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We reconsider a number of measurements for the overall hydration kinetics of tricalcium silicate pastes
having an initial water to cement weight ratio close to 0.5. We find that the time dependent ratio of hydrated
and unhydrated silica mole numbers can be well characterized by two power laws inxtifde; x)
~(t/t)Y. For early timest<t, we find an “accelerated” hydrationy=5/2) and for later times>t, a
parabolic behavior=1/2). The crossover time is estimatedtas=16 h. We interpret these results in terms
of a global second-order rate equation indicating thahydrates catalyze the hydration processtfot . , (b)
they inhibit further hydration fot>t, , and(c) the value of the associated rate constant is of magnitude 6
X107 7=7x107% | mol~!s . We argue, by considering that the hydration process actually occurs via dif-
fusion limited precipitation, that the exponents-5/2 andy=1/2 directly indicate a preferentially platelike
hydrate microstructure. This is essentially in agreement with experimental observations of cellular hydrate
microstructures for this class of materials.
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[. INTRODUCTION to dissolve rapidly. The principal reaction products are sol-
vated ions (C&", OH™, and H,SiO,?") diffusing within the

Heterogeneous solid-state transformations are of great insolvent. The ion concentrations are bounded by finite solu-
portance and practical interest in industrial and technologicapility products above which hydrate phases start to precipi-
applications. Perhaps the most prominent examples are tranite from solution, preferably on surfaces of already existing
formations within alloys and steels playing a crucial role inhydrates. There are two associated hydrai@sthe cement
their mechanical and durabillity properties. Solid-state transhydrate] C; sSH, s==(CaO), 5 (Si0,) (H,0), 5] and(b) the
formations are frequently accompanied by microstructuraPortlanditel CH=Ca(OH),], which compete for the com-
changes within the material in the form of phases precipitatmon calcium and hydroxyl ions. The cement hydrafe (
ing (segregatingfrom (solid) solutions. In its simplest form =2.35 gcni®) is amorphous in contrast to the crystalline
the transformation takes place between a major componefortlandite p=2.24 gcn?®).
acting as a solvent and an initially solvated phase. The pre- The process of cement dissolution, ion diffusion, and hy-
cipitation process of the solvated phase is usually consideredrate precipitation is usually referred as ‘“cement hydra-
to happen in three main stages; phase nucleation, phagen.” The ion diffusion represents the physical coupling be-
growth, and finally a coarsening process leading to a homogween the chemical dissolution and precipitation reactions
enization of microstructural geometrical properfi#?]. Be- leading to a complex physicochemical evolution of hydrate
low we will employ basic concepts of solid-state transforma-microstructure.
tion in order to interpret the experimentally observed In Fig. 1 we show a hydrated microstructure after 40 h of
hydration kinetics of cemen(see Sec. Il hydration time. The leaf/foil-like structure is typical.

The massive introduction of hydraulic binders into daily  In the following we will propose an empirical global re-
engineering problems indicates the importance of a betteaction rate law for the hydration of cement pastes for initial
understanding of how these materials work. Moreover, cewater to cement weight ratios/c= 0.5, which is based on
menting processes are also of great importance for certaialready published NMR measurements. The observed values
geological problems, e.g., for the formation, properties, andor the kinetics exponents can be understood—in part—by
behavior of sedimentary basifi3]. Typical hydraulic bind- classical solid-state transformation theory.
ers are plaster, cement, mortar, and concrete. In the follow-
ing we will focus more closely on the hydration of pure
Portland Cemen@tricabium Si”Cﬁté. Il. EXPERIMENTAL RESULTS AND KINETIC

Basic phenomenological aspects of cement hydration can RELATIONSHIPS

be characterized as follows. Initially fine grained cement The hydration of cement is spontanedagothermig and

powder (here tricalcium silicateC;S=CaSiOs, with grain o\ ersible and can be characterized by ghebal net reac-
diameters typically ranging between bm and 50 um [4]) tion [5,6]

is mixed well with water. Tricalcium silicate is a well crys-

tallized compound g=3.21 gcm ®) and the powders em-

ployed typically have specific surface areas 3 k

x10° cn? g ! [5]. After mixing the cement particles start C3S(s)+4H,0)—C1sSHy 56+ 1.5CH(g),  (2.1)
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time dependent mole fractions for monomer, dimer, and tri-
mer silicon nuclei{11-13. However, plots for mole frac-
tions show more complex algebraic behavior as will be dem-
onstrated below.

