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A promising external standard method, first described by O'Connor [15], was used to determine the
quantitative phase composition of a hydrating cement paste. On the basis of the data produced we can
conclude that the method used is absolutely to be recommended for the examination of OPC pastes, since it
displays many advantages in comparison to internal standard methods and other methods. No reaction of the
phase alite could be detected during the initial and the induction periods of the cement hydration.
Additionally it was found that the cement phases involved in the aluminate reaction (bassanite, gypsum,
anhydrite and C3A) react successively. The changes detected in the phase composition of the OPC paste could
be assigned to the different periods of OPC hydration.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

The hydration of Ordinary Portland Cements (OPCs) is a complex
scientific issue. The kinetics behind the hydration process is still a
subject of scientific debate. X-ray diffraction (XRD) analysis is a
suitable method for examining the hydration process.

Hence, several scientists have published articles in which the
quantities of the crystalline phases of cement pastes were measured
during the process of hydration. During the early stages of the
hydration process, OPCs form portlandite and a C-S-H phase of
varying composition [1,2] which is hard to detect by X-ray diffraction
because of its low degree of crystallinity. In addition to this, the water
added to the cement cannot be quantified directly by means of X-rays
and if AFm phase is present it may also have a low degree of
crystallinity. During the aluminate reaction, ettringite is formed from
calcium sulfate and tricalcium aluminate (C3A) [3].

Rietveld analysis always gives the total of the crystalline phases as
determined, normalized to 100 wt.% (Eq. (1)). If amorphous phases
are present (in the case of OPC's at least C-S-H phase and water), then
the amounts of crystalline phases calculated by the analysis will differ
from the actual amounts present. In addition, any error made in
computing any phase (e.g. wrong use of preferred orientation and
wrong use of the micro strain) of the mixture will have an impact on
the calculated amount of all phases in the mixture. Besides, every
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unidentified phase will lead to a falsification of the results when using
a normalization to 100 wt.%.

S{(ZMV);
G= - M
_Zl Si{(ZMV);
i=
where
Gj Weight fraction of phase j
Sj Rietveld scale factor of phase j
Z Number of formula units per unit cell
M Mass of the formula unit
\Y Unit-cell volume.

Several articles have been published describing methods which
might possibly be used to avoid the problem of false quantitative
results for the crystalline phases in the cement paste.

The problem of false Rietveld results can be overcome by plotting
e.g. peak areas [4], normalized peak areas [5] or relative peak
intensities [6]. This approach does indeed have certain advantages.
The peak areas as well as the peak intensities can show any decrease
or increase of phase contents in a cement paste. Since there is here no
normalization to 100 wt.%, it can be ensured that there is no
falsification of the data caused by the normalization process. No
error committed while determining the peak areas or the peak
intensities of one phase will necessarily have any impact on the
calculated peak areas or peak intensities of the other phases present in
the cement paste. Unfortunately, it is not possible to calculate by this
method actual quantities given in wt.% of the cement paste.
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In order to arrive at the actual phase content of each phase in the
cement paste in wt.%, the results obtained via Rietveld analysis can be
converted, taking into account the C-S-H phase, free water and bound
water [7,8]. Therefore, a fixed chemical composition of the C-S-H
phase has to be assumed based on a thinkable reaction of alite with
water to portlandite and C-S-H (e.g. Eq. (4), C;.7SH> ) and the amount
of C-S-H phase has to be calculated from the amount of portlandite
detected. If the assumed chemical composition differs strongly from
the actual composition, a systematic error in the phase composition of
the cement paste may occur. Any error in the determination of the
amount of portlandite will falsify the amount of the C-S-H phase as
well.

Other possibilities are standard methods. An internal standard
material can be added, in order to arrive at the phase composition of
the crystalline phases as well as the amount of the amorphous content
of the cement paste (C-S-H phase and water) [9,10]. If an internal
standard is added to the cement, it is possible that this standard
material will have an impact on the hydration of the cement.
Westphal et al. [11] recommend an amount of 40 wt.% of internal
standard for a system with approximately 35 wt.% of amorphous
content (depends on amount of C-S-H phase and water in a cement
paste) in order to minimize the uncertainty of the results for the
amorphous content of the sample. The uncertainty is in this case a
function of the amount of internal standard added to the sample and is
based on mathematical consequences of the internal standard
method. An amount of 40 wt.% of internal standard would have an
impact on the hydration behavior because of the dilution of the
cement phases in the sample. Proper mixing of the standard with the
cement has also to be ensured, and issues such as micro-absorption
have to be taken into account, especially if the mass attenuation
coefficients of sample and standard differ significantly from one
another [12].

