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Abstract

The hydration of Mg-stabilized triclinic and monoclinic tricalcium silicate samples were studied using quasielastic neutron scattering
to follow the fixation of hydrogen into the reaction products and by applying hydration models to the data. The quantity of Ca(OH)2

produced during hydration was also determined using inelastic neutron scattering. The monoclinic form was found to be intrinsically less
reactive that the triclinic form. The monoclinic form was also confirmed to produce more product than the triclinic form after 50 h, a
process found to occur through a longer, rather than earlier, nucleation and growth regime. Results indicated an increase in the perme-
ability of the hydration layer product relative to the triclinic form and the increase in the length of the nucleation and growth regime was
thus attributed to an alteration in morphology or structure of the hydration layer product, extending the time for diffusion limited
mechanics to be reached.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Cement paste is formed when cement clinker, a complex
mixture, reacts with water and a small amount of gypsum,
gaining strength for use in construction and other applica-
tions. The most abundant and mechanically important
component of cement, tricalcium silicate (C3S1), has poly-
morphs which are present in cement through ion-stabiliza-
tion. Hydrated mortars prepared from various forms
exhibit different strength properties; indirect methods have
been used to demonstrate that these ion-stabilized forms
have differing reaction rates and product morphologies
[1–10]. This study uses quasielastic neutron scattering
0301-0104/$ - see front matter � 2006 Elsevier B.V. All rights reserved.
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1 C3S = Ca3SiO5 in cement chemists notation, where C = CaO and
S = SiO2.
(QENS) with the application of hydration models and
inelastic neutron scattering to establish the variation in
the mechanics of the hydration reactions of two common
C3S forms.

C3S reacts quickly with water and is responsible for
early strength development. Pure C3S exhibits polymor-
phism when heated and can be triclinic (T1, T2, or T3),
monoclinic (M1, M2, or M3), or trigonal (R). Whilst pure
C3S exists in the T1 form, higher temperature polymorphs
of C3S exist in cement, often simultaneously, through sta-
bilization with ions such as commonly occurs with Mg2+

[11]. The exact structures and differences of theses poly-
morphs and ion-stabilized forms is currently unknown.
The effect of structural differences caused through this
ion-stabilization on the hydration rate and resultant
strength properties of the products are also unclear.

The hydration of C3S can be described by three reac-
tion regimes: initial hydrolysis, nucleation and growth,
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and diffusion limited hydration. Initial hydrolysis is the
irreversible dissolution of the outer C3S grain. During this
process the C3S grains rapidly release calcium and
hydroxide ions, and a large amount of heat, according
to the following irreversible, exothermic reaction:

Ca3SiO5ðsÞ þ 3H2O! 3Ca2þðaqÞ þ 4OH�ðaqÞ
þH2SiO2�

4 ðaqÞ ð1Þ

The nucleation and growth period begins with the forma-
tion of calcium silicate hydrate (C–S–H) and calcium
hydroxide:

H2SiO2�
4 ðaqÞ þ xCa2þðaqÞ þ ð2x� 2ÞOH�ðaqÞ

þ ðy � xÞH2OðlÞ $ ðCaOÞxðSiO2Þ � ðH2OÞy ð2Þ
Ca2þðaqÞ þ 2OH�ðaqÞ $ CaðOHÞ2ðsÞ ð3Þ

Eqs. (2) and (3) usually proceed in the forward direction,
resulting in the following idealized hydration reaction:

Ca3SiO5 +(3 + y� x)H2O! (CaO)x(SiO2) � (H2O)y

þ ð3� xÞCa(OH)2,
ð4Þ

The Ca to Si ratio (x) varies, although is usually close to
1.75 for a pure C3S paste. The rate of C–S–H precipitation
is equal to the rate of tricalcium silicate dissolution [12]. As
the C–S–H layer thickens around the unreacted C3S grains,
it becomes increasingly difficult for water molecules to
reach the C3S. The rate of reaction is now controlled by
the rate at which water molecules diffuse through the C–
S–H layer, known as diffusion limited hydration. Hydra-
tion will continue as long as water and C3S are present.

The compressive strength of the hydrated paste is
related to the hydration mechanics that control the micro-
structure of the products that form. Many of the conclu-
sions from earlier research linking C3S form to reactivity
with water are inconsistent [1–10], and pre-date recent dis-
coveries linking particle size distribution(s) to the hydra-
tion mechanics and reaction rate [13,14]. Additionally,
absolute identification of the crystal form has proven diffi-
cult to achieve since many forms have similar powder dif-
fraction patterns.