B. Schematic representation

In order to get an idea about the global hydration kinetics
of cement we consider the chemiag#t reaction(2.1) in a
more schematic representation,

k
A—B, (2.2

where the speciea andB refer to silicon nuclei ofC;S and
CSH respectively. We denote the anhydro@gS (mono-
mer mole fraction ax,(t) and theCSH (dimer as well as
trimer) mole fraction asg(t), i.e., xa(t) +xg(t)=1.

One should say something about the range of validity, the
similarities, and the differences of Egf2.1) and (2.2).
Strictly speaking, the above net reactions can hold only if the
employed water to cement weight ratio is not too high, that is
fo say, the number of solvated ions should always be orders

of magnitude lower than the number of molecules belonging

net reactipn originati.ng from various subprocesses .the.St(fo the solid state, i.e., Eq&2.1) and(2.2) are inconsistent in
ichiometric numbers in Eq2.1) are not related to the kinetic fthe limit of infinite dilution. An approximate condition fol-

exponents of t_he overall reaction rate law. The_k|net|cs Mows from a comparison of the cement to water concentration
cement hydration has been experimentally studied to SOME.t the solubility of Portlandite Sy, Ne.<(to)/ Vi ofto)
extent by calorimetric and conductimetric measurements y Ho TCgSUR0/T T H,01°0

[57], by x-ray diffraction [8,9], by Raman spectroscopy > Scu~2X10 2 moll™*, or w/c<200. The experimental

FIG. 1. Scanning electron micrograph of hydrated tricalcium
silicate cement after 40 h hydration time. The initial water to ce-
ment ratio was 0.5. Note the leaflike hydrate microstruct(iRe-
produced by courtesy of Institute Francais du Petyole.

wherek denotes an effective rate constant characterizing th
solid to solid conversion rate. Because E2.1) describes a

[10], and by NMR spectroscopil1—14. data considered here certainly fulfill this condition, i.e.,
w/c~0.5.
Furthermore, Eq(2.1) describes a solid-liquid to solid
A. NMR measurements transformation, but E¢(2.2) a solid to solid transformation.

ngi NMR Spectroscopy haS been used to experimentalN/t iS thUS natura.l that the two reactions describe Vel’y different
determine theCSH growth rate[11-14. The method em- things, if the initial water to cement ratio is so low that the
ployed [single pulse excitation with magic angle spinning Water becomes a sever_ely limiting reactant for the_hydration
(MAS/SPB] is based on the fact that in the NMR spectrum Process(case of very thick pastgsTo be more specific, the
the signal of theC,S silicon nuclei(monomey is separated hydration following Eq.(2.1) cannot be completed for
from those ofC SH silicon nuclei(dimers and trimeps[15].  chemical reasons if dc_s(to) >Ny, o(to) or equivalently if
The distinction between dimdsilicon chain endsand tri-  w/c<<(w/c)* =0.31. It is difficult to judgea priori whether
mer (inside silicon chainssignals has been used to investi- the employed experimental water/cement ratitc=0.5 is
gate the polymerization process within the cement hydratesufficiently large to exclude a systematic effect on hydration
see for example Ref12]. due to limiting water. However, as we will see below, con-

