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Abstract

Calcium carbonate cements have been synthesizeiixinyg amorphous calcium carbonate and vaterite
powders with water to unravel the mechanisms oftarg mechanical strength during the setting
reaction. In-situ XRD was used to monitor the tfansation of ACC and vaterite phases into calcite.
Unlike this transformation of crystals suspended stirred solution, the transformation in the cernis
controlled by vaterite dissolution. The supersatior within the cement past@, depends not only on
the bulk free energy difference of the phasts, but also on the grain size evolution. Among the
strengthening mechanisms, an initial geometric gamization of CaC@patrticles has been identified
by rheological measurements; followed by the foiomadf an interconnected network of calcite crystal
that increases in strength as the crystals grow &orch bridges among them. All compositions yield
microporous calcite structures with diverse tramsiation history, crystal bridging efficiency, and

hence final mechanical properties.

Keywords: Calcium carbonate cement, Setting reaction, (ftsdallization kinetics, Cement

strengthening, Crystal bridging.

1. Introduction

Due to the carbon footprint of ordinary Portlandnemt (OPC) there has been an increased interest in
alternative hydraulic binders [1-4]. Inspired by thutstanding mechanical properties of limestone,
which is mainly composed of calcium carbonate (CgC8&ternative production paths to form calcium
carbonate binders have been investigated [1,%16]ntost famous being the Calera carbonation process
[7]. Another path to prepare pure Caft@ments is of special interest as a model systambes and
co-workers [5,6] mixed water with two metastableCCga phases. One of them is the highly reactive
amorphous calcium carbonate, ACC, while the othene of the metastable crystalline phases, either
vaterite, V, or aragonite, Ar. The polymorphs AC@daV or A recrystallize into the most stable
polymorph, calcite, during the setting of the cemedRecrystallization of CaCQpolymorphs has
received much attention the later years [8—16]tduke importance of CaG@n industry [17], climate
[18], Biomineralization [19] and geology [20]. Thiarge body of knowledge on recrystallization

mechanisms has yet to be put into the context @@acement setting. In this paper, we compare
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CaCQ setting reactions with the transformation mechasié other settings and then we compare this
to the development in rheology of the Ca@®ment paste during setting.

CaCQ polymorphic transformation follows an energetigadownhill sequence: ACG- Vaterite —
Aragonite— Calcite [21]. However, indirect transformationsrmore complex mechanisms out of the
classical nucleation theory (CNT) may also occu#],[2esulting on unknown activation energies and
growth/dissolution rates. Multiple studies have rb@arried out to unravel the mechanisms and the
energetics among the Cag@olymorphic transformations in solutions, both gutational and
experimental [9-11,21]. For examplRpdriguez-Blancaet al [11] andBots et al.[12] found that
hydrated ACC transforms into an intermediate anbyslrACC before forming vaterite; then, vaterite
transforms to calcite (at temperatures below 40i&€xa dissolution and reprecipitation mechanisitin wi
the reaction rate controlled by the surface areeafifite. However, a cement paste represents a more
complex challenge since the amount of availablempglays a key role as an external mediator/inducer
of the transformation [11]. The liquid phase rersagaturated with respect to a different polymorph
depending on both their solubility and their relatexistence within the paste [23], causing theimlgi
force of the transformation to vary with time. Mover, the paste may experience evaporation at the
paste/air interface depending on the environmegtaiditions during setting. Hence, a better
understanding of these simultaneous transformatibas CaCQ pastes undergo during the setting
reaction are still necessary.

Considering that the properties of hardened Gat&ents are a result of the (re)crystallizatiat the
paste undergoes when the solid reagents are mikbdwater, it is of crucial importance to correlate
these phase transformations with the evolution h&f viscoelastic properties of the paste during
maturation to unravel the strengthening mechanemdstheir kinetics [24,25].

In the present study, sustainable 100% pure calcamnonate cements have been synthesized following
“Combes’ method” [6] to investigate: i) the transfation kinetics of each phase (ACC, vaterite and
calcite) within a paste system and ii) their stouat built up mechanisms during setting. To address
these effectsin-situ X-ray diffraction (XRD) scans and rheological masnents have been carried
out, respectively, over cement pastes with dissimhixture design. The combination of these results
aims to build up a better understanding of thetimiahip between CaCG{phase transformations and
strengthening kinetics, not only for pure CaCéments but for other carbonated materials with

important implications in many fields.