Recently, it has been shown that the scale factor calculated during
Rietveld refinement is also suitable for calculating quantities in the
cement paste [13,14].

To avoid complications that might be caused by mixing an internal
standard with the OPC used, we decided to make use of an external
standard method which was first described by O'Connor [15] but
which has not since been used again for the quantification of cement
pastes. The method has already been used successfully for the
quantification of cements, cement/fly ash-mixtures [17,21] and also
organic mixtures [51].

2. Materials and methods

In our experiments we made use of an Ordinary Portland Cement
(CEMI 52.5R). To ensure a proper detection of all phases in the OPC
used, minor phase enrichment experiments were performed. The
dissolution of the interstitial phases by application of KOH solution
allows an accurate analysis of the silicate phases, such as alite, belite,
and o/-G,S [18] (Gutteridge, 1979). Conversely, the dissolution of the
silicate phases using a salicylic acid-methanol solution allows an
accurate analysis of the interstitial phases [19].

As only small amounts of sample are necessary for the XRD
experiments performed, representative components for analysis were
obtained by using the “cone and quarter” method. In order to acquire
the best crystalline material available, we made use of a single silicon
crystal produced for wafer production. We carefully ground a piece of
said single silicon crystal so as to produce a powder of suitable grain
size for the X-ray experiments. These single crystals are known to
have a high chemical purity (99.999%), which in turn is important
when assuming the right mass attenuation coefficient of the standard.
Silicon is a highly symmetric material (cubic; Fd-3mS) which is very
well known for its use as a peak position standard material. Because of
its brittleness, grinding it for just one minute in a micronizing mill was
sufficient to achieve our purposes. We therefore assume that no

significant amorphous content was produced during the grinding
procedure.

The well known silicon standard used in the study was employed
for derivation of factor G using Eq. (2) [15]. Scale factors were
obtained from Rietveld refinement [16] using the fundamental
parameters approach and the Rietveld-software Topas V4.2. All
structures used for the refinement are shown in Table 1.

V2ot

G= Sg; Psi Si uu51 (2)
Csi

where

Ssi Rietveld scale factor of silicon from Rietveld analysis

Psi Density of silicon

Vs; Unit-cell volume of silicon

Csi Weight fraction of silicon (100 wt.%)

u* Mass attenuation coefficient of silicon.

Since silicon is difficult to handle and to prepare, we made use of
the factor G derived from the crystalline silicon in order to calibrate a
secondary quartz standard of not exactly known chemical composi-
tion (and therefore unknown mass attenuation coefficient) cut from
quartzite-rock, which was delivered from Bruker AXS along with the
diffractometer which we also used. We made use of the secondary
standard quartzite because it does not have to be prepared for every
measurement. The calibration of the quartzite was performed with
8 measurements for the silicon and the quartzite respectively. The
mean values for the scale factors were used. The standard deviation
for the scale factors was 0.8% of the mean values for the scale factors.

The factor G is, among others, a function of the Rietveld scale
factor. The scale factor depends also on the performance of the X-ray
tube, which tends to suffer a degree of performance loss over time.
Fig. 1 shows the development of the scale factor for the standard
quartzite material, as delivered from Bruker AXS. It can be seen that
the factor G has to be calculated separately for each measurement. If
the factor G is calculated at a point in time lying long before the actual
measurement of the sample, this will result in an underestimation of
the crystalline material and an overestimation of the amorphous
content of the sample. For this reason, the period of time allowed to
elapse between the time of the measurement of the standard material
and that of the measurement of the sample should not amount to
more than 7 days.

