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XRD measurements of the hydration of synthetical cement (SyCem) were used to calculate the resulting heat
flow from changes in the phase content. Calculations were performed by application of thermodynamic data.
The comparison with data recorded from heat flow calorimetry was in good agreement with the calculated

The initial maximum of heat flow mainly is caused by the aluminate reaction. During the entire main period
the silicate reaction dominates hydration with a high and long first maximum of heat flow. The second but less
intense heat flow maximum - only visible as a shoulder in most of the technical cements - can be attributed to
an acceleration of the aluminate reaction with the enhanced dissolution of C3A and the final formation of
ettringite. Moreover, the investigation showed that the dissolution process of C3A is directly controlled by the

availability of the calcium sulfate phases.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Hydration of ordinary Portland cement (OPC) is a rather complex
process which normally results in the hardening of a cement paste.
During hydration the cement reacts with water resulting in the
formation of the different hydrates. Ettringite (CsA-3Cs-Hsp) is
formed from calcium sulfate, mainly tricalcium aluminate (C3A),
and water during the aluminate reaction [1]. The major calcium
sulfate phases are gypsum (Cs-2H), bassanite (Cs-0.5H), and
anhydrite (Cs) depending on the raw material and milling process
of the cement. The silicate reaction describes the formation of
portlandite (CH) and a C-S-H gel from the hydration of tricalcium
silicate (C3S). The composition of the C-S-H gel formed, in particular
the Ca/Si ratio, is known to depend on the water to cement ratio (w/c-
ratio), the temperature, and also the composition of the cement [2-4].
According to Allen et al. [5], the Ca/Si ratio is 1.7 after 28 d for a C-S-H
gel from hydrated OPC at 20 °C and with w/c=0.4.

The progress of hydration of OPC can be observed by heat flow
calorimetry and X-ray diffraction (XRD) analysis. While heat flow
calorimetry gives an insight into the development of the heat
evolution of hydration, XRD analysis offers the possibility of time
resolved determination of the phase composition in the hardening
paste. By Rietveld refinement of in-situ XRD data the phase
composition of the cement paste can be determined quantitatively
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without influencing the sample by further preparation [6]. But up to
now a detailed interpretation of heat flow curves regarding the
ongoing hydration reactions was not published. Thus the intension of
this study was to bridge this gap by calculation of the heat flow curves
from the time-dependent phase composition of the cement paste.

2. Materials and methods
2.1. Materials

Synthetic cement (SyCem) with a mineralogical composition given
in Table 1 was used for the following experiments. The SyCem was
produced from a synthetic clinker composed of 95 wt.-% alite and
5wt.-% C3A co-sintered at 1400 °C for totally 9 h in a laboratory
furnace. The ground clinker was mixed with a sulfate carrier
composed of 52.3 wt.-% a-bassanite and 47.7 wt.-% anhydrite II,
with a total SOs; content of 3.1 ma.-% with respect to the cement.
Sulfates were synthesized at defined temperatures and characterized
as described in [7]. The determined specific surface of the cement was
3700 cm?/g (Blaine). At early times (first 22 h) the synthetic cement
exhibits a hydration behavior, which is comparable to the technical
white cement [8].

2.2. In-situ XRD and Rietveld analysis

Cement and water were weighted out to result in a water to cement
(w/c) ratio of 0.5. For the in-situ XRD analysis a custom-made sample
holder was used which controls the temperature during the measure-
ment [8]. Two measurement temperatures were used: 2340.1 °C and
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Table 1

Phase composition of the SyCem. Values are given in ma.-%.
Cs3S Cubic C3A Anhydrite 11 Bassanite
90.3 4.8 2.6 2.8

374 0.3 °C. Cement and water were mixed by external stirring for 1 min
before placement of the paste into the sample holder. The surface of the
paste was smoothed and then covered by a 7.5 um thick Kapton®
polyimide film. The diffraction patterns were recorded by a D5000
diffractometer (Siemens) equipped with a SolX detector (Bruker) with
CuK,, radiation at 40 kV and 30 mA. The measurements were carried out
in a 20 range of 7°-41° with a step width of 0.024° and 0.6 s counting
time per step. 88 patterns were recorded within 22 h. The measurement
of one diffraction pattern lasts approximately 15 min. Therefore the
Rietveld quantification result reflects the mean of phase composition
changes over a period of 15 min.

