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Abstract

The conversion of hexagonalalcium aluminate hydratds cubicphasesn hydrated calcium
aluminate cements (CACgan involve undesirableporosity changes andoss of strength.
Modification of CAC by phosphate addition avoids conversibyy, altering the natureof the
reaction productsyielding a stable amorphous geinstead of the usual crystalline hydrate
products.Here, details ofthe environments of aluminium and phosphomushis gel were
elucidaed usingsolid-stateNMR and complementary techniqueslufinium is identified in
both octahedral and tetrahedral coordination states, and phosphorus is present in hydrous
environments with varying, bumostly low, degrees of crosslinkingh **P#’Al rotational echo
adiabatic passage double resonance (REAPD@R)eriment showedthe existence of
aluminium-phosphorus interactions, confirming the formation of a hydrated calcium
aluminophosphategel as a key component of theédinding phase This resolves previous
disagreements in the literature regarding the nature of the disordered prodwatsg) fior this
system.
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1. Introduction

Calcium aluminate ceme)(CAC) are well known for their rapid hardening, early strength
development, resistance to chemiatthick[1], andlow pore solution pHrelative toPortland
cement[2]. Thesepropertieshave made thersuitable foruse inseveral keyappicatiors [3],
including as abiomaterialfor bone and dentakpairs[4], refractory concretefb,6], specialised
mortars for structural applicatierjl], carbonation resistant geothermal well applicat{@hsand
more recentlyimmobilisation of metallic radioactive wastg8-11] andtoxic metal solutions

[12].

During the hydratioof monocalcium aluminate (Ca,, abbreviated CA, which isthe main
reactive phaswithin CAC, the precipitation of a poorly crystaik gel phase [1], anthexagonal
and cubiccalcium aluminatdydrate phasefiavebesn observed [S]Depending on thduration
and temperature of curing, the metastaidxagonalphases (CAkh and GAHg) undergo a
conversion process whereby they dissolve angreeipitateas thestable cubic hydrogarnet
(CsAHg), dong with gibbsite and/or disordered aluminium hydroxide gAHAs a consequence
of the differences in densities between the metastablstabhtbhydrate phaseshis conversion
can result irmsignificantloss of solidvolume fractiorwithin the hardened material, leading to a
dramaticreduction inthe loading capacityand sometimedoss of mechanicalintegriy of the

monolith [1]. Conversion is one of the malmiting factors of the widespreadise of these

" This paper uses standard cement chemistry abbreviations, where CaO is reprasdédy AlO; as A; SiQ as S;

H,0 as H; BOs as P. Structural formulae for n@tochiometric products are written in hyphenated form; i.&\; 1€

represents a nestoichiometic (and structurally disordered) calcium aluminate hydrate, and analggtarsl
silicate and phosphateontaining products.
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materialsin constructionthere have been several disastrous structural fatdrésC concretes
in the past, whicthave led to prohibition of the use of CAC in structural elements in many

countries [13].

Modification of CACs with the goal ofvoidingthe conversion oliexagonato cubic hydrates
through the direct precipitation of stable hydrabesthusbeenthe focus of a number studes
over the past decades. Chemical modification of CAC has been conducted using kajimg al
solutions, including sodiumhydroxide and sodium silicate§l4] favouring the direct
precipitation of GAHg or Si-substitutedkatoite as main reaction productsspectively hence
avoiding the porosity developmessociated with theonversion othe intermedia metastable
phasesinclusion of supplementarsiliceouscementitious materials (silica funig5,16],fly ash
[15,17], blast furnace sla@l8]) has also beedemonstrated to be an effective pathwajirtot
deleterious conversion, throughpromoting the formation of secondary products such as

stratlingite(C,ASHsg) and @lcium silicate hydrate (S-H).

The addition of phosphate compounds to J&19-22]has been shown to laa effecive route

to avoidthe conventional hydration of the CASystemand increase both the loading capacity
and flexural strengthas it modifies the phase assemblage hydrated CAC faadurs the
precipitationof a poorly crystallinebinder phase; however, the mechanism of reaction and
chemistry of the reaction procis formingin these systemare not yet well understoodEarly
studies conducted Byugameet al.[21] suggested that the mechanism of reaction in ammonium
phosphatenodified CAC takes place via an adidse reactionbetween the acidic phosphate

solutionand the basic calcium aluminate cemdritis systemhas been reported favour the
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precipitation of ammonium calcium phosphate either (NH4).Ca(RO;)'xH,O or

NH,CaPQ-xH,0 [19,21,23].

