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Abstract (¢ 150 words)

Wollastonitebased brushite cement are prepared by mixing wollastonite with a phosphoric
acid solution containing metallic catiom®d boric acid This work investigates simplified
systems comprising wollastonigadHz:PQy solutions only, in order to clarify thafluenceof
the H3POQy concentrationCa/P and I/s rate(this latter parameter being correlated to the two
others)on the setting and hardening process

At constant HPQs concentration,ricreagng the Ca/P ratioand decreamg the /s ratio
accelerates thearly stages diiydrationbut limits its progress at 7 ét high Ca/P ratipmore
basic calcium orthophosphatesm in addition to dicalcium phosphate

At constant |/s ratio, increasing the®D; concentration in the rangeID mol.L? retards
cement hydration, and inhibits the setting at concentratidi®smol.L't. A goodcompromise
is obtained for HPQu concentratioa between 9 and 10 mof hydrationis not too fast and

yieldsthe maximumamount ofdicalcium phosphate

Keywords: hydration (A), hydration products (B), chemically bonded ceramics (D),

Thermodynamicalculations (B)
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1. Introduction

Phosphate binders are often referred as
they can produce materials with low porosity and high mechanical strgihdth However,
their setting and hardenimgyocesgesuls from a dissolution / precipitation process, yielding
to crystallized hydratesf low solubility, often associated with poorly characterized amorphous
phases. This work is focused on brushite cemprgpared from wollastonite (CaS)Q a
natural calciunmetasilicate, and phosphoric acid {PQs) mixing solution as firstly described
by Semler[3, 4]. These binders can exhibit very good thermal resistance after hydrothermal
posttreatment and are thus mainiged for refractory applicatiorn®, 6]. They are also of
interest for sealing and bonding due to tigeiod adhesion properties with wood, ceranand
concrete[7]. Their potential for radioactive waste managentesd beerpointed outmore
recently. Composite materials incorporating up to 50% of lead oxide by weight of cement may
be used for radiation shieldirj§]. BesidesLaniesseet al.[9] have shown that wollastonite
based brushite cemannay show a better chemical compatibivyth acidic radwastéhan
conventioml calcium silicate cemenend can improve the confinement of strontiiir@] .

In contrast with Portland cemerhe setting and hardening processcus under acidic
conditions[5]: the reaction starts in very acidic medium (pHl), but the pH increases rapidly
to reachanequilibriumwhich depend on the Ca/P ratio of the materiMosselmangt al [11]
investigated model systems comprising wollastonite and a 13 mol% phosphoric acid
(corresponding to a concentration close to 3.8 mol/L) with Ca/P molar ratios varying between
0.34 and 2.56At Ca/P ratios higher than tyushite and amorphous silica wehe two main
products formed according to mass balance equdfigrLj:

CaSiQ + HsPQy + (1+X) HO - SiOz.xH20 + CaHPQ.2H,0 (Eq. 1)

c
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At lower Ca/P ratios (between 1 and 0.34) monetite (CaHP% and calcium
dihydrogenophosphate monohydrate (G#(€h)..H.O -MCPM) additionally precipitated.
When the Ca/P ratis less tha®.71, brushite was not observed anymore.
In practice, wollastonitéased binders aggrepared with more concentrated phosphoric acid
solutions (typical concentrations ofl® mol.L'Y). To avoid flash setting as well as excessive
heat outputretarders, such as boric acid or borax, are added, as well as metallic cations
(typically AI*, Zré*, Mg®*) [3, 6, 12, 13]. A recent papef14] reportsathorough investigation
of the hydration of @ommercialbinder prepared by mixing wollastonite with a phosphoric
acid solution ([Plot = 9.3 molL™Y) comprising A" and Zrt* cations (at concentratisof 1.3
mol.L™Y) and borax ([NeB4O7] = 0.15 molL™) at a liquid/solid ratio of 1.25 (resulting m
molar Ca/P ratio of 1.2). A mulitep process was evidenced:
- monocalcium phosphate monohydrate (MCP&R(HPQ:)2.H-0) formedtransiently,
- an amorphous phase containing Al, Zn and Ca massively precipitated during the first

minutes after mixing, and proggssively became richer in calcium as hydration progressed,
- brushite (Ca(HP®.2H0O) formedonce MCPM started to destabilize.