Rietveld analysis was performed with Topas 3.0 (Bruker). Details
of the refinement procedure have already been described in more
detail in [6]. The phase composition of the cement paste (thereafter
referred to as Rietveld quantities) was calculated from the Rietveld
results according to Hesse et al. [6]. All quantities are normalized with
respect to the cement paste present at the time of measurement
including water and C-S-H.

In addition, the phase contents of ettringite and alite were derived
from the refined Rietveld scale factors (thereafter referred to as scale
factor quantities). The phase content of alite was calculated for each
measurement time t from the changes of the scale factors starting
from a known initial (maximum) content of alite according to Eq. (1)
[9]. The calculation of the ettringite content was done by assuming
that all dissolved SOs is incorporated into ettringite and that this
maximum content (W) max i achieved within 22 h. A solid solution
of ettringites at the time of its maximum content was excluded by
lattice parameter refinement. The maximum scale factor of ettringite
was set equal to the maximum content determined after Eq. (2),
where M is the molar weight and (Wso,)cement is the total SOz content
of the cement.

N
(Wa)e = 5 (W) M
max
(W ) _ M(Ettringite) . (WSO3)cement -100ma.—%
Ettr/max — 31\/1(503) e

100 + <V—Cv—rati0' 100)
(2)

2.3. Heat flow calculation

According to Hess's law the enthalpy of reaction AHg is the
difference between the total of the formation enthalpies AHf of the
products and the starting material. The enthalpies of formation used
are summarized in Table 2. The simplified main reactions during early

Table 2

Enthalpy of formation for reactants of hydration reactions.
Phase AHF [k]/mol] Reference
CsS —2929 [10]
GA —3589 [11]
Cs —1434 [12]
H —286 [13]
CH —986 [14]
C1.7SH26 —2890 [15]
Ettringite —17,550 [16,17]

hydration are the silicate and aluminate reactions which are described
by the following equations:

silicate reaction: C;S + 3.9H—C, ,SH,, + 1.3CH AHp = —558]/g

aluminate reaction: C;A + 3Cs + 32H— C;A-3Cs H;, AHp =—747]J/¢g

Potential time differences in dissolution-precipitation reactions
were not taken into account. The value of the enthalpy of reaction is
related to the solid starting material.

The heat flow for the early hydration was calculated stepwise from
the changes in the quantitative phase content of alite and ettringite,
which were determined by the refined Rietveld scale factors as
described above. At first the quantitative data for the phase
development over hydration time were smoothed by a Fourier filter.
Next, the smoothed curves were differentiated with respect to time
because changes in the phase content are assumed to be proportional
to the heat flow curve. For calculation of the individual heat flow for
the aluminate reaction based on the formation of ettringite a “heat
factor” F had to be used, which describes the mass ratio between the
sum of solid starting materials and the hydration product of the
individual aluminate reaction (Table 3). In the case of the silicate
reaction the change of the alite content could be used for the
calculation directly. The individual heat flow for the reactions was
calculated according to Eq. (3) where HF is the heat flow, Fyeqction is the
heat factor, and AHg is the enthalpy of reaction for the corresponding
reaction.

d(ma.—%phase) . Froqerion * AHg

HF = ot 100% 3)

In the last step of the heat flow calculation the individual heat flow
of both the silicate and aluminate reactions is added together for a
value of the total heat flow of the overall reaction. The calculated
overall heat flow then can be compared with the measured heat flow
recorded by a TamAir calorimeter at a temperature of 23 +0.1 °C and
374+ 0.3 °C respectively.

3. Results

The Rietveld refinement of the cement paste and the following
normalization of these data to a “true” phase composition of the
cement paste [8] result in a curve of the changes in the composition of
the cement paste over time, which shows a remarkable consistence.

At 23 °C formation of ettringite starts directly during the mixing of
the cement with water (Fig. 1). Up to t=3 h the ettringite content is
increasing rapidly after which point the formation rate of ettringite
starts decreasing. Furthermore, a constant increase in the ettringite
content can be observed up to t=11 h of hydration. During hydration
time t=11h and t=14 h the formation of ettringite is accelerated
until a maximum content is reached after t=14 h. After the final
formation of ettringite the content is not changing up to t =22 h. The
progress of the aluminate reaction is accelerated with increasing
temperature. For a hydration temperature of 37 °C the maximum
ettringite content can be detected already after t =38 h (Fig. 1) but the
amount of ettringite precipitated up to t=1 h is lower than at 23 °C.

