). Between 24 h and the fifth day there are almost
absent in the X-ray diffractograms while the paste remains
essentially viscous but is thickening very slowly. After the
fifth day, ettringite peaks reappear and their intensity
increases until the seventh day (Fig. 3¢). The crystallization
observed in this case corresponds exactly to the end of
setting. It seems that a strong interaction occurs between the
initial ettringite and superplasticizer molecules. This inter-
action being translated by an amorphisation of the firstly
formed crystals and an inhibition of their crystalline growth.

These observations lead to the following partial conclu-
sions.

(1) Firstly, in the presence of a superplasticizer, the
dissolution rate of the constituents is not nihil since some
ettringite is formed and easily seen during the first hours
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following the mixing. This ettringite will be later on called
primary ettringite.

(2) Secondly, it should be pointed out that if the length-
ening of setting period was only due to a slow down of the
dissolution rate of the different ionic species, there should
be no reasons to see any retrogression of ettringite crystal-
lization and stopping of its formation. On the contrary, the
amount of ettringite formed should have increased slowly
with time. All occurs as if the paste is progressively
transformed into a gel, which do not give the usual ettringite
peaks when submitted to X-rays. It is probable that during
this phase the crystallites that are formed include super-
plasticizer molecules so that the natural periodicity of
ettringite crystal structure is broken.

(3) Thirdly, if ettringite starts again to crystallize
between the fifth and seventh day it is because the condi-
tions that inhibited its growth or totally desorganized it are
no more prevailing. There is probably no more super-
plasticizer molecules available to block the natural growth
of ettringite crystals.
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Fig. 3. X-ray dffractograms obtained from Mix 2 (containing superplasticizer): (a) 2 h after mixing; (b) 24 h after mixing; (c) 7 days after mixing. E = Ettringite;

Q=Quartz; CH=Lime; A= Anhydrite.
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In short, from the sequence of reactions observed in the
particular cementitious system understudy, it comes out that
there is a very strong interaction between superplasticizer
molecules and ettringite germs. Ettringite germs are prob-
ably maintained in a short-range organization looking like
an amorphous material. Superplasticizer molecules are pro-
gressively consumed within this amorphous looking like
paste. The usual ettringite crystals start to grow again when
all superplasticizer molecules have been consumed. In order
to confirm this hypothesis the morphology of hardened
pastes containing or not superplasticizer molecules has been
observed under a scanning electron microscope

3.3. Influence of the superplasticizer on the morphology of
the hardened paste

The samples have been taken 7 days after the mixing and
have been observed under a scanning electron microscope,
with two different magnitudes.

Fig. 4 corresponds to the mixture in which no super-
plasticizer was added. The paste contains very thin needles,
which connect the initial granular particles. Ca, Al and S are
clearly identified on EDAX diagram.

Fig. 5, which corresponds to the paste incorporating the
superplasticizer, is quite different. On a looking like amor-
phous background, there are some small and massive

1Mm
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Fig. 4. SEM at two different magnitudes of the paste without super-
plasticizer.

Fi
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Fig. 5. SEM at two different magnitudes of the paste containing
superplasticizer.

clusters of crystallites. On the EDAX diagrams of the
background and of the crystallites, the same peaks Ca, Al,
S, Na are detected showing that both of them are composed
with the same basic ions, Na ions coming from the super-
plasticizer. The presence of the superplasticizer has resulted
in a definite modification of ettringite morphology as it was
shown by other authors.

In conclusion, the great retardation found in the setting
of the cementitious system under study can be explained by
a drastic modification of the kinetic of the reactions and of
the microstructure of the products of the reaction. If such a
long retarding effect is not usually found in Portland cement
pastes mortars or concrete it can be due to the greater
reactivity of the C3A and the limited amount of C3A and
superplasticizer present. During the early stage of hydration
C3A liberates significant amounts of AI(OH),  that can
generate ettringite crystals. As these ettringite germs con-
sume some superplasticizer molecules, when there are no
more superplasticizer molecules available usual ettringite
crystals start again to build-up in the system However,
when concrete is overdosed in superplasticizer, a strong
retardation is observed in the concrete because it takes
longer to consume all these superplasticizer molecules. In
order to confirm this mechanism another simple experiment
was undertaken.
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3.4. Influence of the reactivity of the constituents

In order to verify the influence of the reactivity of the
constituents, the initial mixture was slightly modified.
Instead of using the activated kaolin as a source of
alumina, a bauxitic residue rich in active alumina was
used. Two mixes were prepared. Mix 3 was mixed using
demineralized water while Mix 4 contained 2% super-
plasticizer diluted in the same amount of demineralized
water. In both cases setting was completed within 24 h. In
both cases, ettringite crystals have been clearly identified in
X-ray diffractograms.

When the ettringite peaks found on Mixes 3 and 4
samples, examined 2 h after mixing, are compared, it is
seen that in Mix 4 that contained the superplasticizer

W. Prince et al. / Cement and Concrete Research 32 (2002) 79-85

(Fig. 6a) ettringite peaks are slightly smaller than those
appearing in Mix 3 diffractogram (Fig. 6b). In parallel,
lime and anhydrite peaks are of course smaller in the
diffractogram of Mix 3 sample. Although ettringite for-
mation was not totally blocked, the introduction of the
superplasticizer in the mix resulted in a slow down of the
dissolution rate of the initial phases of the mix. Being
absord on the constituents of the mix a diffusional barrier
was created reducing interfacial exchanges.

4. Conclusions

The results presented here tend to suggest that super-
plasticizer molecules were not only adsorbed on the
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Fig. 6. X-ray diffractograms obtained with the bauxitic residue: (a) from Mix 3 containing the superplasticizer; (b) from Mix 4 prepared without

superplasticizer.
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anhydrous constituents of the cementitious paste under
study but also on the crystalline germs of the first hydrates.
Ettringite growth is stopped as soon as these germs are
formed so that the usual needle like ettringite crystals
cannot developed, rather small massive ettringite clusters
appear on an amorphous looking paste. However, when
there is no more superplasticizer molecules to block the
development of ettringite crystals, they start growing again
in their usual shape.

The adsorption of superplasticizer molecules on hydrated
phases has two beneficial consequences:

¢ the electrostatically charged germs participate to the
electrostatic repulstion so that flocculation is avoided;
¢ the growth of long needles of ettringite that usually
decreases paste flowability and workability is delayed.

In Portland cement concretes, the presence of calcium
sulfate prevents flash set because the brutal formation of
hexagonal aluminate is replaced by the more progressive
formation of ettringite. But ettringite formation consumes
many water molecules so that the paste workability
decreases due to this consumption of water and the growth
of acicular ettringite crystals. When the superplasticizer is
adsorbed on ettringite germs it delays the formation of
ettringite needles, the paste remains workable for a longer
period of time, but if the superplasticizer is overdosed a very
strong retardation of setting can be observed.

This interaction between superplasticizer molecules and
ettringite germs could explain not only the high consump-
tion of superplasticizer molecules observed in the early
stage of hydration but also the place where these molecules
can be found in the hardened cement paste.
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