2. Materials and methods

CaCQ cement samples with diverse mixture design haen Ipeepared. Both the composition and the
(re)crystallization kinetics of each Cag@hase (ACC, vaterite and calcite) along settirg) lzardening
processes have been studiedrbgitu time-lapse X-ray diffraction (XRD). Then, the effeof ACC and
vaterite (re)crystallization on the viscoelasticoperties of the pastes have been quantified by

rheological measurements.
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2.1. Synthesis of CaG@olymorphs

The preparation of CaGQ@ements requires the synthesis of different calatarbonate polymorphs in
order to design the initial cement mixture [6]. Aodingly, both ACC and vaterite phases were
precipitated by mixing calcium chloride (Ca®H,O, Sigma Aldrich) and sodium carbonate {8@s,
Sigma Aldrich) equimolar (0.5 M) solutions, preghmeith ultrapure Milli-Q water (18.2 K2 cm), at
room temperature using a magnetic stirrer set @trgth. FollowingOgino et al.[8] we used reaction
time 10 sec for ACC and 30 min for vaterite. To adf any dissolved sodium chloride (NaCl), the
CaCaQ precipitates were rinsed with deionized water eiidnol, using a filtering kit and Opgm pore-
size filter papers (Millipore, USA). Subsequentlye CaCQ precipitates were flushed with liquid; kb
stop the recrystallization of these metastable gghaEhe frozen precipitates were lyophilized (Aldha
4 LD plus,Martin Christ, Germany) for 48 h at 0.05 mbars as@ °C and stored in a freezer (-22°C)
with additional silica powder bags to keep thendigsas possible [13] prior to cement manufacturing.
The precipitates were scanned by X-ray diffrac(i8RD) (Bruker D8 Discover X-ray diffractometer)
to identify the crystalline phases present usingK@uradiation (30 mA and 40 kV) and recordigg
angles from 20 to 50° at a 0.04 swveep rate. Additionally, they were imaged withrstag electron
microscopy (SEM) (Hitachi SU5000 Field-Emission;V1kcceleration voltage and 3.0 mm working

distance).

2.2. In-situ XRD analysis during setting and hardgn

To quantify the composition and the (re)crystatima kinetics of CaC@cement pastes along setting
and hardening processes we have usesitu time-lapse X-ray diffraction (XRD) (Bruker D8 A2%
ray diffractometer). Five CaG@ement pastes were made up of mixtures of ACCvatetite powders
in different weight ratios (wt.%): 1.0, 1:1, 1:231and 0:1 wt.%, with a solid volume concentratian,
equal to 46%. This concentration was deduced frlioetotal powder weight and ACC, vaterite and
water densities. Just after mixing the powders withliquid phase, the resulting pastes were viscou
easily mouldable for several minutes and they weoallded into the sample holder (disk of 25 mm
diameter, 2 mm depth), firmly tamped and covereth i plastic film immediately after mixing with
water to avoid drying.

XRD patterns were recorded every 5 min for a maxmaf 60 hours using Mo &radiation (48 mA
and 48 kV) and recordingd angles from 10 to 17° at a sweep rate of 0.035S#nce the mass of a
crystalline phasem, is proportional to the ared, under its diffraction peak{ o A), the net area
under the main vaterite and calcite diffractionkseflocated at 12.35° and 13.39°, respectively iwith
the range scanned) were calculated using the s@ftididfrac.Suite EVA (Bruker AXS, USA) for each
scan. The mole fractions of each phasecan be calculated from; based on two assumptions: The
vaterite mole fraction in the first scan is the saas in the initial mixture and in the final scéue t
cement is pure calcite. Then, the evolution ofrtiee fractions for vateriteXy (t), and calcite X (1),

could be determined using the following relations:
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Ac(t)
Ac(ty)

and Xy (t) = Xy (to) - 555 @

Xc(®) =

wheret represents the time ang, (o) the starting vaterite mole fraction which is detered by the
mixture design, i.e., either 0, 0.5, 0.66, 0.78 pfor the ACC:V 1:0, 1:1, 1:2, 1:3 and 0:1 wt.¥%s{ess,
respectively. Moreover, the mole fraction evolut@mACC, Xacc (t), could be easily determined since
the total mole fractions follow(c (t)+Xy (t)+Xacc(t)=1.

