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Tricalcium silicate is the major component of ordinary Portland cement and the hydration products are
responsible for the high strength of cementitious products. It is known that the crystal structure of tri-
calcium silicate depends on the kind and amount of foreign oxides incorporated into the lattice. In this
study the influence of multiple doping with MgO, Al,03 and Fe;03 on the hydration characteristics was
analysed by isothermal heat-conduction calorimetry. The hydration products were characterised by dif-
ferential scanning calorimetry, X-ray diffraction, 29Si solid-state nuclear magnetic resonance spectroscopy
and scanning electron microscopy. The hydration is dominated by the kind and concentration of foreign
oxides, independent of the influence of the doped oxide on the crystal structure of C3S. Combined doping
with MgO + Al, 03 or MgO +Fe, 03 shows no interactions between the foreign oxides on their influence on
hydration. In the case of combined doping with Al,03 +Fe;03, the retarding effect of Fe;O3 on the main
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reaction is much stronger in the presence of Al;0s.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

The major component of ordinary Portland cement (OPC) is a
50-75wt.% solid solution of tricalcium silicate (3Ca0-SiO; = C352)
with MgO, Al,03 and Fe, 03 [1-4]. The solid solution is called alite
and the hydration products are responsible for the high strength
of hydrated OPC. Former studies [5-7] show that foreign oxides
not only affect the crystal structure of C3S and C3A (3Ca0-Al;03)
but also their hydration characteristics. The hydration characteris-
tic is essential for the performance of OPC and can be monitored
by isothermal calorimetry. The purpose of this study is a better
understanding of the effect of impurities in tricalcium silicate on
its hydration characteristics.

Besides the well-known application of alite as the main phase in
OPC, several recent studies showed that different calcium silicate
ceramics have excellent bioactivity when immersed in simulated
body fluid (SBF). Tricalcium silicate can induce apatite formation
when soaked in SBF and therefore is a potential candidate for new
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biomaterials for hard tissue repair. Examples for bioactive ceramics
based on calcium silicate are wollastonite and pseudowollastonite
[8,9] as well as dicalcium silicate [10,11] and tricalcium silicate
[12,13]. Most likely, foreign ions can also modify the material prop-
erties of C3S based biocompatible ceramics as implant material for
clinical applications.

The aim of the this study was to learn more about the influence
of combined doping of C3S with MgO, Al,03 and FeO3 on the syn-
thesis, grindability and lattice parameters of the clinker phase and
the influence of these metal oxides on the hydration kinetics and
hydration products.

1.1. C3S hydration

At ambient conditions, tricalcium silicate reacts with water in
an exothermic reaction to form calcium silicate hydrate with lower
calcium content than the starting material and portlandite (CH) as a
side product. Calcium silicate hydrate is an apparently amorphous
phase of variable composition, and hence is expressed as C-S-H,
which implies a non-stoichiometric composition. The hydration
can be expressed in a general equation [14]:

3Ca0-Si0; +xH,0 — yCa0-SiOy-(y — (3 —x))H,0 + (3 —y)Ca(OH),

The composition of C-S-H depends on the hydration condi-
tions, e.g. temperature and water/solid-ratio. C-S-H is probably a
metastable product in most cases, but at a water/solid-ratio of 0.45,
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Fig. 1. Schematic changes taking place during isothermal calorimetry, after Gartner et al. [16].

crystalline afwillite (C3S,H3) may be the thermodynamically stable
product at room temperature [15].

Schematic illustration of the changes taking place during
isothermal calorimetry is shown in Fig. 1. Soon after the first
wetting, an initial rapid exothermic reaction (stage 0) appears
due to a surface hydrolysis and the release of ions into solu-
tion. This is followed by deceleration of the heat evolution
(stage I) caused by the formation of metastable calcium silicate
hydrate [C-S-H (m)] on the surface of C3S and retarded dis-
solution. The induction period (stage II) is characterised by an
increasing supersaturation with respect to Ca(OH), and retarded
nucleation of final products. The time at which the maximum
supersaturation is reached before Ca(OH), begins to crystallise
at a significant rate, strongly depends on the reactivity of C3S
and the water/solid-ratio. In the beginning of the acceleration
period (stage III) nucleation of a more stable form of C-S-H
[C-S-H (s)] is observed together with a decrease of the concen-
tration of Ca%* in solution. Once the C-S-H (s) has nucleated,
growth of the new phase occurs at the expense of C-S-H (m)
and the setting of the C3S lime takes place. During the second
deceleration period (stage IV) the growth of hydration products
continues into empty spaces and is followed by the final slow reac-
tion (stage V) with a gradual densification of the microstructure,
recrystallisation of Ca(OH), associated with a continued hardening
[16].