There is however a lack of data abthé influence of variation in theeomposition of the
mixing solution on theementhydration procesandproperties of the resulting materihd.this
work, the focus is placed on the effecttloé phosphoric acid concentration, Ca/P molar ratio
andliquid-to-solid (/s) weight ratig with investigated domains relevant for wollastorhtsed
brushite cement paste8 second paper will be more specificathgdicaéd to the role of

metallic cations.
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2. Experimental

2.1 Materials and specimen preparation

The wollastonitgpowderwas provided by Sulitedt also containedmnsall amount®f calcite
and quartavhich wereevidencedy X-ray diffractionand thermogravimetric analygji$GA
and XRD diagrams are given iti4]). The proportion otalcite wasassessed to 6 + 0.1
wt.% (weight los due to CaC®@decarbonatiomecordedoy TGA at 654°Q. The particle size
distribution of the powder, determined lser granulometry, ranged betweeb (m and
135um (tho = 2.8 um, tso = 15.2um, tho = 48.3um). The wollastonite particlebad a needle
shape. Theimeanaspect ratio (ratio of the lengtb-diamete), which wasdeterminedusing
SEM image®f c.a.100 particlesyas close to 4:1.

The mixing solution was a phosphoscid solution,prepared froma 85%wt. HPOQy (14.6
mol.L'Y) analytical gradeommercialsolution provided by VWRASs the solution was initially
very acidic, its pH could not be measudckectly with a pH electrode. Therefore, its acidity
function H was determined. This function was first developed by Hamr8tigjnd provides
a quantitative measure of acidity derived from ionization equilibria of an indicator behaving in

the Bronsted_owry sense.

BH* =B+ H' (Eq. 2)
The acidity functior(a unitless parametes defined by (Eq.3).

Ho = pKen + log (Gs/CgH) (Eq. 3)

It was determined using UVisible spectroscopy with-dhloro-2-nitroaniline as the acidity
indicator since its pkq value €0.89 at 19°C) falls within the range of interest. More details
about the experimental procedure can be found in [I4¢. pore solution pH of hardened

materials was less acidic and couldnbeasuredising conventional pHnetry.
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Mixing was performd using a laboratory mixer equipped with an anchor stirrer and rotating
at 50 rpm for 5 min Paste samples wethencast into airtight polypropylenegoxes (20 mL
of paste per boxand cured at2+ 1°C.

A first series of cement pastes was prepérgdarying theCa/P molar ratidrom 0.96 to
1.92 while keeping constant thaitial orthophosphoric acid concentratit® mol.L?) in the
mixing solution(Table 1). The I/s ratio, which is correlated to these two parameters, varied
from 1 to 0.5n these egerimentsin a second series of experiments, the I/s ratio was fixed at
0.76 mL.g* whereas the initial phosphoric acid concentration was increased from 7 to 16.6

mol.L. As a consequence, the Ca/P molar ratio decreased from 1.63 to 1.78.

Table 1: Composition of the cement pasig® stands for thacidity function the pastes are
labelledPxy;z where X, Y and Z stand for the QRatio, initialHsPQs concentration and /s

ratio respectively

Paste Ca/P [H3POytot I/s Ho Vmixing | Mwollastonite

reference | (mol/mol) | (mol.L™Y) | (mL/g) solution (9)
(mL)

Po.ge/o/1 0.96 9 1.00 -1.85 50 50
Series 1| P1.249/0.76 1.24 9 0.76 -1.85 38 50
P1.92010.5 1.92 9 0.50 -1.85 25 50
P1.63/710.76 1.63 7 0.76 -1.28 38 50
P1.52/7.5/0.76 1.52 7.5 0.76 -1.40 38 50
P1.42/810.76 1.42 8 0.76 -1.56 38 50
P1.35/8.5/0.76 1.35 8.5 0.76 -1.70 38 50
Series 2| P1.249.50.76 1.24 9.5 0.76 -1.99 38 50
P1.141100.76 1.14 10 0.76 -2.13 38 50
Po.95/1210.76 0.95 12 0.76 -2.89 38 50
P1.2412/057 1.24 12 0.57 -2.89 28 50
Po.7e14.6076| 0.78 14.6 0.76 -3.61 38 50

2.2 Characterizatioiechniques
A TAM AIR isothermal conduction microcalorimeter was used to investigate the hydration
rate of cement pastes at 25°C. Experiments were performed sar@ples prepared outside of

the calorimeter (see [14¢r more details)
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To stop cement hydration, pastwere first immerseihto isopropanglcrushed by hand,
filtrated and driedin an oven at 38°Gor 24 h Preliminary tests showed th#tis drying
proceduradid not change thphase assemblags compared witdrying at room temperature
for several days

The powder obtain after stopping the hydratias further ground by hand to a particle size
below 100 um andaharacterized by TGA and XRD, as described in a previous work [14].
Rietveld analysiswas performed with the internal standard methading silicon as the

standardTable 2 gives the ICDS numbertbe phases used for the refinement.