2.3. Rheological characterization

2.3.1. Sample preparation

CaCQ-cement colloidal suspensions were prepared byetsgm of ACC and vaterite powdered
mixtures in distilled water. Three different mix¢ésrwere made up by mixing ACC and vaterite powders
in different weight ratios (wt.%): 1:1, 1:2 and l:8espectively. The selected solid volume
concentrationg, was 36% based on preliminary tests to deternfiaestitable concentration range for
rheological measurements (Storage modulus, G’ 3 losdulus, G”). We could not study higher
concentrationsg, due to some limitations of the rheometer andartigular due to its maximal torque.
This concentration was deduced from the total powdsght and ACC and vaterite densities within the
paste. The admixture of the solid and the liquidgghwas carried out in a vortex stirrer (Ultra axrr
TD300) at 5800 rpm for 20 seconds. This time waskéd to be long enough to assure a homogeneous
and easily moldable paste without modifying itsceislastic properties. After the mixing step, the

samples were immediately transferred into the rtetenplate and tested.

2.3.2. Measurement protocols

The viscoelastic properties of the cement pasteSCA mixtures) were studied using a stress-
controlled rotational rheometer (Anton Paar MCR )3®% applying oscillatory deformation. The
measurements were carried out using plate-platemgy (36 and 64 mm, upper and lower diameters,
respectively) at room temperatuiidhe gap between the two plates was fixed to 2 niming to obtain
bulk paste properties since it is much larger tienCaCQ particle diameter. Both plates were covered
with sand paper PV 320 (roughnessi#i) to prevent from slippage [26] and slip at that@lwalls was
indeed discarded from preliminary shear dynamiosliess across the rheometer gap using diffusing-
wave spectroscopy (DWS) [27]. In addition, a maistoshamber was used to assure a water-saturated
atmosphere and thus dispel any paste drying effgatg the data acquisition.

From the measurements, the storage mod@uisand the loss modulu&”, were extracted as the

characterizing parameters of the viscoelastic hiebavThose are defined by [28]:
G*= G'+iG" )
where G* is the complex modulus which correspomdthé ratio between the complex stress,and

the complex straing*:

o’ = G-y (®) ©)
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Two different experimental protocols were used. Tinrg one aims at studying the evolution of the
ACC and vaterite transformation reaction by meaguthe time evolution of the storage modulus
(G'(t)) during 10 hours. The second one aims at chaizictgrthe elastic properties of the CafO
cement pastes after 5 hours of reaction.

2.3.2.1. Viscoelastic measurements during set&agtion: aging experiment

To quantify the influence of ACC and vaterite restaflization into calcite on the macroscopic
mechanical properties of pastes, a constant aseiflaleformation,y = 0.003%, was applied to the
pastes at the imposed frequency of f = 10 Hz, évesal hours, which allows to measure the time
evolution of the visco-elastic modulG{, G”) during the setting reaction. These values ofirstaad
frequency ¥ = 0.003%, f=10 Hz) were chosen small enough to rensweasurements within the linear
elastic regime for all the tested pastes, and loyserturbation of the setting and hardening dyoarof

the samples. The measurements started immediatily rmixing the solid and the liquid phase,

transferring the pastes into the plate-plate gennaetd sealing the setup with the moisture chamber.

2.3.2.2. Characterization of the viscoelastic pmtigs after 5 hours of reaction

To characterize the viscoelastic properties ofttitee CaC@ cement pastes after 5 hours of reaction,
amplitude sweep measurements were performed indtiflatory regime at constant frequency, f = 10
Hz, with increasing stress, = 1-1¢ Pa. In such experiment, the stress is imposedttamdesulting
strain is measured. At low stresses and low straives storage modulu§’, is constant as shown on
Figure 7, so the linear storage modul@s;,, can be estimated precisely. At larger straing, gastes
eventually yield and become liquid-like, making 8terage modulus;’, to breakdown. The end of the
linear regime, i.e., the onset of plasticity, wharacterized by the critical strajrg, which corresponds
to the value ofy for which the storage modulus was 10-15% lowen tttee value in the elastic regime,
G'in [26].