If C3S is hydrated at ambient conditions, the C-S-H phases are
X-ray amorphous and X-ray diffraction methods show only the
decrease of the crystalline C3S and the increase of the side prod-
uct Ca(OH);. 1.4nm tobermorite and jennite can be taken into
account as idealised chemical structure for C-S-H with different
amounts of water and ratios of Ca/Si [17]. For this X-ray amor-
phous product, 29Sj solid-state NMR is an ideal tool to get more
structural information. NMR is most sensitive to local ordering
and structure around the spin nucleons and permits structural
studies not only of crystalline materials but also of poorly crys-
talline and amorphous materials [18]. With NMR it is possible
to distinguish how many other Si atoms (n) are bonded to a
central Si atom (Q", n=0, 1, 2, 3 and 4). Fig. 2 gives an exam-
ple for the 1.4 nm tobermorite with Si in different positions. For
the incorporation of foreign oxides into C-S-H Richardson and
Groves [19] and Andersen et al. [20] demonstrated that it is
also possible to distinguish between Si bonded to two other Si
atoms and Si bonded to Al incorporated into the C-S-H struc-
ture.

1.2. Results of preceding studies
Many samples of tricalcium silicate doped with different

amounts of MgO, Al,03 and Fe,03 were synthesised using an inno-
vative sol-gel process as precursor [21]. The doping with foreign
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Fig. 2. Representation of single layer in the crystal structure of 1.4 nm tobermorite;
the upper part shows characteristic features for the “dreierkette”-based models for
the C-S-H phase, the lower part illustrates the incorporation of Al in the bridging
side of the silicate chain (after[20]); Q': one Si is bonded via an oxygen bond; Q?: two
Si are bonded via oxygen bonds; B means “bridging” and P means “paired” silicon
tetrahedra.

oxides had a strong influence on the sintering, grindability and
coloured appearance of C3S. The sintering of the samples increased
with higher concentrations of doped foreign oxides and went hand
in hand with continual shrinkage. Grindability was not influenced
by MgO but grindability was worsened by Fe;03 and even more by
Al,05. Changes in colour gave visible indication that combined dop-
ing has another influence compared to doping with only one foreign
oxide. Structural changes of C3S were qualitatively monitored by
X-ray powder diffraction and could be quantified by changes in
the lattice parameters after performing Rietveld refinement. Single
doping of MgO or Al, O3 significantly altered the crystal structure of
C3S, whereas the influence of Fe; 03 was almost insignificant. With
respect to the lattice parameters, the effect of combined doping
with MgO + Al, 03 is additive, but structural changes decrease with
the total amount of foreign oxides in the sample. Structural changes
initiated by the addition of Fe, O3 were much stronger when MgO
and/or Al,03 were present than with Fe,03 alone. 29Si MAS NMR
showed that Fe,03 and Al,03 had a significant influence on the
local ordering of Si in C3S. More details about the influence of com-
bined doping with MgO, Al,05 and Fe,03 can be found in a recent
publication [22].

In the present study the hydration characteristic and hydration
products of combined doped tricalcium silicate are highlighted.
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Table 1
Concentration of doped foreign oxides and sample abbreviation

Foreign oxide

Abbreviation

Concentration Concentration Concentration of

of MgO in wt.% of Al;03 in wt.% Fe, 03 in wt.%
Undoped Reference R=MOAOFO 0 - -
M1 0.33
M2 0.66
MgO M3 133
M4 2.00
. . Al 0.50
Doped with one metal oxide Al, 04 A2 - 1.00
F1 0.37
Fe, 03 F2 - - 0.73
F3 1.10
M1A1 033 0.50
M1A1 - 1.00
M2A1 0.50
0.66
M2A2 1.00
MgO +Al;0s M3A1 153 0.50
M3A2 . 1.00
M4A1 0.50
M4A2 200 1.00
M1F1 0.37
M1F2 0.33 0.73
MI1F3 1.10
M2F1 0.37
M2F2 0.66 0.73
Doped with two metal oxides M2F3 1.10
MgO +Fe;0s M3F1 037
M3F2 133 0.73
M3F3 1.10
M4F1 0.37
M4F2 2.00 0.73
MA4F3 1.10
A1F1 0.37
A1F2 0.50 0.73
A1F3 1.10
Al;0s +Fe; 05 A2F1 - 037
A2F2 1.00 0.73
A2F3 1.10
M2A1F1 0.37
M2A1F2 0.50 0.73
M2A1F3 1.10
M2A2F1 wete 0.37
M2A2F2 1.00 0.73
M2A2F3 1.10
Doped with three metal oxides MgO +Al, 03 +Fe; 05 M4A1F1 0.37
M4A1F2 0.50 0.73
M4A1E3 1.10
M4A2F1 2008 0.37
M4A2F2 1.00 0.73
M4A2F3 1.10