Table 2: ICDS files associated to crystalline phase

Crystalline phase ICDS file
Brushite 72-0713
Monetite 70-0359

Wollastonite 84-0654
OoCP 74-1301
Quartz 70-7344
Silicon 27-1402
CDHA 46-0905
MCPM 09-0347

Themechanicastrengthof 4x4x4 cmpaste specimens welaracterizedfter28 d of curing
at ambient temperature in a sealed bag to prevent desicCHt@®rtompressive strength was
measured followindEN 1961 European standar@bading rate: 2.4 kN with amechanical
compression testing machi(@R RP 40/400FC).

The pore solution of a 3 montid hardened paste was extracted by compaction of about
140 g crushed sample using the device describeQybyet al [16] with a 3R RP3000 QC
mechanical press at a pressure up to 300 MRapH of theecovered liquid was immediately
measured with a pH electrode (Mettler Toledo InLab Expert Ptpe0@-14 T G-100 °C)

calibratedusing two pH buffers &.09(25 °C) and4.01(25 °C).



143 2.3 Thermodynamimodelling
144 Experiments were supported by thermodynamic equilibmouodellingin order to predict

145  phase assemblageghe cement past@s a function of their hydration degr@@ermodynamic

146  calculations were cded out using CHESS software which works by minimizing the free
147  energy of a prelefined systemil7]. The Chess database was enriched by adding new calcium
148  phosphate species relevant to the investigated sysasnebtailed in [14]. The activity

149  coefficients of the aqueous species were calculated usingdié mBodel which is considered
150 to be reasonably accurate in predicting the activities 6fadd Clions to concentrations as
151 large as several mol.kgand of other species to ionic strengths up to 0.3 to 1 mb]Xg).

152  Note that he ionic strength of the mixing solution wastially extremely highbut rapidly

153  dropped below 0.75 mal? whenthe products stated to precipitate

154

155 3. Results and discussion

156
157 3.1 Influence of th&Ca/Pand |/sratios
158 3.1.1.Hydration rate

159  Hydration of paste®o.os/on, Pi.2700.76 and R.oa005 prepared with a 9 moltHsPQy solution

160  but having different Ca/Pand I/s ratios, wasnonitoredusing isothermal microcalorimetry

161  (Figurel). An increase in the Ca/P ratio, correlated with a decrease in the I/s ratio, accelerated
162  the hydration process: tlturation of theperiod of low thermal activity decreased, aslvasl

163  the time at which the heat flow reached its maximum. The cumulativeptahiced at 50 h

164  (normalized with respect to the mass of wollastonite) also diminished.

165
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Figurel: Heatflow (left) and cumulative heat (right) of past@sos/on, Pi2790.76 and R 92005

(standardized with respect to the mass of wollastonite).

The heat measured in microcalorimetry results from the heat produced or absorbed by the
reactions takinglpce during settinglable 2, summarizing the enthalpies of thain possible
reactions, shows that dissolution of wollastonitstrisngly exothermic, whereas precipitation
of hydroxyapatite (HA) ocalciumdeficient hydroxyapatite (CDHA} stronglyendothermic
In comparison, pecipitation of brushite, monocalcium phosphate monohydrate and monetite
should have anuchmorelimited effect on heafThe decrease in the cumulative helaserved
in our study when the Ca/P ratbthe paste increaseduldthus result from a@ecrease in the
fraction of dissolved wollastoniteébut also from a change in the phase assembliageed,
precipitation of HA or CDHAs promoted at the expensebfishiteat high Ca/P ratidhe heat
released by thdissolution dwollastonitemight be partly balanced by the heat absorbed by the
precipitation of hydratesTo check these two hypotheseét was necessary to determine the