In order to enhance the signal/noise ratio one generallgidering the kinetics of the deacceleration/parabolic period,
needs to sample the NMR signal. In order to obtain quantiwater is very unlikely to be a chemically limiting reactant.
tative information about the populations of the different However, it is not possible to determine from the considered
chemical species present in the specimen, one needs tweasurements any water-specific kinetic exponent for the as-
strictly respect the relaxation of each population betweersociated rate law of Eq2.1). The determination of such a
successive samplings. We checked that the NMR data entgependency would require a set of experiments conducted
ployed[11-13 meet this condition. NMR signal intensities for different initial water to cement ratios. Similarly, it is not
I, are in general proportional to the absolute numiyeof  possible to determine kinetic exponents for Portlandiiél}
excited silicon nuclei of speciek within the sample,l,  from the considered measurements, becausg, is directly
=I'ny, with I' being the constant of the measuremg@qte- proportional toncy at every instant. In order to isolate the
cies k denotes a silicon nucleus belonging to a monomerkinetic influence of precipitated Portlandite on the overall
dimer, or trimer silicon cluster The proportionality constant hydration kinetics one needs to split up the direct proportion-
is usually eliminated by considering relative signal intensi-ality betweenncg andngy . Preferably this could be done
ties I /Z;l; which correspond to mole fractions by examination of the hydration rate dependence for differ-
=ni/2;n;. The constank;n; defines the absolute silicon entinitial CH admixtures, i.e.ncy(to)>0. Bearing the fore-
mass scale. The NMR measurements provide plots of thgoing caveats in mind, it should be obvious why we consider
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100 - - - with an exponenty=2.5. Below 5 h of hydration time there
are no quantitative NMR data available, because of the bad
signal/noise ratio folCSH. After t,=16 h the hydration

10 b -~ dramatically slows down,

__)g_-—-—'ﬂ/{f/ | f(t)="fx ( t_) ) (2.5

X

(1)

F with §=0.5. This second period is from 16 h to at least 8
X 10° h of hydration time. Equation@®.4) and(2.5) define a
continuous dependency in time. However, the first derivative
of f(t) taken att, is not continuous, which might appear
unphysical. The discontinuity inlf/dt arises because we

. . . have assumed a zero crossover range in Egd) and (2.5
! 10 ( (hoks) 1000 10000 to obtain the best representation of experimental data. It is

interesting to note that an ansatz of the form
FIG. 2. Double-logarithmic plot of the measured mole ratio be-

tween hydrated and unhydrated silick) = x5 /(1—xg) as a func- t/t, =27 YN[ (F/ )™+ (f/f,)Fm)Hm (2.6

tion of hydration timet employing NMR and TGA(thermogravi-

metric analysis All measurements correspond to a water to cemenwith properly chosen exponents=0.4 andB=2.0 gives a

weight ratiow/c=0.5 conducted at room temperature and normalquite satisfactory representation of the data for high integers

pressure. The data are well represented by two power lawg: for m; see Fig. 2[16]. The best representation is found fior

<ty by Eq.(2.4) (y=2.5) and fot>t, by Eq.(2.5 (6=0.5). The . which corresponds to Eqé2.4) and(2.5).

dashed line shows the corresponding numerical fit according to Eq. |n the following we propose relations between the above

(2.6) employing t,,=16 h, f(t,)=0.6, andm=20. Data from  mentioned exponentg and & and the kinetic exponents of

(©) Ref. [11] (NMR), (X) Ref. [12] (NMR), (1) Ref. [13]  an gverall rate equation. The observed exponents will lead to

(NMR), and (+) Ref.[11] (TGA). some general statements about the hydration mechanisms.
From Eq.(2.3) the trivial relations

0.1¢f zy‘k

the schematic reactiof2.2). We are in a position to charac-

terize only the kinetic influence of reactants and products on oty 1
cement hydration. In our opinion even this limited informa- Xa(t)= na(ty) 1+f(t) 2.7
tion will be useful.
and
C. Kinetic relationships ng(t) f(t)
We consider the ratio of silicon mole fractions, Xe (D)= na(to) T 141D 28
f(t)=xg(t)/xa(t), (2.3 are obtained, whers,(t,) characterizes the absolute silicon