The factor G as calculated is a calibration constant for the whole
experimental set-up and includes the diffractometer set-up used, as
well as radiation and all data-acquisition conditions such as
temperature (dislocation parameters of the atoms in the struc-
tures [21]) and counting time. The factor G arrived at was then used to
determine the mass concentration of each phase j in the hydrating

Table 1

Structures used for the Rietveld refinements performed.
Phase ICSD Code Reference
Alite (C3S) 94742 De La Torre et al. [37]
Belite (C,S) 963 Jost et al. [38]
a/'-C,S - Mueller [39]
C3A cubic 1841 Mondal and Jeffery [40]
C3A orthorombic 100220 Takéuchi and Nishi [41]
C4AF 51265 Jupe et al. [42]
Gypsum 27221 Pedersen et al. [43]
Bassanite 380286 Weiss and Brdu [44]
Anhydrite 16382 Kirfel and Will [45]
Calcite 80869 Maslen [46]
Quartz 174 Le Page and Donnay [47]
Arcanite 79777 Ojima et al. [48]
Ettringite 155395 Goetz-Neunhoeffer and Neubauer [49]
Portlandite 34241 Busing and Levy [50]
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Fig. 1. Change in the scale factor and factor G over time (10 month).

cement paste (Eq. (3)). This made it imperative that the sample be
measured under the same conditions as the standard. Since the
cement paste was covered, when being measured, with a Kapton film
which can cause absorption of X-rays and thereby intensity loss, it was
necessary that the standard material be measured and covered with
the Kapton film as well. Otherwise the intensities of the standard
material might have been misinterpreted, with compensation in the
scale factor, thus giving rise to an inaccurate factor G.

p Vzu*
iVi HsampLE
G=S——¢ 3

The values p and V for each phase were computed within the
refinement, being checked against data from the literature (data sets
from ICSD). Scale factors for the phases detected in the OPC were
taken from Rietveld refinement. The mass attenuation coefficient of
the OPC W*opc Was calculated from elemental analysis measured by X-
ray fluorescence spectrometry. The said mass attenuation coefficient
of the OPC used was found to be 97.95 cm?/g, using data for mass
attenuation coefficients from the International Tables for Crystallog-
raphy [20]. Since we made use of a w/c ratio of 0.5, the mass
attenuation of the sample Wsavpre (cement paste) turned out finally
to be 68.7 cm?/g. The chemical composition and the phase composi-
tion of the OPC used are given in Table 2. A detailed discussion
concerning the amorphous content of Portland cements is given
elsewhere [21].

Table 2

Phase composition and chemical composition of the OPC (CEMI 52.5R) used.
Phase wt.% Oxide wt.%
Alite (C3S) 57.7+/—12 Ca0 66.2
Belite (C,S) 11.7+4+/-0.6 Sio, 22.6
a’-C5S 8+4/—05 Aly03 4.1
C3A cubic 56+/—0.3 Fe,03 13
C3A orthorombic 48+/—03 MgO 0.8
C4AF 1.9+/-02 K0 0.7
Gypsum 0.8+/—0.1 Na,O 0.1
Bassanite 1.54+/-0.1 SO3 34
Anhydrite 3+4/-0.2
Calcite 22+/-02
Quartz 09+/—0.1
Arcanite 09+/-0.1
Amorphous/misfitted 1

For the in-situ XRD analysis a custom-made sample holder was
used [22]. Cement and water were mixed by external stirring for one
minute, using an electric stirrer which allows a reproducible stirring.
The paste was then prepared into the sample holder and covered by a
7.5 um thick Kapton polyimide film. The diffraction patterns were
recorded using a D8 diffractometer (Bruker) equipped with a LynxEye
PS-Detector. We made use of CuKo radiation at 40 kV and 40 mA and
recorded from 7° 26 to 40° 26 with a step width of 0.0236 and 0.58 s,
counting time per step. Under these data acquisition conditions, it is
possible to record 88 ranges within the first 22 h of hydration. The
Rietveld program used was Topas 4.2 from Bruker AXS. The
background caused by the Kapton polyimide film was fitted with a
specific background model. To this end the Kapton foil was stretched
over a single crystal sample holder and the pattern of the Kapton foil
was fitted with a peak phase which was later used for the refinement
of the cement paste [7].

3. Results

Fig. 2 shows the refined XRD pattern of the cement paste after 22 h
of hydration. There is a close agreement between the observed data
and the calculated data. At this point in time after the start of
hydration there was no sign for AFm phase and the peak of the C-S-H
phase was not very distinct.