mineralogy of the hydrated cement pastes



183  Table 2. Enthalpy of reactions that may occur durihg hydration of wollastonite with an
184  orthophosphoric solutiofl9, 20].
Enthalpy of
Reaction Balance equation reaction
(kJ/mol)
Dissolution of wollastonite CaSiQ+ 2 H + H0" C&* + Si(OH) -88.20
Precipitation of MCPM Ca"+ 2 HBPQu + H,0"  Ca(HPQy)2.H.0 + 2H -4.36
Precipitation of brushite Ca"+ HsPQy + 2H,0" CaHPQ.2H;0 + 2H -0.77
Precipitation of monetite Ca&*+ HsPQy " CaHPQ + 2H" 16.77
Precipitation of OCP | 8 C&"+ 6 HbPQy + 5 O " Cas(HPQu)2(PQy)2.5H20 Not
+10 H available
Precipitation of HA 5Ca&*+ 3 HPQr + HoO" Cas(PQy)3(OH) + 7 H 1784
Precipitation of CDHA 9 C&"+ 6 HPQr + H:O" Ca(HPQy)(PQu)s(OH) + 2289
12 H
Conversion MCPM Ca(HbPQy)2.HO " CaHPQ + H3PQy + HO 21.43
Monetite
Conversion MCPM Ca(HPQy)2.HO + H,O" CaHPQ.2H0 + HsPOy 3.59
Brushite
185
186 3.1.2.Phase assemblage
187 The X-ray diffraction pattern®f the #d old cement pastes are comparedrigure 2A.
188  Wollastonite, brushite, quartz and monetite were evidenced whatever the sample. In addition,
189  the paste with the highest Ca/P ratio contained small amounts of hydroxyapatite (HA or CDHA)
190 and octacalcium phosphate (OCHhe Rietveld quantificationFigure 2B) showed the
191  presence of an amorphous phagech was likely amorphous silicis amount wasndeedin
192 good agreemenwith that calculatedfor silica using equation(Eq. 5) and theamount of
193  consumed wollastonit@-igure3).
194 CaSiQ+ 2H" + (x-1)H20" C&"* + Si0..xH.0 (Eq.5)
195

10
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198  Figure 2:X-ray diffraction patterns of past€s.gson, P1.27910.76 and R.02010.5 after 7 d of curing

199 (A) and phase evolution as a function of the Ca/P molar ratio at 7 d (B) (OCP: octacalcium
200 phosphate, DCP: dicalcium phosphate (monetite + brushite)).
201

11
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Figure3: Comparison of the amowsf silicacalculatedrom consumedvollastoniteandof

total amorphous phase in past@sed/, Pi.27/90.76and R 92100 5after 7 d of curing

Thefraction of wollastonite consumed at 7 d was calculated from the Rietveld resutts: 97
8 % for pastePo.gs/on, 76+ 6 % for paste Pzzen.76and 64+ 7 % for paste Pozons. INncreasing
theCa/P ratidland decreasing the I/s ratio) thus limitedconsumption degree of wollastonite
at 7 d.Several reasons can be postulated
- alack of waterat lowl/s ratio;
- afasterdecrease the acidity of thenterstitialsolution, whichsloweddown the dissolution

of wollastonite[21];
- rapidprecipitation odense layers of hydratasoundthewollastonite particles, which rda

it more difficult for water molecules to react withigimineral

Increasing theCa/P ratio also mod#d the mineralogy: OCP andydroxyapatite were
observedat highCa/P ratiowhereas the amount of dicalcium phosphate strongly decreased

Therefore, lhe smaller cumulative heateported at high Ca/P ratin the pevious section

12
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resulted both from decreasén the degree of hydration (less wollastonite was consuareti)

from the precipitation ohydroxyapatite an endothermic reactigrartly compensating fothe
exothernic dissolution of wollastonitel'he typedicalcium phosphate formedsodepenédon

the Ca/P ratio: brushitg®CaHPQ.2H.0) was the main phase at Ca/P 0.96, whemeasetite
(CaHPQ) predominatedt higher ratios. Thisesultis closely related to the evolution of the
maximum heat flow observdaly microcalorimetry. The higher the heat flow, the higher the
selfheating of the material during hydration, which fa\sthe precipitation of monetitat the
expensef brushite[5]. In fact the thermagvolution of the paste with time has been recorded:

a significant temperature rise was observed a few hours after mixing (the temperature of the

sample reached 67.7°C at 16 h), which promoted the precipitation of teoneti

3.1.3. Thermodynamic modelling
The reaction of wollastoniteith a Hs3PQs solutionwas simulated using Chess software at
different Ca/P molar ratios. Theput data were themouns of liquid and solid phassand the
initial H3PQy concentationused tqprepargaste$o.06/01, P1.2790.76and R.02905. Table3 shows
the calculated phase assemblafjgsdegrees of wollastonite consumptioarresponding to
those measured experimentaliter 7 d of hydrationTwo differences were noticed as
comparedvith the experiments:
- the calculationsalways predicted the formation of monetite instead of brushite since
monetite is the mosttable phase at 25°C from a thermodynamic point of {iély
- monocalcium phosphate monohydrate (MCRA&)s expected to form #te lowestCa/P
ratio of 0.96 The calculated amount was however very small (2.6%), which could explain
why this mineral was not evidenced byr&y diffraction
The calculatecamount of mostite decreasgwhenthe Ca/Pratioincreasd, whichwas in good

agreement with the experimental resulifie simulationalso prediced the formation of

13
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hydroxyapatiteat a Ca/P ratioof 1.92, which agairwas consistent witithe experimental

observations.

Table3: Thermodynamic modelling resulis 25°C

Ca/P Progress of MCPM Monetite HA (mmol) Silica
wollastonite (mmol) (mmol) (mmol)
dissolution
(%)
0.96 97 8.5 398 0 418
1.24 76 0 322 0 308
1.92 64 0 117 36 275

3.2 Effect ofphosphoric acid concentration and acidity
3.2.1.Hydration rate

Figure4 shows the heat flux and cumulative heat produced by the second series of cement
pastes, prepared at constant I/s ratio, but enariable HsPQs concentratiorin the mixing
solution, and thus a variable Ca/P ralibeinitial Hs3PQs: concentratiorstrongl influenced the
rate of hydration. Itsnicreasavithin the range’ - 10 mol.L increased the duration of the low
thermal activity period and the cumulative heat produced at the end of the experiment, but
decreased the maximal heat flow.

As previouslytwo processes could contribute to increase the cumulative heat flow: a higher
dissolution degree of wollastonite, and a decrease in the progress of endothermic reactions
(mainly hydroxyapatite precipitationfzor HsPQu concentrations above 12 mokLno heat

flow peak wasobserved even after 7 daysand the cumulative heat remadthof small
magnitude The pastes prepared withdase solutions exhiled a stiffeningbut no setting was

observed after 3 months.

14
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Figure4: Heat flow (left) and cumulative heat (right) of cement paBt@s7/0.76P1.52/7.5/0.76
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(standardizationvith respect to the mass wbllastonite).

Raising the HPQs concentration not only decreagedCa/P molar ratio of the cement paste,
but alsoincreased the acidity of the mixirgplution The acidity function value Hwas
measured for each investigateePi@: concentration (Figure-8). The results were consistent
with those of previous studies [26, 2The maximal heat flow, the corresponding ageing time
(t(FQmax) and the maximal cumulative heatre then plottechs a function of the acidity
functionof themixing solution(Figure 5B, C, D) The maximal heat flow and cumulatikieat
varied linearly with the acidity function.The smallerthe acidity function(i.e. the higher the
acidity), the smaller the maximal heat flow, but the higher the cumulative heat released at the
end of the experiment. As for tint€FQmax), it decreased exponentiallyhen the acidity

function increased.
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Figure5: Evolution of the acidity function () with the phosphoric acid concentration (A),
Evolutionof the maximal cumulative heat (B), maximal heat flow (C) and corresponding ageing

time (D) as a function of the acidity function.

The absence of any setting or heat flow peak for the ppgpared with a fPQ; solution
at a concentratiod 12 mol.L? raised several questions. Did wollastonite react under these
conditions? What was the limiting factor, a lack of water, a too low Ca/P ratio (beltov 1)
make it possible to precipitate brushite or monetite (Ca/P = 1), a too strong acidity as compared
with the stability domain of brushite or monetite (c.& gH ¢ 6 [22]) ? To investigatehe
influence of the Ca/P ratia,supplementary paste samywksprepared with a 12 moliHsPQy
solution, but with a smaller I/s rati6.67 mL.g' instead of 0.76 mL:§) in order to get £a/P

ratio of 1.24, as for past®: 29076 prepared witra 9 mol.L't HsPQ, solution Hydration was

16



291  monitoredby microcalorimetryno heat flow peak could be detectespite the higher Ca/P
292 ratio. This rules out the hypothesis of a limitation due to a deficit in caldvimeralogical

293  characterizations were thus required to get a better understandingefrtbet reactivity.