mass scale. The overall rate equationXgrandxg has to be

varying between Qno hydrates at tim¢=0) ande« (com- first order in time,

plete hydration at time=o). Figure 2 shows a double-
logarithmic plot off(t) versus the hydration time. This fig- _ EX :EX _ 1 Ef_
ure reveals several interesting facts about the hydration dt™ dt™® (1+f)2 dt
kinetics which will be addressed in this paper. The experi-
mental data considered were taken from three independefne particular observation from Ed&.7), (2.8), and(2.9) is
publications obeying similar experimental conditiomsom  that the global hydration rate can be represented as a product
temperature, normal pressure, geometry of specimens, amd powers of the mole fractions, andxg, if df/dt follows
initial water/cement weight ratis//c=0.5); sed11-13 for ~ a power law inf. In this case the reaction is of overall order
details. The relatively narrow scatter of the data over order o and f(t) follows a power law in time, except foul f/dt
magnitudes demonstrates consistent and reproducible mea-f which yields an exponential dependency in time. We
surements. have already mentioned, considering the experimental results
We observe, within the scatter, two power laws separateth Fig. 2, thatf(t) follows two power laws, Eqs(2.4) and
by a sharply defined characteristic time=16 h with value (2.5, separated by a characteristic time. Thus it is pos-
f=1f(tx)=0.6. For the early hydration period<t,) we sible to extract two rate laws from the measurements; one for
obtain early timest<t, and another one for late timést, . Con-
siderf(t) =f X (t/ty)¥ where for timeg <t =y and for
£\ timest>t, =&, according to Eqs(2.4) and(2.5). The as-
f(t):fx(_) , (2.4) sociated first-order differential equation isd/@t)f
=yt YD Inserting this into Eq(2.9) and resort-

(2.9
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ing with respect to the factorgg and x, [Egs. (2.8) and
(2.7)] we obtain the explicit rate equation in terms of mole
fractions,

d
— AT grXe= Pt UG DI DIy (2,10

with =2.5 fort<t, and=0.5 fort>t, .

Furthermore, by passing from mole fractions to concen-
trations, it is possible to determine the approximate effective

rate constars) from the experimentally observed crossover

point, the extracted exponents, and the initial water to ce-

ment weight ratio. It is convenient to consider first the initial
concentration[A]|t0:nA(tO)/VO of cement in the overall

specimen volumé&/,=Vc_g(to) + Vi o(to) [17],

g

with pc.s/pp,0=3.21 andvc,g=7.2x10"? Imol~* being

1 —
(AT,

Pss W 0.18 Imol'?, (2.1
— v ~U. mol -, .
PH,0 C ©s®
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FIG. 3. Avrami plot for the amount of hydrated silicpdouble-
logarithmic plot of the negative logarithm of amount of unhydrated
silicon G= —log;¢(x,) versus time]. If the hydration kinetics fol-
lowed a generalized Avarami-Johnson-Mehl law, dey=1—Xg

=exd —(t/9¥], the data should lie on a single straight line of slope

1 10 10000

the relative density and the molecular volume of cementy |t can been seen that this is not the case. The data were taken
respectively. The considered water to cement weight ratio igom Ref.[12] (NMR).

w/c=0.5.
We find for the accelerated perioti<(t,)
d d
_ - — 0. 1.4
iA1= q[Bl=kiet [BI°TAI™, (212

with ko =2.5A]| "t f%*=7x107° Imol"'s™*, and
for the deaccelerated periotit)

d d
— gilAl= gi[Bl= k-t [BITMTATRS (213
with ki~ =0.FA]| "t f5°~6x10"" Imol~*s ™.

I1l. INTERPRETATION

ations. As another motivation for our approach we present in
Fig. 3 a so-called Avrami plot for the hydrated silicon
amount, i.e., a test of the stretched exponential relationship
xg=1—exd —(t/D¥]. Such empirical relationships are fre-
quently found for overall transformationil]. It can be
clearly seen from Fig. 3 that the hydration data cannot be
described by such a relation.