2. Experimental

The preparation and characterisation of the pure and doped C3S
is described in detail in [22]. Because the reactivity of C3S depends
on particle size, all samples were ground in a planetary ball mill
(pulverisette 6, Fritsch, Idar-Oberstein, Germany) to the same fine-
ness of D5 =5.3 + 0.5 wm according to laser light scattering (CILAS
1064 LD, CILAS, Orleans, France). Table 1 gives the composition and
sample abbreviation of the investigated samples.

The method used to characterise the hydration of C3S was
isothermal heat-conduction calorimetry (TAM air, Thermometric,
Jarfalla, Sweden). The heat evolution of samples with water/solid-
ratio of 0.5 was investigated at 20+0.1°C. C3S and water were
tempered for several hours before the reaction was initiated by

injecting the water into the reaction vessel and stirring the sam-
ple in the calorimeter for several minutes. This procedure allowed
monitoring the heat evolution from the very beginning when water
was added to the sample. Data logging was continued for nearly 7
days.

X-ray diffraction (XRD) patterns were measured with a D8
Advance (Bruker axs, Karlsruhe, Germany). Differential scan-
ning calorimetry (DSC) was done with an STA 409 (Netzsch
Geritebau, Selb, Germany) at a heating rate of 10Kmin~!. 29Si
solid-state NMR experiments were performed on a Bruker Avance
300 (7.0445T, 59.63 MHz) using a MAS probe for 7 mm zirconia
rotors, a spinning speed of 5kHz, single pulse excitation with a
pulse width of 4 s, a relaxation delay of 15s and 1000-5000
scans. Chemical shifts refer to tetramethylsilane as an external
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Fig. 3. Thermal power and cumulative heat of hydration of pure C3S and single doped C3S.

standard. Deconvolution of the peaks was performed with the
least-squares fitting routine of OriginPro 8 (OriginLab Corpora-
tion).

3. Results and discussion

3.1. Heat of hydration

Heat evolution during the first 24h of hydration is shown
together with the cumulative heat of hydration over a period of

7 days for a selection of samples in Figs. 3 and 4. The results for
doped samples are discussed in detail below.

3.2. Single doped C3S

The effect of MgO on the hydration behaviour is least significant
(Fig. 3a). The cumulative heat of hydration shows that MgO slows
down the hydration of C3S slightly during the first 24 h, but the
overall heat of hydration is nearly the same after 7 days. This is in
agreement with the results of Abdul-Maula and Odler [23].
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Fig. 4. Thermal power and cumulative heat of hydration of different samples.

Doping with Al,03 dramatically intensifies the initial reaction
due to increased surface hydrolysis. For these samples, heat evolu-
tion during the induction period is higher than for samples without
Al;03 and at the same time the intensity of the 2nd maximum
decreases. After 7 days all doped samples again developed higher
cumulative heat of hydration compared to pure C3S (Fig. 3b).

No influence on the initial reaction is visible for the doping of
C3S with Fe,03, but the main hydration peak is broader and sig-
nificantly lower in intensity (Fig. 3¢c). This broader and lower main
peak results in a little higher cumulative heat of hydration during
the first 9h, much lower cumulative heat after 1 day but after 7

days the cumulative heat of nearly all doped samples is distinc-
tively higher than for the undoped one. This result is in line with
the results published by Valenti et al. [24] and Fierens et al. [25].

A summary of the most characteristic data of all 48 differ-
ent samples is given in Figs. 5-7. Data for samples with 0.33 and
1.33 wt.% MgO were skipped for clear arrangement.

3.3. Multiple doped C3S

The investigation of samples doped with two or three foreign
oxides shown in most cases the effect of the incorporated foreign



D. Stephan et al. / Thermochimica Acta 472 (2008) 64-73

™
2,
<>

imum/ mwg"
)

Height of 1% maxi

s

o

Minimum/ mWg

Fig. 5. Height of 1st and 2nd maxima (a and b) as well as minimum during the induction period (c).

oxides is additive. With some combinations, there is mutual inter-
ference of the oxides on the hydration characteristics.

Fig. 4 shows that doping with different amounts of MgO has
almost no influence on the hydration characteristics of samples
either doped with Al;03 or Fe,03. With all these combinations,
the hydration is either dominated by Al,O3 or Fe,;03.