Fig. 3 shows the alite content over time, within the first 22 h of
hydration, from 4 measurements with individual preparation. It can
be clearly seen that the results for the phase alite during hydration are
reproducible. The results of all other phases were as good as that of
the alite in terms of reproducibility. The biggest error occurred
regarding the total amount detected. Since we can detect 57.7 wt.% of
alite in the dry cement, we can assume about 38 wt.% in the cement
paste (w/c=0.5), if no alite reacts immediately after mixing the
cement with water. Fig. 3 shows that we can indeed find that amount
in the first XRD pattern of the hydrating cement paste, considering the
single standard deviation from 1 wt.% of our experiments. Therefore,
we cannot prove that alite dissolves immediately with water, forming
C-S-H and portlandite. In addition, we cannot detect portlandite in the
first XRD patterns.

Fig. 4 shows the heat flow, as measured, of the OPC used, as well as
the phase development of the phases alite and portlandite. It can be
clearly seen that the alite dissolution, as well as the portlandite
precipitation, begins at the end of the induction period (beginning of
the acceleration period), this being, in our case, 2.5h after the
beginning of hydration. At the beginning of the acceleration period,
we can detect the beginning of the dissolution of alite, as well as the
precipitation of portlandite, both taking place synchronously.

It can be shown that the reaction assumed for the silicate reaction
(Eq. (4)) runs synchronously, which means that the dissolution of the
phase alite occurs at the same time as the precipitation of the phase
portlandite. Since the C-S-H phase cannot be detected by XRD-
methods, it has to be assumed that the precipitation of the C-S-H
phase occurs at the same time as the precipitation of the phase
portlandite.

C3S + 3.9H,0—C, ;SH, s + 1.3Ca(OH), (4)

In the experiments performed there was no sign for the reaction of
the phase belite. These findings correspond to findings from the
literature [52].

According to Eq. (4), the consumption of 1 mol of C3S can result in
the precipitation of 1.3 mol of portlandite. If we take the molar masses
into account, this means that we need 237.1 g of Cs3S to precipitate
100 g of portlandite (ignoring the possibility of incorporation of other
ions). The ratio between C3S consumed and portlandite precipitated
should, ideally, be 2.37. Our calculated ratio of around 2.53 (Eq. (5))
after 22 h hydration agrees almost exactly with the theoretical value.
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Fig. 2. Refined pattern of the cement paste at 23 °C and w/c=0.5 after 22 h hydration.
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Where we take into account the single standard deviation of 1 wt.%
from Rietveld analysis, we arrive at an absolutely exact agreement
with the theoretical value of 2.37.

Aadlitey,, 20wt %
Aportlandite,,, — 7.9wt% 2.53 (5)
where
Aalite 551 dissolved amount of alite after 22 h hydration [wt.%]

Aportlandite ,,, precipitated amount of portlandite after 22 h
hydration [wt.%].

Fig. 5 shows the heat flow curve of the cement examined and the
cement phases involved in the aluminate reaction, which react to the
hydrate phase ettringite during hydration. Since we find 3 wt.% of
anhydrite in the dry cement, we can assume the presence of 2 wt.% of
anhydrite in the cement paste (w/c=0.5) if no anhydrite reacts
within the first minutes of hydration. We find almost 2 wt% of
anhydrite in the first measurement of the cement paste. Additionally
we observe a reaction of the phase anhydrite within the first 2.5 h of
hydration. At point 1, the first dissolution of anhydrite is completed
and we can detect the dissolution of the phase gypsum. We cannot
prove a dissolution of gypsum immediately after mixing the cement
with water. Since 0.8 wt.% of gypsum is detected in the dry cement,
0.5 wt.% of gypsum can be assumed to be present in the cement paste,
supposing a w/c ratio of 0.5, if no gypsum reacts within the first
minutes. Since we find about 0.5 wt.% in the cement paste over the
first 4 h, we can assume that gypsum does not react at any rapid rate
in the cement system examined.
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Fig. 3. Alite content during hydration of the OPC used at 23 °C, using a w/c ratio of 0.5.

There are two other sulfate containing phases in the dry cement,
namely bassanite and arcanite. Neither phase could be detected in the
first XRD patterns of the cement paste. Therefore, we can assume that
both phases react immediately with the mixing water and provide a
high sulfate concentration in the pore solution for the first ettringite
precipitation.