294
295 3.2.2.Phase assemblage
296 The phase evolution of pag®e2o/0.5/0.7ewith ongoing hydration was first investigated by X

297 ray diffraction (Figure6). Wollastonite was almost fully consumed after 48MCPM

298  precipitated transiently at 10 h, and dissolved afterwards. Monetite was the main gratuct,
299 small amounts of behite were evidenced at 7 dayBrushiteformed afterwards, when the

300 samplecooledback to room temperature.

301 Comparing the mineralogical eltion andcalorimetric data (Figuré) shows that the heat

302 flow peak seemed to occur simultaneously with the conversion of MCPM into moNetiee.

303 that this reaction, which is slightly endothermic (Table 3) could not explain by itself the heat
304 releasebutit was associated with an accelerated dissolution of wollastatiteh is astrongly

305 exothermigprocessand its precipitation into monetite.

306
*Wollastonite mBrushite
+MCPM Monetite
A * -2 M? d
Z * ) * ’sj\*_.m_/
S = 48h
Q
Q * * 3= *
*
* + + * *
- R MA_/ 10h
*
* *
B * LA
10 15 20 25 30
307 2-theta (°)
308 Figure6: X-raydiffraction pattern®f pasteP:.209.50.762ged from1 hto 7 d
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310

311

312

313

314

315

316

317

318

319

320

321

322

The X-ray diffraction patterns of the @-old samplegprepared with BPQs solutions of
increasing concentrations (from 7 to 14.6 md).lvere refined using Rietveld analysigure
7 plotsthe evolution of the amounts of crystalline and amorphous phases asianfufiche
initial Hs3PQy concentrationAs previously, he amount of amorphous phdgted rather well
with thatcalculated fosilica using (Eqg. 2and the amount of residual wollastor(ifggure8).
This latter exihibited a nemonotonous evolution: istarted to decrease when thePiy
concentration was raised from 7 to 9.5 mdl.land increased at higher concentratiofise

amount ofprecipitatedcalcium diphosphat@monetite + brushite3howedopposite variations.

500 500
450 L 450 |
AN 400 - )l<
- 7\ _350 ’l‘ )}
g —— Wollastonite g 200 ¥- % —m— Wollastonite
E, —e— Monetite %250 | % --o--MCPM
S Brushite = Quartz
2 2200 % 502 (am)
< <150
100
50 | I
| N S B WS e "
7 8 9 13 14 15 7 8 9 13 14 15

10 11 12
[P] (mol.L)

10 11 12
[P] (mol.L")

Figure 7 Phase evolution as a function of the Ca/P molar ratio of pasée0.76P1.52/7.5/0.76

P1.42/8/0.76 P1.35/8.5/0.76P1.24/9/0.76 P1.20/9.5/0.76 P1.14/10/0.76 Po.95/12/0.76aNd B .78/14.6/0.76after 7 d of

curing (DCP: dicalcium phosphate (motett brushite)).
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Figure8: Comparison of the amount of calculated silica from reacted wollastonite and total

amorphous phase P.63/7/0.76P1.52/7.5/0.76P1.42/8/0.76 P1.35/8.5/0.76P1.2419/0.76 P1.20/9.5/0.76 P1.14/10/0.76,

Po.9s/12/0.76aNd F.7814.610.76after 7 d of curing

At elevated HPQu concentrations (12 and 14.6 mot)lonly a small fraction of wollastonite
had reacted at 7 d (9% and 2% respectively) (Tékie form MCPM and brushite, which could
explain the absence of setting. MCPM was still observed after a few months of curing under
sealed bag (results not shown here). The persistence of MCPM could result from several factors:
a lack of water which blockethe reactions, or too low pH for dicalcium phosphate to
precipitate To check the first assumption, 7ol Po.gs/12/0.76and RB.78/14.610.76Samples were
characterized using thermogravimetry analysis in order to determine the amount of water bound
in the solid phase. This latter represented 45% (fsk2i2/0.73 Or 71 % Po.78/14.6/0.7) Of the
total water(Table 5) There was thus some residual free water in these samples at 7 d, making
the assumption of a lack of watether utikely. The interstitial solution of paste B/12/0.76
and R7s/14.400.76vas extracted using pressure after 3 months of curing. Its pH was found to be

close to 1, i.e. within the stability domain of MCPRE].
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341 Table4: Fractionof wollastonitedepleted at 7 ds a function othe initial HsPQs