A few studies exist that utilize techniques independent of
these concerns, where particle size is irrelevant, and where
crystal form was clearly identified by observation of crystal
transition [5,7,8]. In the case of crystal modification
through stabilization by Mg ions, thermodynamic calcula-
tions suggest that the Mg-stabilized monoclinic C3S should
be more reactive than pure C3S since substitution of the
Ca2+ by the smaller Mg2+ in the lattice gives a less stable
and hence more reactive MgO6 group [5]. Stewart and Bai-
ley also noticed that the influence of crystal form caused by
the incorporation of foreign ions in C3S is significant on its
early hydration [5]. They observed the microstructural
development of the hydration products and showed that
a monoclinic C3S form displayed a different hydration
mechanism compared to the triclinic and trigonal forms
studied, which were observed to have similar mechanisms.
The mechanism of rupture of the C–S–H layer on mono-
clinic grains was observed to occur by a process of lifting
and peeling of sheets, unlike the random eruption of nee-
dle-like outgrowths observed in the triclinic and trigonal
forms. Mascolo and Ramachandran concluded that dislo-
cations, strains, or distortions in the lattice of C3S stabi-
lized with various ions seem to affect the nucleation and
growth processes [7]. They also calculated the temperature
of recrystallization to b-wollastonite of the C–S–H pro-
duced from various forms of C3S, and concluded that the
C–S–H produced varied with the C3S form being hydrated.
Thompson et al. investigated the reactivity of C3S during
annealing and determined an increase in the reactivity
around the triclinic–monoclinic transition point, and dis-
covered that the concentration of MgO used to prepare
the C3S also affect the hydration mechanism [8]. None of
these works explain the observed differences between the
mechanics of hydration of triclinic and monoclinic forms,
which is the aim of this work, which clarifies the differences
in terms of parameters describing the hydration kinetics.

During the hydration of the calcium silicates protons are
transferred from the free water into the reaction products.
Quasielastic neutron scattering (QENS) can be used to
quantitatively determine the state of hydrogen in situ dur-
ing the hydration of C3S. Recently, QENS has been applied
to the study of the hydration of Portland cement and its
components, as a tool for the investigation of the hydration
mechanics [13,15–23]. QENS spectra, S(Q,x), are depen-
dant on the magnitude of the scattering vector, Q, for the
elastic contribution where Q = (4p/k) sin(h/2), and h is
the scattering angle, and energy transfer = �hx, �h = h/2p,
and h is Planck’s constant. For a hydration reaction, the
incoherent scattering is dominated by that from the hydro-
gen, present initially in the free water, and later in other
states within the hydration products, including free,
pseudo-bound, and completely bound states. The neutron
scattering arising from H in each state differs in energy
transfer characteristics.

Inelastic neutron scattering (INS) has also been used to
investigate the in situ hydration of C3S and determine the
concentration of calcium hydroxide formed [19,23,24].
Inelastic neutron spectroscopy involves monitoring the
energy change in a scattered neutron to gain information
about vibrational modes within a sample. Comparison of
the sample’s spectrum to that of a chosen reference mate-
rial allows characteristic frequencies to be associated to
the sample. Calibration of the intensity of the sample
peak(s) with a known mass of standard material allows
the quantitative determination of the standard material in
the sample. The main vibrational mode of calcium hydrox-
ide, associated with the oscillation of the hydroxide group,
at 41 meV, is chosen for its relatively high intensity, and for
its ease of discrimination from modes arising from water
and from the C–S–H that forms [19].

In this study, QENS and INS were applied to investigate
the hydration of a triclinic and a monoclinic C3S, as well as
a 1 to 1 mixture of each form. The time-dependent free,



Table 2
Summary of the particle size distribution in the tricalcium silicate samples

Size (lm) Triclinic volume of
particles below size (%)

Monoclinic volume of
particles below size (%)

1 5.5 2.9
10 61 32
40 100 74

100 100 91
283 100 100

Volume listed to 2 significant figures.