The pastes were prepared as described on Sec8dh, Zransferred into the plate-plate setup, seale
with the moisture chamber and let them to reac6fbpurs at static conditions before the measuremen

started.

3. Results and discussion

The synthesized amorphous calcium carbonate, ACGQ, \aterite, V, polymorphs, necessary to
manufacture CaC{cements are introduced. Subsequently, the transttn kinetics of each CaGO
polymorph within a cement paste system is descrdvedl analyzed. Lastly, a correlation between the

(re)crystallization kinetics and viscoelastic prdjgs of the pastes is presented and discussed.

3.1. Characterization of CaC{recipitates

To check the validity of the synthesis protocolsalied for both ACC and vaterite, the dried
precipitates used as starting materials for thiemift cement compositions are investigated by SEM
and XRD. The SEM analysis indicates that ACC piigaips (Figure 1A) consist of equidimensional

spherical nanoparticles (<50 nm in diameter) acaiga by rhombohedral crystals of about 50-100
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nm. These are interpreted to be calcite and coefirrby XRD analysis (Figure 1C). Vaterite
precipitates (Figure 1B) consist of spherical gsadf 4-5um in diameter also accompanied by
rhombohedral grains (4-6m), which are calcite according to the XRD scarigufe 1C). Therefore,

both ACC and vaterite precipitates are about 90%& iuom XRD analysis) with only minor amounts

of calcite.
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Figure 1. SEM micrographs o$ynthesized calcium carbonate powders in the forAQC phase (a)
and Vaterite phase (b). XRD patterns (c) of lydpbd ACC and vaterite powders.

3.2. Phase transformation during setting and handgn
The evolution of the cement compositions duringdéiing reaction has been followedibysitu time-
resolved XRD. Figure 2 includes the calculated mdlactions,X;, of the three calcium carbonate
polymorphs (ACC, vaterite and calcite) that coedisting the process for three different Ca@®ment
compositions (1:1, 1:2 and 1:3 wt.% ACC:V) as wadlfor pure ACC (ACC:V 1:0) and pure vaterite
(ACC:V 0:1) pastes as references. It shows visuably the two starting phases — ACC and vaterite —
are dissolving while the third one — calcite —liswging at the expense of the other two.
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Figure 2. Calcite, vaterite and ACC mole fractions, ¥volution with time for three different CagO
cement compositions (1:1, 1:2 and 1:3 wt.% ACCRQre ACC (1:0 wt.%) and vaterite (0:1 wt.%)
pastes have been also included as references. Sgtithols represent calcite while empty symbols and
dashed lines stand for vaterite and ACC, respelgtive
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For the three cement compositions including ACC:tures, the results show a clear trend: higher
initial vaterite concentration leads to faster gitowates and shorter recrystallization process. ¢l@w,
pure vaterite (ACC:V 0:1 wt.%) shows the sloweanhsformation kinetics, probably due to its lower
free-energy difference4G, (6.2 KJ/mol [29]) with respect to calcite in coangon with ACC (15.0
KJ/mol [14]). Hence, to rationalize this trend, tiferent phase transition kinetics must be coergd
and compared. Those can be described by the cgrstath ratey, (also representing dissolution if it is

negative) which is expressed as:

r=iK.A-e_R—ET“~f(AG) (4)

whereK is the growth rate constant (kg 817), A is the reactive surface area of the growing pHasks,
the apparent activation energy of the overall reacR is the gas constanik,is the absolute temperature
andf(4G) introduces the dependence of the overall growtthoa the supersaturation state of the system
expressed as a functidnof the Gibbs free-energy change for the grow#ttien,4G.
The 4G function may have a variety of forms. Howevergcsithe overall reaction here presented is an
elementary reactiorf(4G) can be derived from transition state theory (T£D0,31] in the following
way:
AG n AG\"
AG) = RT — 1) =[|— 5

fa6 (e ) (RT) ©)

To identify therate-determining step of ACC and vaterite transtdrom into calcite, the evolution of

the massm, of each phase should be analysed and comparedhegigrowth rate:

dm AG\™
= —4+K-A-[= 6
r=g -tk (RT) ©)
Assuming that the growth rate constant of the faangation,K, and the supersaturatidd,= AG/RT, of

n
the system does not change with time we can conthigm into a single constant terim,= K (%) .