At point 2, the dissolution of the phase gypsum is completed and a
second dissolution of the phase anhydrite can be detected. At point 3
the dissolution of the phase anhydrite is retarded and a further
reaction of the C3A can be detected.

Furthermore, we can detect a disparity between the amount of C3A
expected from the analysis of the dry cement and the amount of CzA
actually detected in the first recorded pattern of the cement paste,
namely, about 2 wt.% +/—0.5 wt.% (Fig. 5). Due to the molar masses of
Cs3A and ettringite we can assume that 2 wt.% of C3A can lead to the
formation of about 9 wt.% of ettringite, when we take into account the
following reaction for the precipitation of ettringite.

C3A + 3CaSO, + 32H,0—C;A « 3CaSO, x 32H,0 (Ettringite). (6)

The said 9 wt.% +/—0.5 wt.% is approximately equal to the amount
of ettringite we can detect at 12.5 h after the beginning of hydration,
which is also the point within the hydration process at which the
further dissolution of C3A begins to occur, synchronously with an
accelerated precipitation of ettringite (Fig. 6). There was no sign for
the reaction of the C4AF in the first 22 h of hydration. We assume that
the alumina of the dissolved alite is incorporated in the C-S-H phase
[53].
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Fig. 4. Alite content, portlandite content and measured heat flow during the hydration
of the OPC used at 23 °C, using a w/c ratio of 0.5.
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Fig. 5. C3A content, anhydrite content, gypsum content and measured heat flow during
the hydration of the OPC used at 23 °C, using a w/c ratio of 0.5.

We can confirm the assumption of Hesse et al. [13] that there may
exist an amorphous aluminate phase which can serve as a reservoir
for further ettringite formation. Indeed, 27 Al NMR experiments might
be interesting to perform in order to describe the assumed Al-
reservoir.

We also detect that the cement phases involved in the aluminate
reaction react successively (Fig. 5). Firstly, the phases arcanite and
bassanite are not detectable in the first scan of the paste. The lack of the
phases reflects the fast dissolution of both phases. Additionally, we
detect an initial dissolution of the phase anhydrite immediately after
mixing the cement with water. Up until a point in time of 2.5 h after the
beginning of hydration an ongoing dissolution of the phase anhydrite
is detected. The dissolution of the anhydrite is interrupted during the
dissolution of the phase gypsum. Dissolution of the phase anhydrite
only begins once again when the dissolution of the phase gypsum has
been completed. At about 12 h after the beginning of the hydration
process we observe a retarded dissolution of the phase anhydrite, the
last available sulfate carrier, and consequently the further reaction of
CsA. No synchronous dissolution of two phases like anhydrite and
gypsum, or of any sulfate carrier and C3A, can be detected within the
first 22 h of hydration. Bassanite is the most soluble sulfate carrier with
a solubility of about 8 g/L at ambient conditions whereby the
solubilities of gypsum and anhydrite are more similar to one another
(between 2.3 g/L and 2.8 g/L). We assume that the cement used
contains anhydrite of different solubilities dependent on grain size,
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Fig. 6. Ettringite content, C3A content and measured heat flow during the hydration of
the OPC used at 23 °C, using a w/c ratio of 0.5.

degree of crystallinity and surface defects. The most soluble anhydrite
reacts before the gypsum up until point 1, a less soluble anhydrite
reacts after the complete dissolution of the phase gypsum after point 2,
and the least soluble anhydrite reacts after point 3.

Both the reaction of the aluminate and the accelerated precipita-
tion of ettringite cause the significant 2nd local heat flow maximum at
about 15 h after the start of hydration - a phenomenon which had also
been ascribed to the aluminate reaction by Hesse et al. [13] - thereby
confirming the findings of Lerch [23] which described this maximum
as a function of sulfate depletion. At the end of our examinations at
22 h after the beginning of hydration an amount of ettringite of about
13.5 wt.% had been formed in the cement paste. The sulfate content of
our cement is 3.4 wt.% which corresponds to 2.3 wt.% in the cement
paste. Since some 0.5 wt.% of anhydrite failed to react during the first
22 h, around 0.2 wt.% of the SOs-content of the cement were not
available for the ettringite precipitation. According to Eq. (6), around
11 wt.% of pure sulfate ettringite can be formed with the said amount
of sulfate. A disparity between the amount of ettringite calculated from
the sulfate content of the cement (11 wt.%) and the amount detected
(13.5 wt.%) can be observed. The phenomenon of formation of solid
solutions during the hydration of ettringite has been described by
several authors [24-26]. But considering the findings of Renaudin et al.
[27], which showed that there is a significant variation in the lattice
parameters of pure sulfate-ettringite depending on humidity, it is not
possible to make statements concerning the chemical composition of
the ettringite based on the refinement of the lattice parameters in wet
cement pastes. Therefore, a slight enrichment of ettringite at the
contact point of the cement paste and Kapton foil in addition to the
uncertainties of the measurements are the most obvious explanation
for the slight overestimation of the phase ettringite.