Table 1
Composition as oxides in tricalcium silicate samples present in greater
than 0.06 wt.%

Oxide Triclinic (wt.%) Monoclinic (wt.%)

SiO2 26.01 25.40
CaO 73.40 73.12
Al2O3 0.33 1.38
MgO 0.25 0.62
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constrained, and bound water QENS results were analyzed
using a stretched exponential model for the nucleation and
growth regime during early hydration times and a para-
bolic time dependence model for the diffusion limited
growth period. The quantity of Ca(OH)2 produced by each
sample was determined using INS. Hydration of different
C3S forms have not previously been investigated by these
methods; new insights into the differences between hydra-
tion mechanics of these forms are presented.

2. Experimental section

2.1. Tricalcium silicate samples and hydration

Triclinic and monoclinic C3S powders stabilized using
Mg were obtained from Construction Technology Labora-
tories (CTL, Skokie, IL2). Particle size analysis and X-ray
fluorescence was conducted by CTL and chemical analyses
reports were provided in terms of oxide composition
(Tables 1 and 2). An average of four measurements was
used to determine the average particle size and specific sur-
face areas of the two samples. Each individual sample, and
a 1 to 1 mixture of the two, was hydrated using distilled
water and a water to cement component mass ratio of
0.4. Hydration took place inside a Teflon bag inside a rect-
angular aluminum hydration cell, at 30 �C.

2.2. QENS measurement

QENS measurements were carried out using the NIST
Center for Neutron Research neutron time-of-flight Fermi
Chopper Spectrometer (FCS) [25], with all samples at
2 Manufacturers are identified in order to provide complete identifica-
tion of experimental conditions, and such identification is not intended as
a recommendation by the University of Maryland, NIST, or Federal
Highway Administration.
30 �C. Each energy-transfer spectrum was derived from
measurement of the time of flight distribution for scattered
neutrons arriving at the instrument detectors after each
incident neutron pulse. The sample thicknesses were
approximately 1 mm in the hydration cell, which was
placed at a 45� angle to the incident neutron beam. Only
reflection data were used, and data from detectors in line
with the plane of the cell were discarded. Data were
summed from several detectors corresponding to the scat-
tering vector (Q) range 2.0–2.3 Å�1. QENS measurements
commenced 30 min after initial mixing, and the results were
time-averaged over 33 min intervals. Data were collected
continuously for up to 55 h. The incident neutron wave-
length used was 4.8 Å. The energy resolution at the elastic
line, DE, is 0.146 meV.

2.3. Analyses and modeling of QENS data

The QENS spectra for the hydration reactions, S(Q,x),
was modeled in terms of four components, including
Gaussian and Lorentzian peakshapes which have been
demonstrated to describe the FCS QENS data for hydrat-
ing C3S [13,15,17,18,20–23]. These were as follows:

1. An elastic peak representing completely bound hydro-
gen was modeled using a resolution-limited Gaussian
lineshape of width WC and integrated area C.

2. The narrowest quasielastic-broadened component aris-
ing from pseudo-bound hydrogen was modeled using a
Lorentzian lineshape of width WP and integrated area
P.

3. Two wider quasielastic-broadened components arising
from hydrogen in the ‘‘free’’ water, modeled using
Lorentzian lineshapes of widths W F 1

and W F 2
.

The peak analysis utility (PAN) within the data analysis
and visualization environment (DAVE) [26] was used for
the analyses of QENS data. The method is outlined in
the Eq. (5). A v2 minimization process was used in this
program.

SðQ;xÞ ¼ Cffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2pðW C=2:354Þ2

q e
�1

2

x�x0
W C=2:354

� �2

þ W P

2p
P

ðx� x0Þ2 þ ðW P=2Þ2

þ W F 1

2p
F 1

ðx� x0Þ2 þ ðW F 1
=2
Þ2

þ W F 2

2p
F 2

ðx� x0Þ2 þ ðW F 2
=2Þ2

; ð5Þ

where x is the energy transfer (�hx) and x0 (which remained
approximately 0) is the center for each peak. In all calcula-
tions, x0 was constrained to be the same for each compo-
nent. W F 1

and W F 2
were determined from data for the

first seven time-averaged slices (3.85 h), where all the water
was assumed to be in the free-state, and the value was fixed
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for subsequent fits. For this determination, an elastic line
was included to account for the small contributions to the
spectra from the unreacted tricalcium silicate grains, and
the sample cell. In a similar manner, WP was determined
from the final seven time-averaged slices of reaction time,
and the one Gaussian and three Lorentzian components
were used in this determination. WC was fixed to the instru-
ment resolution. The average WP determined from these
last seven spectra was fixed for fits at previous reaction
times. Thus, the five variables that were used in the fitting
were x0, and the four integrated areas C, P, F1 and F2.
Fig. 1 shows typical fitting of QENS data using DAVE.