Samples doped with Al,03 +Fe, 03 (Fig. 4c) are compared with
samples doped only with Fe, 03 in Fig. 3c or MgO + Fe, O3 in Fig. 4b.
Distinct differences in the hydration characteristics are visible. The
very strong initial reaction caused by the doping with 1.0 wt.% of
Al, O3 is significantly lowered by the additional doping with Fe;03
(Fig. 4c). Fe, 03 also retards the medium-term hydration reaction
and lowers the maximal thermal power. This results in a very strong
drop in cumulative heat of hydration during the first day. Like sam-
ples doped only with Fe,05, the cumulative heat after 7 days is
higher.

The effect of combined doping with MgO, Al,03 and Fe,03 is
illustrated in Figs. 5-7. Again, the influence of MgO on the hydration
characteristics is quite small and Al,03 and Fe,O3 dominate the

hydration characteristics of C3S in the short-, medium-, and long-
term.

Comparison of the hydration of doped C3S with the struc-
tural data of C3S [22] shows no direct correlation between the
hydration and changes in the crystal structure caused by dop-
ing with foreign oxides. The best example for this is MgO. MgO
causes the most visible changes in the crystal structure of C3S
and is, in addition, the only metal oxide that induces a conver-
sion from triclinic to monoclinic. But, MgO has only a negligible
influence on the hydration activity of C3S. For Fe,05 the situation
is reversed. Structural changes detectable by XRD are insignifi-
cant, but the impact on the hydration is quite strong. Most likely
this is because of the very complex hydration mechanism of C3S
which is not fully understood. An acceleration of C3S hydration
during the initial fast reaction can be interpreted as generation of
active sites by the incorporation of foreign oxides. A hypothesis
for the retardation mechanism is that specific foreign ions have
a significant effect on the morphology of the layer of hydration
products which are precipitated onto the grains of hydrated C3S
subsequent to the initial reaction. Due to changes in permeability,
the diffusion of ions through the layer of hydration products into

the solution and the diffusion of water in the opposite direction is
altered.

69
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3.4. X-ray diffraction patterns of hydration products

In Fig. 8 the XRD data of unhydrated and hydrated C3S (90
days) are compared. In the hydrated samples, only traces of non-
reacted C3S are present. Ca(OH), is the only product which is not
X-ray amorphous and has by far the highest intensities in the
XRD. The hydration products of C3S either doped with Al;03 or
MgO did not show any differences compared to hydrated pure
CsS.

From diffraction data it can be summarised that Mg, Al or Fe
do not form separate crystalline hydration products detectable by

Table 2
Proportion of Q" in wt.% of hydrated C3S (90 days) measured by 29Si MAS NMR

Q° =unhydrated

Q' Q Q'/@
S pure 84 55.6 36.0 15
(35 +2.00% MgO 46 49.7 45.7 1.1
C35+1.00% Al,03 8.5 543 37.2 1.5
C3S+1.10% Fe;03 9.5 59.0 315 1.9

XRD, and foreign oxides which were incorporated into C3S before

the hydration are either incorporated into C-S-H phases or form
amorphous products.

3.5. DSC of hydration products

DSC of the hydrated samples shows the well-known trend—a
continuous loss of water from C-S-H and a sharp peak around
470°C caused by the decomposition of Ca(OH),. The characteristics
of the graph and the quantified specific heat for the dehydration of
Ca(OH), was nearly the same for all samples, except for hydrated
C3S with high amounts of MgO. Fig. 9 shows that the sample con-
taining 2 wt.% of MgO has an additional peak around 380 °C which
was identified as decomposition of Mg(OH),. For this sample the
specific heat for the decomposition of Ca(OH), is about 18.5]/g
(~8%) lower than for the pure sample. For the interpretation we
should bear in mind that during the hydration of C3S about 50% of
the calcium is bound to C-S-H and the other 50% forms Ca(OH);. In
the sample with 2% MgO about 4% of the calcium is substituted by
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magnesium. In this case the decrease in specific heat of ~8% means

that not only 50% of the magnesium has formed X-ray amorphous
Mg(OH); but the bigger part of it.