In the case of CA®lendedwith sodium monophosphate (Nz™D,) and sodium polyphosphate
((NaPQ),), the phase identification is still under discussidarmation of asodium calcium
orthophosphate hydrate (NaCapP®i,0) and alumina gel was originallyroposed [2Q]while
later work suggestednstead the formation ofa calcium hydrogen phosphate hydrate
(Ca(HPQ)-xH.0) anda hydrated alumina g¢24]. More recently Swift et al.[8], investigating

the effect of different phosphates with varying chain lengths on the hydration gfd@A¢uded
that the binder phase forming in this modified system was likely to be an amorphoumcalci
phosphate, along with alumina gel, similar to that proposed by Suglaahd24]. Conversely,
Ma and Brown22,25]reported the formation of a calcium aluminate phosphate hy@ateK-

H) in theirstudy ofthe effect of various sodium phosphates upon the hydratiGAGE

These clear discrepancies in thexisting literature elucidate that there is notgaod current
understanding of the chemistry or mechanism of formatbrihe key binding phases in

phosphate-modified CAC.

Solid-state nuclear magnetic resonan¢®BlMR) spectroscopy has been used successfully in
studying complex cemenhydration processes due to it®rssitivity to disordered as well as
crystalline phaseR26], includingin the analysis o€ACs [27-29]. Magic angle spinningMAS)
NMR spectroscopy has particularbeen widely used to probe local environments of aluminium

and silicon nuclein cementsNuclei such as™P have not been exploited the same exterin
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the context of cement chemistrgespite favourabl®MR properties notable investigations
appear in the field of biocompatible dental cemg8&31] andthe study ofPortlandcement
[32]. For the phosphatenodified CAC systems studied hef& is a key nucleus which has not

previously been examined through the use of advanced NMR techniques.

Therefore,in this studywe seek to better understatite phase chemistry phosphate-modified
calcium aluminate cementspecifically utilising solidstate NMRto characterise th@oorly-
understoodamorphous bindigp phase andyain furher insight into its formationThe phase
assemblages formed immodified CAC, andCAC with sodium phosphate modiation, are
assessedising Xray diffractometry, thermogravimetric analysisand local environments are
probed throughsolid stateNMR spectroscopic techniqueacluding 2’Al MAS, P MAS,

31p{’H} CP/MAS, and*'P#’Al REAPDOR NMR

2. Materialsand methods

2.1. Materials
CAC supplied byKerneosunder the trade@ame Secar 51 was usdthis studyas the primary
precursoy and theoxide composition quantified by -Kay fluorescence analysis shown in
Table 1 Reagent grade sodium polyphosphate ((NaRP®7%, Acros Organics), comprising
mainly long chains with a minor quantity of cyclic and cross linked phospBajewas also

used

Table 1. Oxide composition of Secar $bm X-ray fluorescencenalysis
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Chemical constituents (W as oxide)

Raw
Material 56, ca0 si0, FeOs TiO, MgO SO; KO+ NaO
Secar51 5077 3839 483 182 204 040 0.24 0.63

2.2.  Sample synthesis anelstng procedures

Cement pstes were formulated with a water to cement ratio of 0.35, arsbdaum
polyphosphate to cement ratio of Odéfined on a mass basla addition neatCAC pastes with
the same water to cement ratio were prepaféeg fhosphate content waelected based on
previouswork [34] wherethis ratio of 0.4 was shown tdiinder crystallisationof conventional
CAC hydrats which are prone to conversioRrior to the preparation of the paste, tHudid
sodium polphosphate was mixed with distilled water arroller mixer for 24 h at room
temperature teensurecomplete dissolutionThe phosphate solutions wet@en added to hie
CAC clinker and hand mixed for 30 s, followed by 120 s of high sh&amng with aSilverson
LART mixer at 2500 rpm. Samples were cast in centrifuge tubes, sealed and kept@rature

of 20°C and 100% relative humidity for 7, 180 and 360 days.