Before giving an interpretation of our findings we would
like to briefly comment on Knudsen’s dispersion mofdz{]
and the connection to our results. The dispersion model is
constructed by looking at the global degree of hydratigt)
expressed in terms of a linear convolution of the particle-size
distribution of cement graing/(r) and the degree of hydra-
tion a(r,t) of a particle of radiug at timet. The model

Before we present a possible explanation for the hydratiomssumes that the hydration processes of the individual grains

kinetics as manifested in Eq&.12 and (2.13 we would

do not interfere with each other. Then under the assumption

like to give a brief account of another representation of theof certain particle-size distributioiexponential and certain
hydration kinetics that is more widespread in cement litera«/(r,t) (exponential the global hydration ratid(t) satisfies

ture, i.e., the degree of hydratier(t). The degree of hydra-
tion is usually referred to as the relative amo(mble frac-
tion) of hydrated cement{18], «(t)=xg(t)=1—xa(t).
Therefore Eq(2.8) gives the relationship betweer(t) and
f(t) as defined in Eqg(2.3). Typical experimental curves for

a quadratic equation for arbitrary times, i.@g+t,f(t)
+1,f?(t)=t. Such a quadratic equation was employed in
Knudsen’s worK24] in order to fit experimental data. Knud-
sen’s formula predict§~t for early times, and ~ \t for
late times[cf. Eq. (2.6)]. In contrast to this we observe for

the degree of hydration exhibit sigmoidal shapes in lineararly times 5/2 as exponent, and furthermore we do not see a
representations. However, the observed inflection points gerbroad transition into parabolic growth as is expected from
erally do not have any particular significance for a change irthe quadratic equation. We see a rather sharp transition and
chemical mechanism. This can be seen, for example, by asve will discuss further below why there is good reason to

suming in Eq.(2.10 ¥>1 for all times The degree of hy-
dration will show an inflection point although there is only a
single chemical mechanisfrate law operative. Therefore it
is not reliable to read off characteristic times frat) dia-
grams. Whilea(t) approximatesf(t) well if f<1 (early
hydration the discrepancy becomes very large ferl (late
hydration).

The foregoing remark has hopefully illustrated why we

believe that this is a morphological transition.

The kinetic equations Eq$2.12 and(2.13 allow one to
make more substantial statements about the global cement
hydration mechanisfs). During the acceleration period al-
ready existing hydrates catalyze the precipitation of new hy-
drates[positive kinetic exponent for the products in Eq.
(2.12]. The growth ofconnectechydrate structures appears
thus to be thermodynamically more favorable than an uncor-

have avoided degree of hydration diagrams in our considerelated “through solution” precipitation mechanism.
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On the other hand, in the deacceleration peritdt(;) The growth of a precipitate is kinematically very com-
the hydrate layers surrounding the cement grains increaplex. The precipitated geometiynicrostructurg¢ cannot be
ingly separate the reacting anhydrous cement and water anmtedescribed in general beyond the initial conditions but is
thus hinder or block furthe€3S dissolution. The hydrates rather aresultof the associated interface dynamics. The sim-
are acting in the deaccelerated periodrdsbitors [negative  plest case is governed by the growth of spherical precipitates
exponent for the products in E(R.13]. The reversed role of of radiusR from an initially supersaturated solution of con-

hydration products during the accelerated and deaccelerate@ntrationc. Letc=c(r) denote the particle concentration in

periods appears to be experimentally evident from the forethe solventc,, the particle concentration within the precipi-

going considerations. tate at the interface; s(R) the particle concentration within
A widespread assertion in cement literature is that earlyhe solvent at the interface, amithe diffusion coefficient of

hydration is controlled by chemical kinetics compared to theparticles in the solvent. One has from continuity of mass
late stage kinetics which are diffusion controlled. We agree dR D de
( >r—R

with the second assumption that ion diffusion most probably - | =
represents the rate controlling step within the deacceleration dt cs,—cs(R)\dr
period. This is in fact strongly indicated by the very low

hydration rate at large times in Fig. 2. However, there is noThis is the equation of motion for the interfati@ spherical
direct indication that the acceleration kinetics is chemicallycoordinates It establishes the direct proportionality between
limited. Obviously Eq.(2.12 cannot describe initial nucle- local growth rate and particle current density at the interface.
ation (approximately within the first 15 min) because thereln generalc, s depends on théocal) interface curvature as a
exist no products at these times at e[IB§[|tO=0). On the consequence of interfacial tension. If the precipitate is not