4. Discussion

Different hypotheses exist concerning the hydration kinetics of
Portland cements and the phases present in OPCs. These were
reviewed by Bullard et al. [28] and also by Juilland et al. [29], who
worked out that the dissolution theory can explain the early hydration
behavior of alite without having to invoke the formation of a
metastable barrier. It has recently been described, however, how
the formation of shells around cement grains tends to limit reaction
behavior [30]. It was shown by Gallucci et al. that there is no sign of a
reaction of the phase alite during cement hydration over the first
hours of cement hydration. The formation of shells around the grains
occurs during and at the end of the induction period. In accordance
with these findings, we must conclude that we cannot prove any
reaction of alite during the initial reaction and the induction period. It
had been shown by Juilland et al. [29] that there is no sign of a reaction
of the phase alite in saturated lime solutions. It is conceivable that the
rapid reaction of the C3A, as well as the reaction of the sulfate carriers
arcanite and bassanite, cause a pore solution composition which
prevents the initial dissolution of the phase alite.

Studies have shown that the C-S-H nucleation and growth restrict
the early age hydration during the acceleration period. According to
Bullard et al. [31] the growth of the C-S-H phase, respectively the
nucleation and the number of active growth sites, is rate controlling.
Thomas et al. [32] have shown that the seeding of cement pastes with
reactive C-S-H phases at the time of mixing causes an acceleration of
the hydration and results in the induction period's being almost
entirely eliminated. These findings agree with our findings in the
acceleration period. During the acceleration period we detected an
increasing reaction rate of alite over time. If we assume that we have
increasing numbers of active growth sites during the acceleration
period, we can explain a more rapid precipitation of the hydrates and,
consequently, a more rapid reaction of alite over time.

The point of inflection in the dissolution curve of alite corresponds
to the heat flow maximum, occurring at about 9 h, in the heat flow


http://dx.doi.org/10.1016/j.cemconres.2010.09.011

D. Jansen et al. / Cement and Concrete Research 41 (2011) 602-608

Initial period:

607

- Complete dissolution of bassanite and arcanite

1 / - Partial dissolution of anhydrite and C A

- Initial precipitation of ettringite

- No reaction of C,S

Induction period:
=1 |- Nucleation of C-S-H
- Dissolution of anhydrite

- Slow precipitation of ettringite

from AI(OH)S-Iayer

Heat Flow

] - C,A dissolution is stopped due to an amorphous Al(OH)3-layer or adsorbed sulfate ions

Acceleration period:

- Further dissolution of sulfate carriers
- Further precipitation of ettringite from Al(OH),-layer
- Fast dissolution of C,S synchronous to

precipitation of portlandite and C-S-H-phase

Deceleration period:
- Slowdown of silicate reaction
- Slowed dissolution of sulfate carriers

causes further dissolution of C A

Z

0 2 Heat flow maximum: ”/

time

- Resorption of sulfate ions from C_A surfaces

- Further dissolution of CGA and accelerated ettringite precipitation

Fig. 7. Changes detected in the phase composition of the OPC paste, assigned to the different periods of OPC hydration.

curve of the cement used (Fig. 4). It can be assumed that after 9 h the
rate controlling mechanism changes and the deceleration period is
reached. During that period we observe a decreasing reaction rate of
alite dissolution. This might be caused by either lack of space or lack of
water. Furthermore, it has been debated whether the controlling
factor during the cement hydration may be the diffusion of the ions
through the pore solution. Another interesting hypothesis to explain
the decreasing reaction rate during the deceleration period has been
suggested by Thomas et al. [33] who worked out that the intergrowth
of the hydration products leads to a decreasing number of active
growth sites, which in turn leads to that decreasing reaction rate of
the phases in the cement paste which we detected with our XRD in-
situ experiments.