Moreover, the mass of a partiche, is proportional to the cube of its length, (m a L%), whereas its
area,A, is proportional to the square of its length,of L?). Thus, the area is proportional to 2/3 of the

massA a m%. With those considerations, Eq. 6 results in:

(Z—T =+ ¢ -m?/3 (7

In this equation, the positive (resp. negativensgjused to describe the time evolution of theital
massm, (resp. the vaterite mass;, ).

At this point, two antagonist hypotheses can bep@sed to continue deriving Eq. 7. The former
considers that calcite precipitation is limitingttransformation. Thus, considering the evolutibthe

mass of the newly formed calcite particles durimg éntire reaction length, Eq. 7 results in:
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m t
f dmc'mg/3=f<p'dt (8)
mg 0

3 (mé/g - mc.ol/g) =¢@-t 9

wherem, , is the initial calcite mass which is here equatéo. Dividing Eq. 9 bBm. ¢, we get:

me ¢ s (5)3 (10)

= 1/3
mC,O 3 mC'o / T

wheret = 3m,*/

(RT/AG)™/K. This suggests that the evolution of the masshefgrowing calcite
phase is proportional to the cube of time. Figureh8ws this theoretical outcome along with the
experimental evolution measured for the calcitesphfom the different CaGOcement samples
(ACC:V wt.%) here studied. The results unequivocahow that calcite growth does not follow this
hypothesis and therefore it is not the ruling-stéphe transformation. This precipitation limitecbdel
agrees well with previous studies which report thattransformation of vaterite to calcite is depantd

on the available surface area of calcite presevenEhough similar power dependence with time was
reported byOgino et al [8] andRodriguez-Blanco et a[11] for batch experiments, the transformation

mechanism of CaC{polymorphs within a cement paste is clearly défdr
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Figure 3. Normalized calcite mass evolution with time foee different CaC@cement compositions
(2:1, 1:2 and 1:3 wt.% ACC:V) and pure vaterite {@af0:1 wt.% ACC:V). The solid line shows the
outcome of the calcite precipitation model (Eg..10)

On the other hand, the opposite assumption corssitiat vaterite dissolution is the rate limitingpsof
the transformation. Under this assumption we madggirate Eq. 7 the same way as before and the
evolution of the mass of the dissolving vateritag#results to follow:

o (1— 5)3 (11)

mV’o T
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This theoretical interpretation is included on FegdA along with the experimental data measured for
the vaterite phase from different cement pastes. gdod agreement between the model and the data
suggests that the transformation of vaterite taiteawithin a cement paste system is limited by the
dissolution of vaterite. There remains, howevemalssystematic deviation between the two.

We have established that vaterite dissolution &s rtite limiting step. The composition of the liquid
phase of the cement paste is therefore controjfetidosolubility of calcite (&, .= 10%*°M?) [29]. The
Gibbs free energy difference between vaterite atcite iSAG" = RTIn(Ksy, ,/Ksp ), Where K, = 10

913 M2 is the solubility product of vaterite.
A) B)
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Figure 4. Normalized vaterite mass evolution with time foee different CaC©cement compositions
(1:1, 1:2 and 1:3 wt.% ACC:V) and pure vaterite {gag0:1 wt.% ACC:V) considering: A) the
supersaturationg, proportional to the Gibbs free energy of the eysdG, and B) the supersaturation,
Q, proportional to the Gibbs free energy of the sgsG, and the grain size, |, evolution. The solid line
shows the outcome of the vaterite dissolution mogéér both situations [A) Efl, and B) EdL4].

The fit, however, still can be improved by considgrthe effect of the grain size change of botten

and calcite crystals during the transformation. @lesolution of vaterite particles reduces theiesind

changes the Laplace pressure of the particleseirpéiste. Consequently, the Gibbs energy difference,

AG, between vaterite and calcite varies inversebpgrtional to the radius of the particles [32]:
2.y-V

7 (12)

AG =

wherey is the surface tension of vateritéjs the total molar volume of vaterite ahi$ the mean radius
of the vaterite particles. Thus, with this extratjpée size dependency, the evolution of the végariass,

my, includes an extra term within the growth rateagoun:

dmy, sZgN 13 2/3 gN\Y32.y. ¥
g (Ve (0 (@) 2
dt p sp m,

(13)
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where N is the number of particlgsthe density of vaterite arslandg are geometrical factors{3 for
a cube and 6 for a sphere amd= 24 for a cube angy = 4x for a sphere).Thus, the evolution of the

vaterite mass can be expressed as a simple furvdilorthe two constanig andg:

:—a.mV _B mV1/3 (14)

Figure 4B shows the best fit obtained for the vedatissolution model considering the contributmin
the grain size change and its effect on the chdnpiagential. Including this contribution within the
model yields to lowered time constant valuggeingtacc:y 1.1 = 30 h,taccv 12 = 26 ,taccv 13 =19 h
andtaccv o1 = 55 h.

Previous phase transformation studies in well esfifiquid solutions agreed to claim that the major
driving force behind rapid ACC and moderate vaterdissolution is the growth of more stable
polymorphic forms [8,33]. Moreover, their transf@ation mechanisms are dissimilar when they are in
solutions: while vaterite conversion takes plagedgh its dissolution and subsequent recrystaitinat
into the most stable calcite phase [34], the tamsétion of ACC into crystalline phases occur vikect
(solid phase conversion) and indirect (dissoluti@n precipitation) transformation pathways
simultaneously [15]. We have pointed out a cleffiedince between transformation in solution and in

cement paste, but it is outside the scope of thigdysto propose a new, detailed transformation

mechanism within a cement paste. It is clear howévat the time constant« K—lﬂ

for the different compositions of the initial cenbemixture. The initial mean particle size, o«

(%)1/3 changes

(my/N)/3, should be independent of the initial mixtureagafihe supersaturatiofy, is affected by the
solubility of ACC that is higher than that of vater Therefore the dissolution of vaterite will stepped

or slowed down locally where in contact with ACCeWill not attempt to model this because it is a
complex function of cement structure, diffusion amdl evolve with the amount of ACC left. We do
note, however that the time constant should bedanger as ACC content is increased, in line with th
measured time constants for the intermediate cdratens 1:1, 1:2 and 1:3. What remains to be
explained is why vaterite transformation is mucttéa when there is ACC present than when there is n
ACC. We can only propose that this may be due noescatalytic effect of an intermediate CaGibase

present when there is ACC in the mixture and thigtincreases the rate constant K.

3.3. Viscoelasticity of CaG(pastes

Figure 5 includes the time evolution of the storagelulus,G’, over 10 hours for three different CagZO
cement pastes. For each composition, we colledfigare 7 the two most dissimilar evolutions that
have been measured to show the maximum deviatibarrthan error bars. The storage moduBiisjs
typically one order of magnitude larger than thesionodulusG”, revealing the elastic-like behavior of
the pastes (not shown). One can observe that ified mgidity of the pastes is different dependiog
the composition and increases with the Vaterite/AG(®. The reason might be attributed to the large

dimension of vaterite particles in comparison wGC particles (one order of magnitude; Figure 1).
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This kind of dependence has been reported preyiaulonly for cement pastes but for several system

[35,36].
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Figure 5. Evolution of storage modulus, G’, with time of #hrdifferent CaC@ cement compositions
(1:1, 1:2 and 1:3 wt.% ACC:V) measured from agixgeriments (constant frequency, f=10 Hz, and
deformation »=0.003%).

For all studied pastes, the storage moduisincreases progressively with time until it reachevalue

of ~ 0.7 MPa independently of the compositionsltemarkable that even though all the originaldsoli
material in the paste is dissolved the storage tuschever decreases. This trend suggests thatahre m
changes of the structural built-up mechanism oedthin the early stages of maturation, i.e., justra
mixing the ACC and vaterite with water, whereaseaosidary mechanism continues developing the
microstructure within the following hours. Furthiesights from the data included on Figure 5 can be

extracted by normalizing the storage modulus:

,_ () -6 (15)
Y (y) -6 )
Figure 6 shows the evolution with time of the ndiresl storage modulugy, for the three different
CaCQ cement pastes examined. One observes two diggnpériods of building up strength; first a
fast (steep slope) then a slow (small slope). Thaeseharacterized by their relaxation timgswhich
basically stand for the time required for the sgeranodulus to reduce to 1/e of its original vallieus,

they can be determined by fitting the specific esmto the following equation:
InGy = —t/7] (16)
wheret represents the time. For the initial short-rangg,sthe calculated characteristic reaction times,

71, are 2.30 h, 1.60 h and 0.88 h, whereas for tbenstary long-range steq,, the values are 12 + 2 h,
12+ 2hand 10 + 2 hfor ACC:V 1:1, 1:2 and 1:3gmsitions, respectively.
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Figure 6.Evolution of the normalized storage modulug’, @ith time for three different CaG&ement
compositions (1:1, 1:2 and 1:3 wt.% ACC:V) measufesin aging experiments. The average
characteristic reaction times,, extracted from EQ6 for each step are also included.