Compressive strength measurements were carried out on a Zwick Roell itedttimgnent using
demoulded samples and testérathe required curing period. @ydrical samplesvere cut to
an aspect ratio of 2 and diameterof 14 mm, and tested to failureCompressive strength was
calculated as the force per unit aeddhe maximum load applied to the sam@@pecimensvere
tested in triplicateandspecimen ends were polished to gila faces perpendicular to tlais

of the cylinders.
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For study by other analytical techniqueydtation reactions were arrested by defdmg,
crushingthe samples to subm® sized piecesand immersigin acetone. Samples were removed
from the acetone after 24 h and dried at room temperatnder atmospheric conditio(21°C),
followed by storage in a vacuum desitor until analysis Samples were finely ground to less

than 63 um and thesubjected to the following analyses

e X-ray diffractograms were obtained using a Siemens D%lif@ctometer with a copper
source scaming in the 20 range 5°-55° with a step size of 0.02° and at a rate of 1°/min.

e Thermogravimetric analysisvas performed on a PerkinElIm&yris 1 instrumentin an
alumina crucible heatingfrom room temperature to 100Dt a rate of 1GC/min, under a
flowing nitrogen atmosphere.

e All NMR experiments were performed on a Varian VNM&B spectrometer (9.%), using
a CP/MAS probewith 4 mm o.d. zirconia (PSZ) rotors, and pulse sequences as shown in
Figure 1

A. %Al MAS NMR spectra were collecte@t 104.199 MHz and spinning speed
14.0kHz (without proton decouplinglusing a pulse delay of 02 a pulse width of
1.0us and an acquisition time of b@s, for 10000 repetitiongFigure 1A) The
chemical shifts were referenced to an external sampleOoi aqueous solution of
AICl3-6H,0.

B. *P MASand CPMAS spectrevere collected at 161.87 MHzith a spinning speed
of 12.0kHz and two pulse phase modulation (TPPM) decoupling at a nutatioofrate

87 kHz(Figure 1B) MAS spectra were acquired using a 90° pulse of durations3.8
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a pulse delay of 60 s, an acquisition time ofr&) for 30 to 40 repetitions'P{ H}
CP/MAS spectra were collectedavith a pulse delay of 3@, a contact time of 1 ms
and an acquisition time of 3@s The chemical shifts were referenced to an external
sample 085% H;PO,.

C. *PF’Al REAPDOR spectravere acquired at apin rateof 10 kHz with a 60 s

recycle delayaccording to the pulse sequence shown in Figure 1C.
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Figure 1. The NMR pulse sequersased for(A) 2’Al and*'P MAS, (B) 3'P{*H} CP/MAS, and (C)*'P/’Al REAPDOR

experiments
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3. Resultsand Discussion

3.1. X-ray diffractometry(XRD)
Figure 2 displays the diffractograms for all samplesaluated Well-defined and intense
reflectionsof the crystalline calcium aluminate clinker phaaes observed in the diffractogram
of the anhydrous CAQFigure 2A, including monocalcium aluminat€CaAlLQO,, pattern
diffraction file (PDF) #1-070-013% calcium titanate (CaTi§) PDF #01-075-210p and
gehlenite (CaAl,SiO;, PDF #00-035-075h After 7 days of hydrationf the CAC(Figure 2a)
formation of both metastableCAH;, (CaO-AbOs-10HO, PDF #£0-012-0408 and GAHg
(2Ca0-AO3-8H0O, PDF #0-045-0564, and stable hydrate phaséxcluding hydrogarnet
CsAH¢ (3Ca0- AbOs- 6H,0, PDF #0-024-021Y andgibbsite(Al(OH)s, PDF #0-012-0401)js
observed. A extended times of curing (180 day$igure ), the characteristic lowangle
reflectionsof the metastabl€AH;, (~12° 20) and GAHg (~7° 20) are not identified, and instead
asignificant increase in the intensity of theflecionsassigned tohe stable hydraseGAHgand
AH3 is observed. This suggaesthat the metastable phases have completely dissolved and re
precipitated as cubic hydratesthin 180 days ofturing. No significant changes in the intensity
of the gehlenite and calcium titanadlecions are detected between 7 and 180 days of curing,

indicating the low reactivity of these components upon hydration.