Synchronous to the silicate reaction there also occurs the
aluminate reaction, with the formation of ettringite. On the basis of
the data produced, we can confirm that there is a very rapid reaction
of the C3A at the beginning of the hydration process. In addition, a
rapid dissolution of the sulfate-containing phases bassanite, arcanite
and anhydrite is detected, with bassanite and arcanite reacting faster
than anhydrite. The retardation of any further reaction of C3A seems to
be caused by the presence of the sulfate carriers. As long as sulfate
carriers are present we cannot prove a further dissolution of CsA.
Scrivener and Pratt [34] have pointed out that the morphology of
ettringite as hexagonal rods is unlikely to provide any barrier to the
C3A capable of inhibiting ion transport. Therefore, it seems unlikely
that the hydration product of C3A, ettringite, forms a barrier on the
surfaces of the C3A.

The C3A surfaces have a positive charge in solution [35]. The
adsorption of ions from solution on surfaces is a function of charge
density. The sulfate ions are comparatively small, with two charges.
Therefore, an adsorption of the sulfate ions on the surfaces of the CzA
is conceivable. This possibility has in fact also been discussed, namely
by Minard et al. [36]. It is not clear whether the adsorption of the
sulfate ions on the surfaces of the C3A causes the cessation of the C3A
dissolution or whether it is rather the composition of the pore
solution (high concentration of sulfate ions) which inhibits the further
reaction of the C3A. Moreover, it is also possible that the assumed

amorphous layer, which can be seen as an Al-reservoir for ettringite
precipitation, might inhibit further dissolution of C3A.

Synchronous to the local heat flow maximum, at about 15 h into
the hydration process of the OPC which we used, there is a detected
rapid precipitation of ettringite as well as further hydration of C3A.
The aluminate hydration product is still ettringite, not calcium
monosulfoaluminate. Previous to this, there is an observed less
rapid dissolution of the phase anhydrite, which is the last sulfate
carrier present. We ascribe the less rapid reaction of the anhydrite to
the less reactive nature of the anhydrite grains, which might either be
bigger than the more reactive ones or might have a higher degree of
crystallinity. The beginning of the anhydrite dissolution can be
tracked in the heat flow diagrams during the acceleration period. At
about 7.5 h after the start of hydration process, a distinct “neck” in the
heat flow curve of the cement can be observed. This can be ascribed to
the onset of the anhydrite dissolution (Fig. 5). After about 12 h, the
slower reaction of the anhydrite causes a slump of the sulfate ions in
the pore solution. A desorption of the sulfate ions from the surfaces of
the C3A into the pore solution results in a more rapid availability of
sulfate, as well as a further reaction of the CsA. Both reactions, which
occur synchronously, permit a faster precipitation of ettringite than
before. As soon as the available sulfate has been consumed for
ettringite precipitation the final precipitation of the ettringite is
concluded.

5. Conclusion

The implementation of the method using a factor G presented in
this paper offers a lot of advantages. Firstly, the concentration of each
phase can be detected directly from the scale factor. Secondly, any
errors made in Rietveld quantification will not, where this method is
used, necessarily have an impact on the other phases present in the
OPC paste. Lastly, the difference between the total of crystalline
phases and 100 wt.% can be attributed directly to the amorphous
components in the OPC paste, i.e. not to crystalline bounded water
and C-S-H phase. This means that the amorphous content of the
cement paste during hydration can be measured indirectly. On the
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basis of the data produced, a hydration model for the early hydration
of OPC can be assumed (Fig. 7).

6. Future perspectives

The method presented is very promising for the quantitative study
of cement hydration. There are many other fields within construction
chemistry in which the method presented here looks likely to prove
very useful. In ternary systems containing Portland cements and
calcium aluminate cements (CAC), more than one amorphous phase is
formed in addition to the added water. In this case, an external
standard method is the most promising method available. The very
rapid reaction of crystalline phases immediately after the mixing of
the binder with the water can be examined by comparing the
quantification of the dry binder with the first XRD patterns of the
hydrating pastes.
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