other hand the early nucleation period is not accessible b{P0 Small one often assumes the zero curvature limit, i.e.,
the experimental techniques considered here, so there is fgs(R)~C/s(). The most interesting point in E¢3.1) is
conflict in interpretation. One just has to keep in mind thatthat the gradient ot contains global information about the
all experimental data points as well as the power laws exinterface because(r) is the solution of thestationary dif-
tracted from them are beyond the nucleation period. fusion equation

After the first few minutes of bringing cement and water Ac(r)=0 (3.2
into contact, the concentrations of ions in solution increase
far beyond the equilibrium solubilities, without any precipi- optained under boundary conditiong{)=c and c(R)
taton. This can be understood by viewing the process of het= ¢, (). The solution of Egs(3.1) and (3.2) is the well
erogeneous nucleation as overcoming a thermodynamic bagnown parabolic growth lai],
rier (supersolubility [7]). Being supersaturated, hydrate
nucleation happens on the cement grain surfat@slg. At
this instant a more or less significant part of the solution is
strongly oversaturated with respect to the equilibrium solu-
bility. The further precipitatior{growth) of the hydrates can Similarly a parabolic solution is also obtained for the growth
thus be regarded as happening approximately within a spaf a flat interface. More generally, the local growth rate dy-
tially uniform oversaturated solutiofoversaturated interface namically depends orat least two competitive mecha-
layen. This is of concern in so far as the uniformity of initial nisms,(a) flattening of high curvature regions due to interfa-
conditions is crucial to predicting kinetic exponents for dif- cial tension and(b) sharpening of these regions due to
fusion controlled reactions. It also supposes that the nuclepreferential diffusive growth at these “tips.” Numerical
ation rate tends rapidly to zero as the hydrate microstructurboundary integral methods have been developed in order to
develops further. study the associated interface dynamics and instability, e.g.,

The hydrate microstructure has been experimentally classee Ref[21]. For a perturbative treatment see, for example,
sified for a water to cement ratie/c=0.47. Within the first Ref.[22].
4 h foil-like microstructure precipitation is reported to hap- Despite the complexity of the microstructural transforma-
pen radially away from the cement graiftypical dimen- tions involved the natural question arises whether there ex-
sions <0.5 um and xg<<10"?). Thereafter €24 h) the ists at a given time dypical microstructureand atypical
formation of a gelatinous layer sourrounding the cemenimode of growthwithin the system.
grains has been observefthickness ~0.5 um and Suppose the case of a vanishing nucleation rate during
Xg(24 h)=~0.3]. Needle like precipitates have also beenprecipitate growth. If the precipitating structure grows geo-
found. Finally, after several days crumpled interlocking foils metrically in the form of a plat¢see the above experimental
are observedsee Fig. L It has also been reported that the classification schemehen the variation in mole fraction of
precipitated microstructure morphologies are strongly influthe precipitated phase in time is predicted theoretically for
enced by the available interparticle spacin8]. There is  Xxg<1 asxg~ (t/7)>?[1] with 7 being a characteristic time
presently no straightforward way to predict or calculate mi-scale for the growtfi23]. The plate’s rim grows at a constant
crostructural morphologies for such complex systems; howrate while its thickness grows parabolically in time, explain-
ever, recently developed heterogeneous reaction-diffusioimg the exponent 5/2. Fotg<<1 one can replace the quantity
models have received considerable interest in this contexXt(t) by xg(t) in all foregoing considerations. One is led to
[20]. the conclusion that for early foil-like hydrate growth

(3.9

R?- R§=2D—E_ Osl)

Cs/—C/s(OO)(t_tO)' 33
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=5/2 and @—1)/4=3/5 in Eqgs.(2.4) and (2.10, respec- 100
tively. This is in agreement with the considered measure-
ments(see Fig. 2