The bound water index (BWI) is defined [15]

BWI ¼ 1� FWI ¼ Cþ P
Cþ P þ F 1 þ F 2

; ð6Þ

where FWI is the free water index. Using the BWI to ob-
serve the reaction, the nucleation and growth regime was
modeled as a stretched exponential Eq. (7) [13]:

BWIðtÞ ¼ BWIðiÞ þA½1� expf�½kðt� tiÞ�ng�; ðti 6 t 6 tdÞ.
ð7Þ

In Eq. (7), BWI(t) is the BWI at time t and BWI(i) is the
BWI at the nucleation and growth start time, ti. k is the
nucleation and growth reaction rate. A is the BWI after
infinite time, and can be correlated with early strength
[20,21]. The exponent n characterizes the dimensionality
of product growth occurring in a three dimensional pore
space. The value of n can be determined from QENS,
although it is more precisely determined by calorimetry
[27]. Thomas and Jennings [27] determined n for a range
of monoclinic C3S pastes prepared with D2O and H2O over
20–40 �C to vary only from 2.44 to 2.65. Although the dif-
ferences between the n values for monoclinic and triclinic
forms of C3S have not been previously noted or com-
mented upon, recent QENS and calorimetry studies have
determined n for both these forms. Thomas and Jennings
[27] determined monoclinic C3S to be 2.65 at 30 �C. Fitz-
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Fig. 1. Typical fitting of the QENS data at 5 h hydration time using
DAVE, detailing the Gaussian and Lorentzian profiles as dotted lines. The
overall fit through the data (�) is indicated by the solid line.
Gerald et al. [18] determined n to be 2.26 at 30 �C for tri-
clinic C3S, however, the form was not specified in this
work, but later referred to as triclinic in work by co-
researchers and others [17]. These studies [17,18,27] all
use C3S sourced from the same supplier as the current work
and it is likely that the forms are the same as those used
here. Hence, the literature values for triclinic and mono-
clinic C3S forms suggest that the monoclinic has a greater
dimensionality of growth than the triclinic form. In any
case, the nucleation and growth model (7) is relatively
insensitive to changes in n and modeling using n values of
2.27 and 2.65 for the triclinic sample made only a 0.8%
alteration to A and 4% alteration to k. The errors reported
are 2% in A and 4% in k. The errors propagated by changes
in n for A and k, were hence found to be within the re-
ported error for k and A. For these reasons, n was fixed
to 2.65 in the modeling of both samples. The reaction rate,
d(BWI)/dt, peaks with a maximum approximately propor-
tional to the product, {nAk}.

For a mono-dispersed population of C3S particles with
an initial un-reacted radius of R, a radius r after hydration
time t, and a water to cement component mass ratio such
that the free water is just consumed when the system is fully
hydrated, FWI(t) is proportional to (r/R)3 [18]. Allen et al.
[13] showed that during diffusion limited hydration (8):

½FWIðtÞ�1=3 ¼ ½FWIðtdÞ�1=3 � ðR�1Þð2DÞ1=2ðt � tdÞ1=2. ð8Þ
In Eq. (8), D is an effective diffusion constant controlling
water migration to the unhydrated C3S, and has been
linked to the permeability of the hydration layer. R�1 is
the inverse radius of the hydrating particle. FWI(td) is
the free water index predicted at the diffusion limited re-
gime start time, td.

For polydispersed C3S, R must be averaged over the size
distribution. Rewriting with BWI instead of FWI, Eq. (9) is
produced [19]:

BWIðtÞ ¼ BWIðiÞ þ ½1� f½1� BWIðtdÞ�1=3

� ðR�1Þð2DiÞ1=2ðt � tdÞ1=2g3�; ðt > tdÞ. ð9Þ

In Eq. (9), Di is an amended effective diffusion coefficient
taking into account the particle size distribution. R�1 is
the mean inverse radius averaged over the unhydrated par-
ticle size distribution. BWI(td) is the bound water index
predicted at the diffusion limited regime start time, td.