Table 3
Heat factor used for the calculation of the heat flow.

Reaction Weight ratio Heat factor F
Label Value
Aluminate 1 g solid starting material — 1.8488 g Ettringit  Fiuminate 0.5409
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Fig. 1. Changes in the phase content of ettringite and alite at 23 °C and 37 °C for the
hydration of the SyCem derived from the scale factors. The curves result from the
average of three measurements and the error bars represent the respective standard
deviations.

After that hydration phase the ettringite content shows a decrease
and monosulfate is starting to form together with ettringite.

Also the silicate reaction is strongly affected by the temperature. At
a temperature of 23 °C the alite content shows no changes from the
beginning of hydration up to t=4 h (Fig. 1). After this time the onset
of dissolution of alite is detectable. The alite dissolution is then
accelerated up to t =9 h of hydration and finally the dissolution slows
down. Within the first 22 h of hydration approximately 40% of the
initial alite content of 60 ma.-% is calculated to be dissolved. At 37 °C
the dissolution of alite starts at around t =2 h and the dissolution rate
is increased (Fig. 1). Within 22 h of hydration 55% of crystalline, and
thus detectable, alite is dissolved.

The aluminate reaction can also be observed by changes in CzA and
the anhydrite content (Fig. 2). At 23 °C and 37 °C bassanite is
completely dissolved within the first minutes of hydration and
hence that phase was not detectable by XRD anymore. The second
sulfate phase - anhydrite - is not dissolved up to t =2 h at 23 °C. With
proceeding hydration anhydrite dissolves rapidly and is not detected
after t=12 h. The dissolution of C3A is very fast and starts directly
after contact with water. During the first hour of hydration the C3A
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Fig. 2. Changes in Rietveld quantities of anhydrite Il and cubic CsA during the early
hydration of the SyCem at 23 °C and 37 °C. The curves result from the average of three
measurements and the error bars represent the respective standard deviations.

content decreases by about 1 ma.-% from the initial content of ca.
3.2 ma.-% in the cement paste. Between t=1h and t=12 h the GA
content remains at ca. 2 ma.-%. After complete dissolution of
anhydrite a strong decrease in the C3A content is observed between
t=12h and t =14 h. Furthermore, after t =14 h the dissolution rate
slows down and CsA is completely dissolved after 20 h.

The same sequence of processes can also be observed at a
temperature of 37 °C. At increased temperatures the initial dissolution
of C3A after contact with water runs faster and therefore a smaller
amount of C3A is observed in the first measurement after t=0.25 h.
An important observation is that, according to Fig. 2, as long as
anhydrite is available in the paste C3A does not appear to dissolve.
This behavior has also been observed by Minard et al. [18] Moreover,
the dissolution of C5A proceeds faster with increasing temperature.

From the curves of alite and ettringite content the heat flow curves
were calculated for 23 °C and 37 °C, respectively. Fig. 3 for example
represents the single heat flow curves for the aluminate reaction
calculated from the formation of ettringite and the single heat flow for
the silicate reaction derived from the decrease observed in alite
content at 23 °C. It is an important finding that the total calculated
heat flow and the measured heat flow are in fair agreement. The initial
heat flow mainly is a result of the aluminate reaction — resulting in
the formation of ettringite. In addition the aluminate reaction shows a
strong effect at the end of the main hydration period at t=12 h. The
second heat flow maximum is apparently caused by an acceleration of
the aluminate reaction with an enhanced C3A dissolution. The end of
the aluminate reaction with the final formation of ettringite is
completed after t=15h. On the other hand the silicate reaction
dominates the whole main period. As shown in detail in Fig. 3 the
silicate reaction starts to produce more heat flow at t=3 h, which
correlates with the end of the induction period. This accelerated
period of the reaction continues until t=9 h. After that time the
dissolution rate of alite decreases and hence the heat flow from the
silicate reaction decreases. The remaining heat flow is still due to the
silicate reaction and the low value of 1 mW/g suggests that at this
time the reaction proceeds diffusion controlled.