10
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CAC 180d

4p 7d

2theta (degrees)

Figure2. X-raydiffractogramsof (A) CAC clinker and neat CAC samples at 7 and 180 days of curingBatiteolyphosphate

modified CAC formulation(denoted 4pafter 7, 180 and 360 days of curilhgtters indicatghases identified, lowercase for
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clinker phasesnonocalcium aluminate (c), gehlenite &g)dcalcium titanate (flandcapitals forhydration product€AH;, (D),
C,AH5 (0), GAH, (H) and gibbsite (Al A)

The diffractogram®f the phosphatenodified CAC (Figure B) show no reflections for either
the conventional hydrate productsserved in hydrated CAC (FiguréARor any crystalline
phases other than the anhydrous clinker phases, whose intensity redlycstightly as a
function of curingtime. The only new feature observed is broad diffuse scatteringoeak
centred at 3020, in all the polyphosphate modifiedsples indicatingthatthe precipitation of
a phase witHimited long+angeorderis occurring The phosphate modificatias altering the
hydration pathway avoiding conventional CAC hydrate precipitation andtigating any

potential issues surrounding conversion throughout the curing period considered urdhis st

3.2.  Thermogravimetry
The masdoss of CAC samples as a function of the sample temperatusbas/n inFigure 3,
along with the data for the CAC clinker and the sodium polyphosphate, whiclargety
featureless and demonstrate that only the hydrate products contribute tosthéossaof the
binders.The conventional CAC hydrates exhibit characteristic weight lossegychegting as a
result of dehydration reactions. The unmodif@dC samplehydratedfor 7 days show two
regions of weight lossThe lower temperature exhibits a primary weight loss at 90°C with a
secondary shoulder at 132°®@hich indicate the presence of CAHand GAHg respectively
[35], consistent with theohasesobserved byXRD. A relatively wide range of dehydration
temperatureare reportedor these phaseas the literaturg36], however the sequence in which
these phases dehydrate remains the &%k The gel phase present aldehydrates over a

broadtemperature rangg@artially overlappingvith the dehydratiorof the CAH;0, whichfurther

12
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complicateghe peak assignmerjil]. The composition of this gglhase even in thenmodified
CAC system is not fully understopds itremainsunclear whether this phase is a hydiate

alumina gelAH,) [27,37]or a calcium aluminium hydrate {&-H) type gel[35,38,39].

Mass losses at higher temperatures are associatetheitssof structural water from the more
thermodynamically favourable hydraté%®aks for the dehydration gibbsite[40] and GAHe
[39], in the ranges 274300°C and 308315°C respectivelyare observedin the data for the
unmodified CAC. In the CAC sample cured for 180 dayweight lossescorresponding to
dehydration/decomposition tfie hexagonal metastablegsesare not identifiedand instead the
peakscorresponding to dehydration AH3; and GAHg are considerably more intense compared
with thoseobserved in specimens cured for 7 dayssTndicates thathe conversionof CAHip
and GAHg is essentially completefter 180 daysof curing in agreement with the diffraction
data discussed in section 3The esidual mass loss in the low temperature rghgw 200C)

for the 180 daycuredsamplecan be assigned tahe aluminarich gel phaseroduced as ayb

product of conversion, as discussed above.

13
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The thermogramsfor the phosphate-modifiedCAC samples(Figure 4), show considerably
different behavioufrom the unmodified CAC samplegFigure 3) These samples exhibit three
main weight losses, at ~90, 230 and 280°C, with broad peakse derivative curvesonsistent
with non-<crystalline wateenvironments [38] This isin agreement wittthe XRDresults (Figure
2B) which did not showthe formationof any crystalline hydrateis phosphatenodified CAC.
Weight losses below 100°@enerallyindicate the dehydration of phasesth looselybound
water,and the evaporation of free water. In the case ophllusphatenodified CACthe largest
weight loss, 90°Cmay be attributed to théehydraton of the amorphous phas? forming in

these systems, as indicatedtbg diffuse reflection in thERD data(Figure B).