Eq. (9) was used to model the diffusion limited hydra-
tion just as Eq. (7) was used to model the nucleation and
growth processes. The assumption that either nucleation
and growth processes or diffusion limited processes were
operative at any given hydration time was made. R�1 was
determined from particle size distribution reports sent from
CTL. Reports are based on an average of four particle size
distribution measurements and the volume weighted aver-
age inverse radius was determined for each sample; this
value was used in the modeling. For the mixtures, the
R�1 corresponding to the dominant phase of the mixture
was used. ti was established from the QENS hydration



Fig. 2. Inelastic spectra for Ca(OH)2 reference showing the three
Gaussian and background components used in the fitting. The bold
dotted lines represent the individual components, whilst the solid line
represents the overall fit.
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modeling and td was also established from these models
from the narrow range that resulted in the smooth transi-
tion from nucleation and growth to diffusion limited kinet-
ics. The parameters allowed to vary further in the model
for the rest of the fitting were Di, A, and k.

2.4. Particle size effects and differences in hydrating volume

The powder form of the different C3S forms investigated
here was obtained by processing larger chunks of the mate-
rial. The different forms fracture and crush differently and
obtaining identical particle size distributions for each form
is impossible and was not attempted. The effects of particle
size distributions on C3S hydration over both nucleation
and growth and diffusion limited hydration mechanics have
been quantified using a single time-dependent model for
QENS data over the full hydration time [13]. The effects
of particle size distribution differences were initially inter-
preted in conjunction with this model, based on the particle
size distribution affecting the volume of material available
to the hydration, with respect to the amount of exposed
surface for water to react. The model can be used to iden-
tify the effects on C3S hydration caused by varying the ini-
tial particle size distribution of a given crystal form.
Extension of this approach to extract differences among
non-identical forms may not be appropriate, as there is evi-
dence in the literature to suggest that the hydration mech-
anisms of these forms are significantly different. The
hydration of monoclinic C3S involves a more violent rup-
ture of the C–S–H layer, described as the lifting and peeling
of sheets [5], whereas triclinic C–S–H simply erupts as nee-
dle-like growths from the hydrating grain. These different
mechanisms of hydration may result in different hydrating
volumes, with the monoclinic form likely to have exposure
of fresh C3S surfaces during delamination processes. The
observed delamination may arise due to the dislocations,
strains, or distortions in the lattice of C3S stabilized with
a higher amount of Mg (monoclinic) previously observed
to affect the nucleation and growth processes [7]. Other
research [28] has determined that the rate limiting factors
in C3S hydration are independent of particle size distribu-
tion. The QENS and INS results here are interpreted with
respect to the known effects of particle size and a consider-
ation of the potential differences of hydration mechanisms
of the two forms.

2.5. Inelastic neutron scattering

The inelastic data were obtained using the NIST Center
for Neutron Research Filter Analyzer Neutron Spectrome-
ter (FANS) at BT-4 [29]. The sample was oriented, in
reflection, at a 45� scattering angle. A Cu (220) monochro-
mator was used, with pre and post collimation of 60 0 and
40 0, respectively. Samples prepared identically to those of
the QENS experiment were analyzed at 30 �C. Hydration
cells used were identical to those used for QENS experi-
ments, and reflection geometry data only were used. Data
were collected over the energy range 25–55 meV. The refer-
ence spectra were measured for a known mass of pure
Ca(OH)2 powder placed in an identical experimental set-
up as the hydrating samples. The sample and reference
spectra were obtained under nominally identical conditions
to ensure precision in the Ca(OH)2 absolute mass calibra-
tion. Measurement of the integrated intensity of the
41 meV peak enabled the absolute quantity of Ca(OH)2

formed in the hydrated C3S samples to be calculated. Back-
ground data consisting of an empty hydration cell were
also collected.

2.6. Analyses of inelastic neutron scattering data

The inelastic neutron scattering spectrum for each sam-
ple is representative of the density of states of the sample.
DAVE [26] was used for the data reduction and analyses
of the inelastic neutron scattering data. The spectrum for
the Ca(OH)2 standard was modeled using three Gaussian
lineshapes, and a linear background, detailed in Fig. 2.
The spectra for the hydrated C3S forms were modeled
using a single Gaussian lineshape due to the significantly
lower counts resulting from the reduced Ca(OH)2 amount
in the sample relative to the standard.