342 concentration.
[H3PQy] (mol.Lh) Depletedwollastonite(%)
7.0 75
7.5 69
8.0 74
9.0 76
9.5 91
10.0 82
120 9
14.6 2
343
344 Table5: Total and bound water contents in-bld paste$.95/12/0.76and B.78/14.6/0.76
H3sPOy Initial water content | Water content in the solid
concentration (%) phase at 7 days (%)
120 mol.L*? 131 4.4
14.6 mol.L? 8.3 3.3
345
346 The maximal cumulative heat measured by isothermal microcalorimetry was strongly

347 correlated with the consumption degree of wollastonite inferred from Rietveld refinements
348  (Figure9). Dissolution of wollastonite was thus the main process governing therbdattion

349 in the second series of cement pastes: the higher the cumulative heat, the higher the extent of
350 dissolution ofwollastonite

351
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Figure9: Cumulative heat as a function of the fraction of wollastonite depleted at 7 d.

3.2.3. Thermodynamimodelling

The mineralogical evolution of pad®2o/9.50.7anith ongoinghydrationwassimulatedusing
CHESS software(Figure 10). Thermodynamic modelling well predictethe transient
precipitation of MCPM beforg¢hat of monetite which occurredvhen thepore solutionpH

reacleda value close t@.5.

_ :

_/ MCPM

~

SiO,
Wollastonite

0 20 40 60 80
Consumed wollastonite (g)
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362 Figure10: Thermodynamic simulation of the hydration of pd&teoss.s0.76(100 g of

363 wollastonite + 76 mL of a 9.8ol.L"* HsPQ, solution)

364

365 Thermodynamic calculationsere alsocarried out todeterminethe phase assemblage in

366  pasted:.63/7/0.76 P1.42/8/0.76 P1.20/9.5/0.76 P1.1411010.76 Po.95/12/0. 76aNd B.78/14.6/0.76at the same degree

367  of wollastonite dissoliion as in the ® old samplesExperimental and calculated results are

368 compared in Tablé&. As previously, thermodynamics predicted the formation of monetite,

369  which is more stable than brushite at 2%23]. Hydroxyapatite was also expected to form in

370 the pastes prepared with the leastic solution. This phase was not detected experimentally,

371  possibly because it was present in rather small amounts (close to the detectiohXifratyo

372  diffraction), or because the precipitation of hydroxyapatite is often preceded by that of an

373 amorphais calcium phosphate minerf24, 251 which could not be evidenced with the

374  techniques used in this studiy.contrast, e formation of MCPMexperimentally observed for

375 the more concentratedsPIOs solutions and smallest degrees of hydration, was aepicted

376 by the model

377

378 Table6: Experimental and calculated phase assemblaigeasted: 63/7/0.76 P1.42/8/0.76

379 P1.20/9.5/0.76 P1.14/10/0.76Po.95/12/0.76aNd R.78/14.60.76after 7 d of hydration.

380

[HsPO Consumed MCPM Dicalciumphosphate Hydroxyapatite Silica
8 wollastonite (mmol) (mmol) (mmol) (mmol)
mol.L? % Simulation | Experiment| Simulation| Experiment| Simulation | Experiment| Simulation | Experiment

7.0 75 0 0 332 259 66 0 304 307
8.0 74 0 0 544 287 22 0 299 313
9.5 91 0 0 559 425 52 0 362 384
10.0 82 12 0 676 340 0 0 328 348
12.0 64 4 0 60 0 33 17
14.6 4 2 0 32 0 3 0

381
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Finally, the model was used calculate the amount of wollastoniteeded to be consumed
before the destabilization of MCPM. This amount increadewith the initial HsPOy
concentration(Figure 1), which canexplain why the heat flow pealassociated with the
conversion of MCPM into monetitayas experimentallydelayedwhen the phosphoric acid

concentration increade
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Figure 10: Fraction of wollastonite needed to déhesolved to destabilize MCPM.