The weight lossat higher temperature (centred~#8C°C) is assigned to dehydroxylation of
poorly crystalline gibbsiteAH3), as in the unmodified CAC sampl€he broad temperature
range over which this weight loss takes plagggest low crystallinity, which is why this phase
was not detected by XRORegarding thentermediate temperature weight logentred at
~23(°C), Guirado et al.[38] identified that dehydration of CAfd occurs in several stages,
including a mass loss at 2Z5 asso@ted with the dehydration of the amorphous portion
(denotedCAH, by those authorsjt is possiblethat the mass loss observedthis temperature
range inthe phosphatenodified CACmay, analogouly to thatdescribed bysuirado et al[38],
result from an initially disorderedluminatephase An extended curing period does not seem to
affect the phasassemblagef the materialaccording to either XRD athermogravimetrybut

there is anincreasen the intensity of the mass loastributed toAH3 between 7 and 180 days

15
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curing, and a significant increase mass loss in the region assigned to the amorphous gel type

phase btween 180 and 360 days curing, in Figure 4.
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Figure4 (A) Thermograms and (B) derivative thermogrgorsanhydrous C& clinker andpolyphosphate modified CAC

sampleg4p) hydrated for 7, 180 and 360 days.

3.3. SolidstateNMR spectroscopy

3.3.1. ’Al MAS NMR
2’Al MAS NMR spectra of anhydrous CAC clinker ahgldratedsamples are shown Figure
5A. ’Al MAS NMR spectra typicallyshow three distinct alumiam coordination environments
(AI'"Y, AIY and A'") which are located at chemical shifts between 52 to 80 ppm, 30 to 40 ppm
and 410 to 20 ppm, respective[®7,29]. The spectrunof the anhydrous CAC clinker in Figure
5A is dominated by a large resonarate78 ppm, due tthe tetrahedral aluminm in the CA
present in the clinkg28], in addition to a very small response at 9 ppm indicative of the partial
hydrationof the materialduring storageconsistent with the ~1%nass losobservedin the

clinker by thermogravimetryfrigure 3

The hydratedCAC samplesn Figure 5Ashow reduced resonances in th& Aégion as a result
of the dissolution of clinker phases during hydratiand an increase in the ‘Alregion as a
result of precipitaton of hexagonal and cubic hydrate phas®@/ith increasing curingluration,
the resonancesf tetrahedral aluminm become less intensas hydration nears completian
180 daysA considerable change in the line shapéhe Al region isalsoobservedetween?
and 180daysof curing as a result of theonversionof metastableCAH;, and GAHg to stable
CsAHg and AHs. The resonances at(8houlder)and 12 pprare consistent witthe presence of
AH3; and GAHg respectively[41], consistent with thehasesidentified by Xray diffraction

(Figure 2) and thermogravimetry (Figure 3).
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Figure5. 2’Al MAS NMR spectra for A) anhydrous CAC and CAC hydrated for 7 and 180 days, B)go{yphosphate

modified CACsampleg4p) hydratedfor 7, 180 and 360 days.

Phosphate modifie@AC sampleqFigure5B), exhibitspectra which areonsiderably different

from those obtained foonmodified CAC samplesResonances in regions associated with both
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Al"Y and AIY' coordinated environments are present. With increasing cutingtion the
diffraction data indicatea marginally higher extent of dissolution ofclinker phasesn the
tetrahedral region of théAl MAS NMR spectra There is also a slight change in thefihape in
this region, particularly at 360 dayadicating that thids)andmay not be attributed soletg Al

environments present in the remaininginreacted CAC clinker, and may also include

contributionsfrom a secondarl'V-containing phase forming these systems.

Theline shape and intensibf thetwo mainbands identifiedn both theAl" and Al"' regions of
the spectran Figure 5Bseem to be similaafter 7 daysof curing however,with increasing

curing durationthere is a smallncrease in theAl"'

band The upfield peak fophosphate
modified samples aall curing periods exhibited large peak widths (FHWMs of 16.3, 19.4, 17.5
ppm for 7, 180 and 360 day cured sampkspectively)that could be assigned to either one
phase withlimited long range order, athe canbinaion of a number oflistinct contributions.
This resonanceis largely attributedto the presence of the gibbsite identifiday
thermogravimetry (Figure 4palthoughcontributions fromC-A-H or C-A-P-H gel may not be
discounted ashesecould also hold alumiium in octahedral cordination The formation of
such a gels also supported bthermogravimetry (peak at 225 in Figure 4) consideringts

very low degree ofong range ordeHowever the precisalentification of this gel necessitates

the use of the phosphorus nucleus as a structural probe, and also the application of more

advanced NMR techniques, as discussed below.