3. Results and discussion

3.1. XRF and particle size analyses

Mg and Al were found present in significant amounts in
the monoclinic (M3) sample (Table 1). Mg2+ has been
shown to substitute directly for Ca2+ in the C3S lattice
[30] and at concentrations above 1.35% Mg the monoclinic
form can be stabilized at room temperature [5]. Below this
amount, the T1 and T2 triclinic forms can be stabilized. The
solubility limit of Mg in C3S has been shown to be about
1.5 wt.% [2]. Al can be incorporated into C3S to stabilize
the T1 or T2 form up to 1 wt.% [4,31]. At amounts greater
than 0.45 wt.% the T2 form is stabilized. Al3+ has been



Fig. 3. Fits of hydration model to the BWI data for pastes of monoclinic
(�, top), triclinic (m, bottom), and a 1 to 1 monoclinic to triclinic mixture
(+, center) of tricalcium silicate. Lines through the data represent the fit of
the hydration models. Error bars represent absolute error.
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shown to substitute Si4+ in the structure [32]. The combina-
tion of Al3+ and Mg2+ influences the stabilization of the
T1, T2, and M1 forms through the mutual interactions of
these ions [33]. The amount of one ion required for stabil-
ization reduces with the increasing amount of the other ion
and the addition of suitable atoms through this method
enables the stabilization of higher monoclinic forms. The
quantities of impurity ions present in the samples are there-
fore consistent with the stabilization of the T1 and M3

forms used in this study.
The monoclinic sample has a larger particle size diame-

ter and lower specific surface area than the triclinic sample.
The monoclinic had an average particle of 34 lm and spe-
cific surface area of 0.303 m2g�1, compared to the triclinic
sample values of 9.8 lm and 0.533 m2g�1, respectively. The
volume weighted average inverse radius was determined for
each sample, and this value was used in the modeling. Par-
ticles smaller than 1 lm were neglected for the C3S sam-
ples, as the particle size results showed that less than
5.5% of the volume was present in particle sizes below this
value. A summary of the particle size distribution for each
form is shown in Table 2.

3.2. Interpretation of the QENS data

The following considerations of the initial particle size
distribution were included in the interpretation of QENS
data, taken from [13]. The length of the dormant or induc-
tion period (ti) and the kinetics of the nucleation and
growth of the hydration product (k, and also determining
td) are independent of the particle size distribution. Initial
particle size strongly affects the asymptotic limit of the
amount of total hydrated product (A), with finer particle
sizes producing a larger value. The diffusion limited rate
of hydration is known to be significantly determined by
the initial particle size distribution, and increases with
increasing particle size.

The BWI curves (Fig. 3) have several features of interest.
In the case of the monoclinic sample, the broad tapering
into the diffusion limited regime after the nucleation and
growth regime is indicative of a broader initial particle size
distribution [13], consistent with the particle size distribu-
tion report. In contrast, the triclinic sample exhibits an ear-
lier transition between these two hydration mechanisms,
also consistent with a narrower particle size distribution.
This indicates that the monoclinic sample maintains its
broader particle size into the diffusion limited hydration
period and indicates that any delamination of the C–S–H
does not completely destroy the hydrating C3S particle.
The parameters determined from the hydration models
are shown in Table 3. The fits of the models to the data
can be observed in Fig. 3.

The combination of kinetic parameters during the nucle-
ation and growth regime is such that the increase of BWI
with time is essentially linear up to the reaction peak [20–
23]. This enables the slope, d(BWI)/dt, to be approximated
as a constant during this period. No significant difference
between the rate of product formation for the triclinic
and the monoclinic sample was noted (Table 3). This was
not expected from the particle size distribution reports,
where an increase in the d(BWI)/dt of the larger surface
area/smaller particle sized sample would be predicted by
the associated increase in availability of C3S to the water,
if the intrinsic reactivities of the samples were the same.
Considerations of the variations in hydrating volume for
the two forms must be performed before a comparison of
d(BWI)/dt will give a reliable measure of relative reactivi-
ties with water. Any delamination of the C–S–H layer that
formed in the case of the monoclinic sample would result in
more C3S for further nucleation and growth. This addi-
tional fuel may or may not offset the effects of the larger
particle size. Hence, d(BWI)/dt was not used as an indica-
tion for the reaction rate during the nucleation and growth
as with previous studies [20–23].