The calculated heat flow at an elevated temperature of 37 °C also is
in fair correlation with the measured heat flow from calorimetry
(Fig. 4). In the same way as was observed at 23 °C the main period is
dominated by a very fast silicate reaction resulting in a narrow but
high heat flow maximum. The progress of the aluminate reaction is
similar to the reaction at 23 °C. After the completed dissolution of
sulfate the final formation of ettringite is connected with an increase
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Fig. 3. Comparison between measured and calculated heat flow curves at 23 °C. In
addition, the heat flow for the silicate (alite) and the aluminate (ettringite) reaction is
shown. HFs....heat flow was calculated from the scale factor quantities.
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Fig. 4. Comparison between measured and calculated heat flow curves at 37 °C. In
addition, the heat flow for the silicate (alite) and the aluminate (ettringite) reaction is
shown. HFs....heat flow was calculated from the scale factor quantities.

in heat flow at the end of the main period. Between t=7h and
t=12h the calculated heat flow is lower than expected from
calculations.

4. Discussion

The calculated heat flow allows a fair visualization of the two
different hydration reactions during early hydration. The induction
period is dominated by dissolution of bassanite and C3A and the rapid
formation of ettringite. According to our results the initial heat flow of
20 mW/gpaste is mainly related to dissolution of C3A. The total heat of
hydration at 23 °C between t=0h and t=0.5h is 10.8 ]/g. This is
lower than the calculated heat of dissolution of C3A, anhydrite, and
bassanite (Table 4) at 23 °C. This difference is caused by external
preparation and measurement of heat flow artifacts. The dissolution
of cement phases starts directly after addition of water to the cement
powder and the first formation of new precipitates like ettringite
starts. During stirring of the paste some heat is released which cannot
accurately be measured.

After the initial period heat flow decreases to lower values and the
induction period starts. The formerly used phrase “dormant period” is
not sufficient to describe the processes taking place during the
induction period. Actually this period is a result of the slowdown in
the CsA hydration. Different models exist for this slowdown in the
literature [21,22]. Due to an increase in the sulfate concentration in
the pore solution the dissolution of C3A nearly comes to a halt and the
formation rate of ettringite decreases which results in a lower but
constant rate until final formation of ettringite is complete. As shown
in Fig. 1, the amount of ettringite increases during that time whereas
no CsA is dissolved (Fig. 2). In addition, if all dissolved C3A was to
be converted into ettringite the amount of ettringite formed during
the initial period would have to be higher, than actually observed.

Table 4

Changes in phase content of dissolving phases between t =0 h and ¢t =0.5 h during early
hydration at 23 °Cand the derived calculated heat of the solution (thermodynamic data for
heat of the solution from [19] for C5A and [20] for sulfates).

Phase Initial content Content after Consumption Released heat by
[ma.-%] 0.5h [ma.-%] [ma.-%] dissolution [J/gpastel

CsA 31 2.1 1.0 —30.6

Anhydrite 3.2 22 1.0 —1.6

Bassanite 1.8 0.0 0.7 —1.8

Total —329

Therefore, we assume the formation of an amorphous aluminate
phase which can serve as a reservoir for further ettringite formation
after the initial period. Due to the reduced maximum concentration of
aluminum ions in the pore solution observed by [23,24] the presence
of this intermediate phase is possible. The existence of hydrated
aluminate phases was also observed by Black et al. [25] during their
investigation of the hydration of C3A both in the absence and presence
of calcium sulfate. The authors found the formation of a small amount
of C4AH 9 beside the formation of ettringite. In our study no XRD
reflections of C4AH;9 were recorded and no crystalline aluminate
hydrate was identified.

The constant formation rate of ettringite between t=2 and
t=12 h at 23 °C appears to be the result of the ongoing consumption
of the amorphous aluminate reservoir and anhydrite. After t=12h
and the complete dissolution of anhydrite the dissolution of C3A is
restarted again and a large amount of ettringite is precipitated from
previously dissolved SOZ~ and Ca®*. After the final formation of
ettringite which is accompanied by a strong increase in heat flow due
to the dissolution of CsA, the concentration of the SO3~ concentration
in the pore solution of the cement paste decreases. At this stage little
CsA is still present in the cement paste and a conversion of ettringite
to monosulfate should start. This reaction can be proven by the
occurrence of monosulfate reflections in the diffraction patterns
(Fig. 5) but is observed only at 37 °C. In contrast, at 23 °C the
conversion is not detectable and the ettringite remains stable up to
22 h. The determination of the monosulfate content by Rietveld
refinement is limited due to the absence of a valid structure model for
monosulfate-14H, which was detected in the pastes.