3.3.2. 3P MASand®*'P{*H} CP/MAS NMR
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Cross polarisation (CPNMR experimentsare a powerful probe of interatomic correlations
bringing added dependence upon proximity between specific nuclei[42]. Here, the
application of**P{*H} CP/MAS NMR provides the possibility testabish whetherphosphate
environmentsare related to ldrogen atomswhich is essential in accuratetharacterising the

gel phase present in the phosphatdified CAC binder.The MAS spectrum of the
polyphosphate precursor, Figure 6A, shows three broad responses-7atadd -20 ppm,
attributed to &, Q' and @ phosphate structural units respectividg,44] and the CP/MAS
spectrum, Figure 6B, shows several sharp resonances corresponding-defwetd hydrous
phosphate environments. The dissolution of the phosphate prior to blending with the CAC then
resuts in a reduction of the {Qinits as a result of hydrolysis, and this site is less evident in the
binder productsThe *'P MAS and*'P{'*H} CP/MAS spectraFigure6 (A) and B), showvery

little change in theoordination environmerdf the phosphoruss afunction of curing duration

in thephosphate-modified CA€amplescorresponding to limited differences in gmnnectivity

of the phosphate units and/or the electronegativity of neatesineighbous [43].
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Figure6 (a)*'P MAS NMR spectra and (BH{>'P} cross polarisation MASIMR spectrafor polyphosphate modified CAC

samples and the sodium polyphosphate precursor.
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In both sets of spectMAS and CP/MASXor the hydration products of the phosphiatedified
CAC, two broad main bands are identifibe at 1.1 (shoulder) and 4 ppm (main peak)
indicatng the presence ahultiple relatively disorderethydrated phosphoruenvironments. fie
similar line shape®f the*'P MAS and>!P CP/MAS spectrandicat that all of the phosphorus
environmentsin these samplesire protonatedo some extentand thus the phosphorus

environments areelatel to hydrate phasdsrming in these binders.

From the®'P MAS NMR data alone, it is difficult to discern whether the resonances idéritifie
these samplesgelate to calcium phosphate, aluminophosphate -@-FEH type phasesThe
resonance positions straddle the redion crystalline calcium phosphateg30,45-47]and the
downfield limit reported for crystalline aluminophosphdi,49], which aregenerallyminerals
holding aluminium in octahedral coordinatigf0], such as brazilianit¢NaAl3;(PO)2(OH)a.
Calcium aluminophosphatesuch as crandallit€aAlz(POy)2(OH)s(H20) have been reported to
have intermediaté'P chemical shift§-1.81[51] and -5.2 [49] ppm). Bemical shiftssimilar to
thoseobserved in Figure GL.5 —2.0 ppm depending on the Na/P rati@vebeen reporteb2]
for sodium phosphate glasses wassignment t&" environmentsin studies ofCafree sodium
aluminophosphate glass&hang and Eckeffi53] reported®*P chemicalshifts of ~1.6 and-4.6
ppm, which they also assigned to @hitswith 0 and 1bonded alumitum unitsrespectivelyin

agreement with the results of Lang et[a#].

The formation of aluminophosphateomplexesas a result of phosphate interaction with
aluminum oxides and hydroxides has been reported by a number of investiffcsg]

particularly, corundum was reportedb7] to form inner sphere surface complexes and surface

22


http://dx.doi.org/%2010.1016/j.cemconres.2015.01.007

Preprint version of accepted article. Please cite as:

M.A. Chavda, S.A. Bernal, D.C. Apperley, H. Kinoshitd. Provis “Identification of the hydrate gel phases
present in phosphatmodified calcium aluminate bindérsCement and Concrete Resea@fi5, 70:21-28.

Official journal version ionline athttp://dx.doi.org/10.1016/j.cemconres.2015.01.007

precipitateswith phosphates. Theurface complexegesonateat far more negative chemical
shifts < -11 ppm, than the sites identified hebeitthe chemical shifts at which the resonances
occur for the phosphate modified CA@mples lie within the region identified as characteristic
for inner sphere surface complexg®]. So, the presence of such environments within the
materials studied here would be in good agreement with these liokatatigationsby Van
Emmerik et al.[55] into phosphate sorption onto gibbsite also reported the formaticm of
number of different alumiom-containing phosphate environments, with inner sphere complexes
dominating at pH 8, which iwithin 1-2 pH units of conditions ithe modified CAC systems
studied here Kim and Kirkpatrick [50], examining phosphate adsorption onto aluomm
oxyhydroxide, also identified surface adsorbed phosphate in ispbere complexes whose
abundance increased with increasing pH, whilst the precipitation of cnystalli
aluminophosphates decreaséte formaton of suchcomplexes hereould result in a diffusion
barrier forming around the unreacted cement partigldsbiting or significantly retarding
further cement clinkehydrationas well as consuming water of hydrati@monsistent with the
reduced degreef reaction identified in the phosphate modified CACs byaX diffraction

(Figure2) compared with unmodifieBACs.