While d(BWI)/dt can be expected to suffer from the
effects of C3S availability to the hydration, the intrinsic
reaction rate, k, is independent of these effects [13]. The val-
ues of k indicate that the monoclinic form is inherently less
reactive, by about 33(4)%, than the triclinic form. This
result is supported by the slightly longer induction period
(23(8)% larger ti) observed for the monoclinic form. This
result indicates that any mechanism of C–S–H rupture
involving delamination of the C–S–H does not arise due
to the increased reactivity of the monoclinic, compared to
the triclinic, form. It is important to remember that the
reaction rate, d(BWI)/dt, peaks with a maximum approxi-
mately proportional to the product, {nAk}, and not simply
k alone. As expected, the value for nAk was consistent with
the trends for those reported in k (Table 3).

The monoclinic sample produced significantly more
hydration product by the start of the diffusion limited
hydration than the triclinic form, primarily as a result of
an increase in the length of the nucleation and growth per-
iod, reflected in the increased value of td (Fig. 3). The
model parameter A is determined from the nucleation



Table 3
Model parameters derived (except radius) for hydrated triclinic and monoclinic tricalcium silicate. Errors are in the last digit and represent one standard
deviation

A (a) k (h�1) Akn (ah�1) d(BWI)/dt (ah�1) Di (10�15 m2 h�1) 2Di · hR�1i2 (10�5 h�1) ti (h) td (h) Weighted average
radius (·10�6 m)

Triclinic
n = 2.65 0.104(2) 0.25(1) 0.073(3) 0.018(1) 0.28(3) 2.3(8) 1.3(1) 8.2(1) 4.9
n = 2.27 0.112(2) 0.24(1) 0.062(2) 0.018(1) 0.30(3) 2.5(8) 1.3(1) 8.2(1) 4.9

Monoclinic
n = 2.65 0.193(5) 0.16(1) 0.082(3) 0.020(1) 19(2) 13(4) 1.6(1) 12.0(1) 17

Mixture
n = 2.65 0.129(3) 0.14(1) 0.048(2) 0.016(1) 0.60(7) 5.0(2) 1.0(1) 11.0(1) 4.9
n = 2.65 0.129(3) 0.14(1) 0.048(2) 0.016(1) 7.0(8) 4.8(2) 1.0(1) 11.1(1) 17

a Units reflect those for BWI.
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and growth model extrapolated to infinite time, although in
reality the hydration mechanism becomes diffusion domi-
nated after td. In a previous study of Mg-stabilized C3S
[2], the amount of reacted C3S during hydration was
decreased by the addition of MgO during manufacture of
the C3S (pure C3S, 0.5 wt.% and 1.0 wt.% MgO) until a
level above which stabilization of the monoclinic form
was possible (2.0 wt.% MgO), where a sharp increase in
the amount of reacted C3S was observed. Another study
of Ti-stabilized C3S showed that the monoclinic form
(4% TiO2) exhibited a higher percentage of hydration, in
terms of the percentage of C3S reacted, when compared
to pure C3S or triclinic forms stabilized with smaller
amounts of Ti [1]. This study therefore corroborates the lit-
erature results and indicates that the percentage of hydra-
tion may be linked to the crystal form.

The monoclinic sample has a larger effective diffusion
coefficient, Di, which has been shown to increase with
increasing particle size [13]. This previous study determined
that for C3S, a difference of average particle size such as in
this study would be expected to give a difference of
3 · 10�15 m2 h�1, however, a difference of 18.7 · 10�15