3.6. 29Si NMR of hydration products
By means of 29Si solid-state NMR it is possible to detect all Si

atoms in a sample quantitatively, regardless of whether the atoms
are part of a crystalline or amorphous compound. Furthermore, dif-
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Fig. 9. DSC of 90 days hydrated pure C3S and C3S doped with 2.0 wt.% of MgO.
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Fig. 10. 2°Si MAS NMR of pure C3S (lower line) and C3S hydrated for 7 days (upper
line).

ferent chemical shifts make it possible to distinguish between Si in
the unhydrated C3S (Q°) and Si in C-S-H, where Si either bonds
to one (Q!) or more (Q", n=2, 3) other Si atoms. In Fig. 10 the 29Si
NMR of unhydrated C3S is compared with a sample hydrated for 7
days. QY from Si bonds in C3S is 34%, Q! is 48% and Q? is 18%, giving
a ratio Q!/Q? of 2.7. The results show that after 7 days about 1/3
of C3S is unhydrated and that the degree of long C-S-H chains is
low.
Fig. 11 shows the NMR spectra and Table 2 the proportion of
Q" of different samples hydrated for 90 days. The degree of hydra-
tion is >90% for all samples, but still some differences occur. The

C.S51.1%Fe0,

C,S 1.0 % ALO,

C,S 2.0 % MgO

C,S pure

-80 -85 20 95 -100

Fig. 11. 29Si MAS NMR of pure C3S and samples doped with MgO, Al,O3 or Fe,03
hydrated for 90 days.



72 D. Stephan et al. / Thermochimica Acta 472 (2008) 64-73

Fig. 13. SEM of pure C3S with 2.0 wt.% MgO, hydrated for 60 days; left: C-S-H; right: layered structure of portlandite.

degree of hydration is highest for the sample doped with high
amounts of MgO and lowest for the sample containing Fe;0s3. For
the sample without foreign oxides and the one containing high
amounts of Al,03 the ratio Q!/Q? is equal, whereas it is higher
for the sample with Fe, 03 and lower for the one containing MgO.
These differences indicate that foreign ions not only alter the
rate of hydration, but also the composition of the final product
C-S-H.

—

Det WD Exp
SE 40 1

3.7. Scanning electron microscopy of hydration products

In Figs. 12-15 the morphology of the hydration products of
C5S after 60 days of hydration is illustrated. On the one hand no
differences appear between the hydration products of pure C3S and
the ones doped with MgO. C-S-H-phases form long and pointed
needles and portlandite is crystallised in a well-ordered layered
structure. On the other hand the appearance of samples containing

Det WD Exp }——— 2pm
SE 40 1

Fig. 14. SEM of C5S with 1.0 wt.% of Al 03 hydrated for 60 days; left: C-S-H; right: layered structure of portlandite.
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Fig. 15. SEM of pure C3S with 1.1 wt.% of Fe, 03 hydrated for 60 days; left: C-S-H; right: layered structure of portlandite.

Al,03 or Fe,03 is comparable among each other, but different
from the undoped sample. C-S-H-phases are shorter and more
compact, whereas portlandite is crystallised in a less well-ordered
structure. For quantitative conclusions more samples have to be
investigated in detail, but again these differences clearly indicate
changes in the morphology of the hydration products brought
about by foreign ions.

4. Conclusion

The influence of single and multiple doping of tricalcium silicate
with MgO, Al,03 and Fe,03 on the heat evolution during hydration
is dominated by the kind and concentration of foreign oxides, and
is independent of the influence of the doped oxides on the crystal
structure. MgO has the least influence on the hydration during the
first week, whereas Al, 03 especially accelerates the initial reaction
and Fe, 03 broadens the main hydration reaction and decreases the
maximum rate of heat evolution. For nearly all samples the cumu-
lative heat of hydration after 1 week is higher for all doped samples
than for undoped C3S. If MgO is doped together with Al, O3 or Fe; 03
the hydration is dominated by Al,03 or Fe;O3 and no interaction
with MgO is detected. A combined doping of Al,03 +Fe;03 leads
to an interaction of the doped oxides, whereas the strong initial
reaction normally caused by high amounts of Al, 03 is prevented by
Fe;03 and the maximum of the main hydration peakis not only low-
ered but also retarded for several hours. After hydration the amount
of Ca(OH), in the MgO containing sample was lowered and some of
the magnesium was detected as X-ray amorphous Mg(OH), by DSC,
the rest is incorporated into C-S-H or forms a separate X-ray amor-
phous compound. No indication is given for crystalline hydration
products containing Al or Fe, therefore they are most likely incor-
porated into C-S—H. 29Si NMR of samples hydrated for 90 days gives
evidence of alower degree of hydration for samples containing high
amounts of Fe,03. Samples containing high amounts of MgO have
a higher degree of hydration and a higher proportion of Q2. The
results from SEM studies give evidence that the morphology of the
hydration products from C3S containing Al,03 or Fe; O3 are differ-
ent from the undoped or MgO containing C3S. Compared to the
usual appearance, the C-S-H-phases formed from C3S containing

Al, 05 or Fe, 03 are shorter and more compact, whereas portlandite
is crystallised in a suboptimal ordered structure.
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