What causes the observed slowing down of the hydration
process? If a single foil precipitated in a spatially infinite
supersaturated solution there would be no obvious reason fa 1k
a slowing down of the hydration process as there exists nc,
characteristic length scale. However, the case of cemen™
paste considered here is an assembly of small anhydrous ct 0.1 ¢
ment grains immersed in water. The mean free distance be
tween particles has to be considered as a typical length scal
for transport and for the precipitation procesg€1). The
size of the growing flakes cannot exceed this because o
spatial hindrance. Hence there must exist a typical time scal¢  0.001 . L .
t, at which the flakes change their mode of growth into ! 10 + (hoks) 1000 10000
thickening only. We interpret this typical time as the cross- g1 4. same representation as in Fig. 2 but for various water
over timet,,~16 h observed in Fig. 2. Growth of flakes in cement ratios employing XDR«-ray diffraction and Raman spec-
the thickening only mode is expected to happen parabolicallyoscopy. The measurements were conducted at room temperature
in time for diffusion limited precipitation reactionfl].  and normal pressure. The dashed line shows again the power law fit
Therefore we prediCt the exponents of the deaccelerated p@orresponding to Fig. 2 for comparison purposes. Data fram (
riod to be 6=1/2 and @—1)/¢y=—1 in Egs.(2.5 and Ref.[10] (Ramanw/c=0.4), (¢) Ref.[8] (XDR, w/c=0.45), and
(2.10, respectively, in agreement with the experimental datg+) Ref.[9] (XDR, w/c=0.7). Note that the data do not collapse;
of Fig. 2. however, for large times they yield similar slopesl/2 compared

With the above assessments we have apparently related Fig. 2.
the experimentally observed kinetic exponents of the hydra-

tion products to microstructural information. Certainly, thereISfy in order to allow a meaningful discussion in terms of a

: : : L lobal net reaction and its schematic counterpart. In Sec. Il C
iS no unigue mapping between kinetics and geometry, bu? . .
this constitutes a complex question in terms of Egsl) and we demonstrated that the time dependent ratio of hydrated

(3.2) to be studied in future in its own right and unhydrated silica mole numbers can be well character-

i in ti )~ ¥
So far we have restricted our considerations to the case (ﬁed by two power laws in timex/(1-x) ~(t/t,) ..For

a water to cement weight ratie/c=0.5. The question arises early timest<t, we _found an accelerated hydrat|or¢_(
whether the kinetic exponents are universal and how the ob- 5_/21)/2andTI]or later times>t, a deelljcceleratgd begawor
served typical crossover quantities and fy, depend on (y=112). € crossover time has een estimatedt,as
w/c. We show in Fig. 4 experimentdleplotted data for ~16 h. We interpreted fthes.e r.esullts in terms of a global
three differentw/c ratios. The data do not collapse, which is secolnd—or:erh rzte .equat|on m?g(atmg Sﬁai hyﬂra@eigo
not surprising because the typical interparticle spacing doe%afja yze t fe ydration pdrocesi tXl’ ( )ft ﬁy o Inhi I d
depend orw/c. Qualitatively, highemw/c ratios correspond y ratéon dort>tx, and (c) t.e V? ue o ,t g ass_070|a7te
to lower charateristic timefs, and lower hydrate “amounts” Selcgf‘ﬁ -lor elr,lra,t? \j:vonztant 'S odr.nasgnltulféﬂi) Ny id
f«. For early times we observe kinetic exponents that dg*: mol ~s -. VVe have argued In Sec. 11}, by consia-
(apparently depend onw/c. Interestingly, in all cases the ering the hydration process as a diffusion limited precipita-

kinetic exponents for the deacceleration period are close otion that t_he exponents= 5/2 anq¢= 1/2 directly 'F‘d'cate a
1/2. However, we have not studied this in further detalil be_preferent|ally leaflike hydrate microstructure. This argument

cause there are fewer experimental data available than for t a.:, support?d Ey exp:(enrtr;](.entatl obs?rvat{or!slof cellular hy-
standard case/c=0.5. rate microstructures for this class of materials.
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