The rheology of fresh cement pastes is a complekd fand involves a full range of forces and
transformations at the microstructural level, whitlsome way determine the evolution of the meakure
parameters [37]. For cementitious suspensions baairpolydisperse distribution of particles, three
types of inter-particle forces may exist including:hydrodynamic; ii) Brownian; and iii) colloidal
forces [38]. The former - hydrodynamic (or viscofsjces - exist in all suspensions since they arise
from the relative motion of particles with respéetthe surrounding fluid. Brownian force is always
present and represents a thermal randomizing faregrolloidal forces are potential forces withséta
and electrostatic nature [39]. The relative magtétamong these forces depends on the particlekize
the suspension although for cementitious pasteshéelogical behavior is mainly dominated by the
inter-particle colloidal forces [40].

In order to support a finite amount of stress withitow, CaCQ cement pastes must possess an internal
network of particles with attractive interactionther via direct contacts or via colloidal forcesuf der
Waals) [40]. Several mechanisms have been repéote@PC pastes to rationalize how a flocculated
network starts to develop its structural integii#i,42]. Among those, some of them seem to be
compatible with the captured evolutions for Ca@@ments. For example, the raise of the rigiditthef
pastes within the initial short-range step can riderpreted as the geometrical redistribution othbot
ACC and vaterite particles within the paste uii#t get in contact. This process takes place hethe
order of the hour (from 0.9 and 2.3h), suggestimg éxistence of an electrostatic barrier between
colloidal particles. Indeed for colloids interagfirsolely through Van der Waals, we can expect a
diffusive time over their size (R~um) of typicallys smaller than the measured characteristic times.
The diverse particle size distribution (PSD) of lreamement composition may also explain the
differences within them [40]. Simultaneously, the)¢rystallization of both phases is also takinacpl
since the powders are mixed with water, as it le@mntshown on the previous section, but probably the
contribution is not large enough to induce suchamkaible climbs on the paste rigidity. Indeed, this
(re)crystallization process seems to be the rediplen:mechanism for the strengthening advance during

12
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the secondary long-term structural development.eOine solid phases (former ACC and vaterite
particles plus the newly formed calcite crystal® ia contact the (re)crystallization continuesucidg
growth of former calcite crystals rather than natitly new ones, as described by the Ostwald rigenin
or competitive growth phenomena [43,44]. Thus, stractural built up of CaCQOpastes during this
phase is probably due to the development of ciygtéhts, also known as “bridging effect” or “craibt
entanglement” [45]. How this process evolves witinet not only depends on the particular
(re)crystallization kinetics and energetics of b&BC and vaterite phases into calcite but on their
relative amount within the pastes since, as shawthe previous section, this parameter determimes t
driving force of the transformation.

Figure 7 presents the evolution of the storage nusd@®’, as function of the strainy, for the three
ACC:V analyzed compositions, after 5 hours of rieactThe extracted linear storage modul@s,,, are
1.05 MPa, 1.31 MPa and 0.73 MPa for the 1:1, 12 B8 wt.% ACC:V compositions, respectively.
These values, which are not statistically differemé not far away from the maximum values acquired
after 1 hour of aging. Hence, this supports thetfaat the main rearrangements of the different @GaC
particles to establish an entangled network takasepwithin the early stages of maturation, whereas
this process continues via crystal bridging onoavel manner within the following hours. In addition
those values also show that the setting and hargeathinamics are progressing without been disturbed

by the oscillatory deformation, as expected.