3.2.4. Mechanical strength

After 28 d of curing at room temperature in sealed bag, the paste samples prepared with the
the different HPQw concentrations were still very friable. Several visual aspects indicated a
poor mechanical behaviour such as cracks at the surface of samples and swelling. This was
confirmed by measuring their compressive strendthha results were below 1 MPa, which
means thathe sole presence of phosphoric acid inrtteng solution dd not make it possible
to get a hardened paste with good mechanical propdtésiswere repeatedeveral time to
make sure this was not an experimental bils)s poor mechanical behaviour likely resulted
from a very porous microstructure. SEM observation of aoRldracture (the hydration did
not progress a lot afterwards) pésteP..0076 Showed the presence of platelet crystals,

assigned to monetite, andghgmerated into nodules, with large voids between the nodules
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401  (Figure 12) Metallic cations, present in the mixing solution of commercial cements, thus play

402 a key role in the consolidation process of the material.

403
A )
NN o 7 S
A : o Eg‘ A

gB4s4gh12 2 o T 4.
404 MAG: 500.% HV:45.0 kv WD:9.5mm "
405 Figure 12: SEM observation offiecture of pasteample PXXXafter 2 d of hydration
406

407 3. Conclusion
408

409 Brushite cements can be prepared by mixing wollastonite with a phosphoric acid solution
410  usually containing boric acid or sodium borate (some retarders) and metallic cationaiZn

411 Mg?*...). However, the influence of thmixing solution composition on thesetting and

412 hardening processtill needs to be clarifiedn this work, dedicated to simplified systems

413  comprising only wollastonite and phosphoric acid solutions of variable statens, three

414  parameterswere more particularly investigatedhe Ca/P molar ratiothe HPQ; initial
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416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

concentration, and the I/s weight ratio. Note that these parameters are correlated: setting the
Ca/P ratio and POy concentration defines for instanites I/s ratio.

At constant HPQy concentration, lte Ca/P ratip correlated tothe I/s ratio, not only
influenced the hydration ratbut also the nature tfie products formed durirfgydration The
higher the Ca/P rati@ndthe lower the I/satio), thefaster thestart ofhydration but thesmaller
the fraction of wollastonite reacting, and the smaller dheountof dicalcium phosphate
(anhydrous or ihydrate) formed Moreover the precipitation of more basic calcium
orthophosphates (octacalcium phosphahd hydroxyapatite) occurreat high Ca/P ratio
(1.92) Thetype of dicalcium phosphate precipitating depended onhiirenal history of the
sample a high selheating resuéidin the formation of monetit€CaHPQ) instead of brushite
(CaHPQ.2H:0).

At constant I/s ratio (0.76 mdr?), increasing thédsPQu concentration in the range 7 to 10
mol.L? (and thus decreasing the Ca/P ré&tion 1.52 to 1.1%delayed cement hydration. After
the transient precipitation of monocalcium phosphate monohydrate f82{:H-0), both
brushite (CaHP®@2H0) and monetite (CaHRQH.O) formed. Their total amount, as well as
the fraction of depleted wollastonite, reached a maximum for a 9.5 MTdiPQ
concentrationSetting the HPQ; concentration within the range- 10 mol.L could thus be
recommendedhydrationwas not too fastand a large amount aficalcium phosphat&vas
formedunder these condition&t more elevated $#PQu concentrations?(12 mol.LY), setting
was inhibited,and the heat production remained very low, indicating limited dissolution of
wollastonite. Monocalcium phosphate monohydrate was the only product formed. Its
conversion into dicalcium phosphate did not occur because of the too strong acidity of
interstitid solution (pH° 1).

The different phase assemblages obtained experimentally as a function otP@e H

concentration, Ca/P and I/s ratios were rather well reproduced by thermodynamic modelling.
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440 Finally, it should be outlinethat the consolidation of thgastes after setting remained rather

441  limited: their compressive strength did not exceed 1 MPa after 28 d of curing under sealed bag
442  at room temperaturdetallic cations and borax or boric acid, present in the mixing solution of
443  commercial cements, musius play a key role in the hardening process of the material. Future
444  work should thus investigate their influence into more details.
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