exists, indicating a Di value approximately ten times larger
than what would be expected if only that particle size dif-
ference was the cause. The effective diffusion limited reac-
tion constant, found by the calculation 2Di · hR�1i2, has
been shown to have a different variation with particle size
than for Di. Fine particles were found to enhance the diffu-
sion limited rate constant due to the geometric effect of
decreased distance over which water must migrate to reach
the unhydrated particles [13]. At 30 �C, the effect of a
reduction in particle size results in a slight increase in this
value. The significant increase in the effective diffusion lim-
ited rate constant here demonstrates the alteration to C–S–
H morphology. Di has been linked to the permeability of
the C–S–H layer, which is affected by the layer’s structure
and morphology. The increase in Di and the effective diffu-
sion limited rate constant for the monoclinic form are con-
sistent with an increase in permeability of the C–S–H layer
of the monoclinic, relative to the triclinic, form. In these
C3S samples, such differences may arise from the rate of
dissolution, presumably of calcium and a small number
of magnesium ions, diffusing from the dissolving grain,
leaving grain surfaces with varying degrees of silicate rich
surface layers. This may account for the alteration to the
morphololgy resulting in increased permeability of the C–
S–H layer produced by the monoclinic form. Earlier
research has also noted that the type of product that forms
varies when different stabilizing ions are used in C3S sam-
ples [7]. An increase in the permeability of the hydration
layer of the monoclinic form is attributed here as the likely
cause for the increase in the length of the nucleation and
growth regime as a result of a slower change to diffusion
limited mechanics.

3.3. Interpretation of the hydrated polymorphic mixture

The shape of the BWI curve for the mixture illustrates a
broad transition from nucleation and growth into the diffu-
sion limited regime, indicative of the broad particle distri-
bution of the mixture (Fig. 3).

As expected, the values of td, Di, the effective diffusion
limited rate constant, and A for the mixture lies midway
between the values for the individual forms.

Curiously, ti and k for the mixture were lower than for
either individual form. This suggests that there is an inter-
action that affects the hydration rate during the nucleation
and growth regime, an effect that is not as simple as a linear
combination of the C3S forms. Possible mechanisms for
this result include a variation in the morphologies of the
products formed by the two crystal forms and a variation
in the solution chemistry arising from dissimilar dissolution
rates of the two forms.

3.4. Inelastic neutron scattering quantification of Ca(OH)2

Inelastic neutron scattering data was averaged for each
hydrating C3S form during the hydration period of 22–
24 h. From the QENS BWI curves, this corresponded to
the diffusion limited hydration regime, where the Ca(OH)2

amount would not be expected to vary rapidly. Fig. 4 shows
the inelastic neutron scattering spectra for the monoclinic
(top of Fig. 4) and triclinic (bottom of Fig. 4) forms. Differ-
ences in the sample and reference spectra are thought to



Fig. 4. Inelastic spectra for hydrating monoclinic (top) and triclinic
(bottom) tricalcium silicate at 23 h. The solid line represents the overall fit.
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arise from contributions from the C–S–H, and the signifi-
cantly reduced Ca(OH)2 quantity of the sample spectra rel-
ative to the reference. Comparison of the Ca(OH)2 standard
with the monoclinic and triclinic C3S samples revealed sig-
nificant differences in the quantity of Ca(OH)2 produced.
The monoclinic sample made approximately 2.0(2) ·
10�3 mol Ca(OH)2 from 1.2451(2) · 10�2 mol Ca3SiO5,
and the triclinic sample 6.9(7) · 10�4 mol Ca(OH)2 from
1.2485(2) · 10�2 mol Ca3SiO5, at the same water to cement
component ratios. Despite having almost half the initial
surface area of the triclinic sample, the monoclinic sample
produced almost three times the amount of Ca(OH)2.
Hence, these results agree with the QENS results, which
ultimately predicted that more products would be made
by the monoclinic sample, primarily through the delayed
onset of diffusion limited hydration in the monoclinic case.

A study on Mg-stabilized C3S indicated that the
Ca(OH)2 produced by hydrating triclinic C3S samples
increased with increasing MgO amounts [2]. Unfortu-
nately, only one sample with a higher amount of Mg was
tested in this study, and this sample exceeded the solubility
limit of Mg in C3S. Another study investigated Ti-stabi-
lized C3S, and found that monoclinic samples produced a
larger amount of Ca(OH)2 at any time [1]. The results of
this INS study are therefore in agreement with the litera-
ture studies.

4. Conclusions

The differences in hydration mechanics between a tri-
clinic and monoclinic tricalcium silicate form stabilized
with Mg were characterized. The key findings were that
the monoclinic form was less reactive than the triclinic
form, although it was found to produce more product after
50 h. This process was found to occur primarily though
longer, and not earlier, nucleation and growth regime.
The increased nucleation and growth length was attributed
to an increase in the permeability of the monoclinic prod-
uct relative to that produced by the triclinic form resulting
in a slower change to diffusion limited hydration
mechanics.
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