Synchronous as the aluminate reaction, the silicate reaction
proceeds with the formation of CH and C-S-H. The silicate reaction
can be divided into three separate periods: (i) induction period
between t=0 and t=2h (23 °C), (ii) acceleration period between
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Fig. 5. Time-dependent changes in the in-situ XRD pattern of ettringite (010) and
monosulfate (006) reflections at 37 °C. The formation of monosulfate occurs after the
final formation of ettringite.
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t=2 and t=8h (23 °C) and (iii) slow down phase after t=8h
(23 °C). The silicate reaction starts directly after contact with water
which can be observed during the hydration of pure CsS. We assume
that in the first stage of hydration the silicate reaction is initialized by
the start of the dissolution process of C3S and the formation of the first
nuclei of C-S-H without the appearance of CH according to Damidot
and Nonat [26]. The dissolution of alite can only be observed at 37 °C,
where a small decrease in the alite content is calculated from the
refinement of the X-ray data. But Julliand et al. [27] observed the
dissolution of alite also at 20 °C in the first minutes of hydration with
an increase in the calcium concentration in the pore water. They
conclude that the initial and dormant period is mainly controlled by
the dissolution processes of alite. The duration of the dormant period
depends directly on the availability of reactive nuclei as shown by
Thomas et al. [28]. With the addition of synthetic C-S-H seeds they
have shown a shortening of the dormant period and also an influence
on the acceleration phase. From the results of Thomas et al. [28] and
Alizadeh et al. [29] together with our observations, we assume that
the end of the dormant period and the start of the acceleration phase
after t=2h (at 23 °C) are directly connected to the formation of
stable C-S-H seeds, which have exceeded a critical number enough for
the acceleration of the hydration. A second activator for the start of

Heat flow [MW/g,1e]

/ Al 1

the acceleration phase is the slowdown in the aluminate reaction,
supporting a higher availability of Ca®* ions in the pore solution for
the silicate reaction. The acceleration phase of the silicate reaction is
directly connected to a strong decrease in the content of alite and
hence an increase in CH and C-S-H content.

With further progress of the acceleration phase the amount of free
water in the cement paste is reduced and the rate of the dissolution—
precipitation process is slowing down until hydration becomes
diffusion controlled. This kind of reaction is reached after t=8h at
23 °C where around 20% of the initial water is used up by the
formation of the hydrate phases. As a consequence of the reduction of
pore volume during the formation of the hydrate phases, the
formation rate of the hydrates might be retarded.

The processes of both the aluminate and silicate reactions are
depending directly on the temperature. At a higher temperature all
processes run faster as described in previous published results
[8,24,30,31]. The influence of the temperature on both reactions
(aluminate and silicate reactions) is comparable but, depending on
the sulfate carrier composition, the dissolution of the sulfate phase
can show different effects at different temperatures.

The progress of the hydration reactions and their contribution to
the total heat flow are shown schematically in Fig. 6.
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Fig. 6. Interpretation of the total heat flow during early hydration of OPC from the result of this work for hydration at 23 °C. The contribution of the silicate reaction (Si) and aluminate
reactions (Al1, Al2) to the total heat flow is indicated by dotted and dashed lines, respectively. I — initial period, I — induction period, Ill — acceleration phase, and IV — slow down

phase (nomenclature according to Taylor [1]).


image of Fig.�6

128 C. Hesse et al. / Cement and Concrete Research 41 (2011) 123-128

5. Conclusion

The new method of combining XRD and calorimetric data shown
above gives a good insight into processes taking place during early
OPC hydration (first 22 h). The described heat flow calculation
method from phase composition changes enables the possibility of
fast interpretation of heat flow events even in complicated systems
such as OPC-based tile adhesives or concrete. Based on few
assumptions, the results of the quantitative in-situ XRD analysis do
lead to a better understanding of these processes. The resulting model
proposed shows a more complex course of the aluminate and silicate
reactions than previously published. The second heat flow event at the
end of the main period of hydration is definitely based on the final
ettringite formation due to a renewed dissolution of C3A. We showed
that the dissolution process of C3A is directly controlled by the
availability of the soluble calcium sulfate phases such as bassanite and
anhydrite.

The present results enable a much better interpretation of
calorimetric data, which is related directly to the possibility of
determining the phase composition in a cement paste with in-situ
laboratory XRD measurements. The method will be further improved
in the future in order to achieve a higher accuracy of the refined values
of quantitative phase contents. For that purpose the method will also
be adapted on more realistic systems including commercial OPC and
ternary binder systems containing high alumina cement, sulfates and
OPC.
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