107 T T T

ACC:V G, [MPa] vcg [%]
o 11 1.05 0.11
= 1:2 1.31 0.97
Q. 1:3 0.73 0.73
o
@
_§ 105 Pegoces® ...0co.000.0.00.0000.0.00.0..0!.Qa... ?
=
(0]
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S
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10° . = :
10 102 10" 10°
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Figure 7. Linear storage modulus, (3, versus deformationy, of three different CaC{Ocement
compositions (1:1, 1:2 and 1:3 wt.% ACC:V) measuireadn amplitude sweep experiments (constant
frequency, f=10 Hz, increasing stress, 0-B&). The extracted linear storage modulus;,Gand the
critical strain, y., are also included within the legend. The arromdid¢ate the position of the critical
strain, y.,, for each composition.

The results also show that the critical straip,required to bring the ACC:V 1:1 paste into thaspic
regime is considerably lower (~0.1%) than thatthar other two compositions (~1%). This fact migat b
interpreted as a signal of lower rigidity developme.e, a less efficient (or slower) bridging effe

Indeed, this result is consistent with the charégtie reaction timesz;, calculated from the XRD
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analysis. The ACC:V 1:1 paste shows the largestacheristic reaction timer{; = 30 h) among the
ACC:V tested compositions, resulting therefore aslcaver bridging development. Thus, these results
underscore again the importance of the relativeusanof ACC, vaterite and calcite particles thatxise
along the setting reaction, since it determinesegulates how the joints between them can be formed
and will determine the final mechanical properbéshe set samples.

A comparison between the characteristic (re)criyatdion time,t;, measured from XRD analysis and
the characteristic build up times, measured from rheological experiments is includiedFigure 8. As
can be observed, both characteristic build-up timegollow a linear relationship with the charactéds
(re)crystallization timeg. Thus, these results indicates that the incread@e (re)crystallization extent
is directly correlated with the progression of gteuctural development of the paste. The initialrsh
range characteristic time yields = 0.13- 1 — 1.65, whereas the long-range characteristic tioldst,

= 0.19- 1 + 6.49. Therefore, these results shows that #erfrstallization contributes to the structural
development of the paste into a solid during th&rersetting reaction but with a more evident

contribution during the secondary long-range step.

20 T T T

@ Secondary long-range step, t,

— Best linear fit, R> = 0.87 E
1, =019 7 +6.49

1

> Initial short-range step, t,
| — Bestlinear fit, R?=0.98
1,=0.137-1.65

N N
(o) N o
T T T

Characteristic build-up times, 1, [h]
N

16 20 24 28 32
Chracteristic (re)crystallization time, < [h]

Figure 8. Correlation between the characteristic (re)crytation time,z, and the characteristic build-
up times,;; measured from XRD and rheological experimentpeesvely, for three different CaGO
cement compositions (1:1, 1:2 and 1:3 wt.% ACC:V).

4. Conclusions

The transformation kinetics of all Cag@olymorphs that coexist during the cement settgagtion has
been studied in pure pastes (ACC:V 0:1 and 1:0)vatidn cement mixtures (ACC:V 1:1, 1:2 and 1:3).
Although amorphous calcium carbonate and vatedattgs show the slowest (re)crystallization kinetics
(taccv 01 = 55 h), their combination to synthesize cemeessilis in faster transformations dominated by
the initial amount of vateriter{cc.v 11 = 30 h,taccv 12 = 26 h andacc.v 1.3 = 19 h). The progress of the
transformation within a cement paste system isrodat by the dissolution of vaterite, and the
supersaturatior), depends not only on the free energy differencthefsystemAG, but on the grain

size evolution.
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The main mechanism for building structural strengthcalcium carbonate cement occurs within the
early stages of maturation (average= 1.6 + 0.7 h) and deals with the geometric resizgion of
CaCQ particles within the paste until they get in cattaA secondary mechanism is based on the
development of joints within the nucleated calcitgstals in order to form an interconnected netwdrk
acts during the whole length of the setting reactaverage, = 11 + 3 h) but more strongly once the
previous step is over. A direct comparison betwtbencharacteristic (re)crystallization timg,and the
characteristic strengthening times, indicates that the increase on the (re)crystltn extent is
directly correlated with the progression of theistural development of strength in the paste.

By the end of the setting reaction, cements ofrafial compositions are entirely made of entangled
calcite crystals, with varying extent of crystaidging. Thus, dissimilar mechanical performance is

expected for these cements.
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