3.3.3. *'PF’AIREAPDOR NMR
Further quantitative structural information can be obtained from REAPRoRat{onal Echo
AdiabaticPassagdouble Resonanceanalysis. Herethis experiment has been usedmeasure
the dipolar coupling of the phosphorus and aluuamm which is proportional tgpy,; /3 (Where
yp andy, arethe gyromagnetic ratoof the two nuclei investigatedndr is the nternuclear

separatn distance), and thusr the case of an isolated spin pair it is possible to calculate the
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internuclear distance. Measurements are made as a functilypotdr evolutiontime, with and
without thealuminiumadiabatic dephasing pulésee Figure 1)58]. Signal intensities, S an@,S
respectivelyfrom these measurements are used to calculate the REAPDOR fra&ien(Sy-
S)/S). REAPDOR experiments are very similar to the more common REDOR (rotagicnal
double resonance) pulse schemes, arg more suitable to improve spin transitions of

guadrupolar secondary nuclei [59].

The REAPDOR fractiolAS wasplotted against the dipolar evolution time sa®wn inFigure 7
Each dataset is fitted with a universal REAPDOR equation, Eqg. 1, forl&biand spirb/2
nuclei following Goldbourt et al.[58]. The universal fitting curve is a function of A,
A=2m+2)T,.D, wherem is the number of rotor cycles, The rotor period and D the dipolar

coupling.

STEAP (D) = 0.63(1 — e=COV%) 4 0.2(1 — e~ ©7V7) 1)
22

The fitting of the REAPDOR data collected for phosphate modified CACs, obtainialyes by
fitting A in Eq.(1),yielded AP internuclear distances of 3.0 and 3.6 A for-thé and 1.1 ppm
peaks respectivelyt is noted that the universal curve is specifically defined for an isolated spin
pair, and hence is at best an approximation to the exact bond lengths for bidentatestsuch
as the ® environment identified here, where multiple interactions complicate the dipolar
coupling. On purely geometric grounds, theFAinteraction distances identified here seem rather
short, and the bidentate nature of some of the complexes may be the reasonTetdis also

not a clear aluminophosphate resonance iff theMAS NMR spectra inFigure 5.Nonetheless,
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it is clear that the4.1 ppm peak corresponds to a shortePAhteraction distancéhan the 1.1

ppm peak.
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Figure7. Peakresolved dephasing curves foP2’Al REAPDORNMR analysisof the polyphosphatmodified CAC sample

cured for 360 days

At longerevolutiontimes, longerfangeinteractions can contribute to the dephasing, resulting in
a poorer fit with Eq. Lhence the dipolar evolution time was limited2t8 ms.As a result of a
convoluted signal, where some contributions are from environments without @iomin
phosphorusnteractions even at greater evolutigreriodssome residual response is present in
the spectradespite the adiabatic dephasing pulse on the secondary chanddience the
REAPDOR fractionsdo notreach unity To account for tis residual responseEq. 1 was

modified by an empirically fittedscaling factor
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Investigations of the dipolar coupling between aluminium ghdsphorusin the samples
indicate a fair degree of intimacy between the twosesen by the dephasing of the sigraadd
lead us to believe that previous explanations of the hydrate chemistry which did ndeicons
aluminophosphate phases dotrescribe this system fullyThe resonant frequencies of the
bands identified in thé'P spectra and the shielding effects of calcium and aluminium on
chemical shift suggest the possibility of a C-A-P-H phase wiitirel long-rangeorder.Due tothe
broad peak widthghe presence of a calcium orthophosplestsuggested by Sugama ef2d]
camot beentirelydiscountedbut it appears muamorelikely that themajority of thephosphate
sites in thalisordered componeate intimately intermixed with aluminate species rather than

a welldefinedAl-free phosphate phase.

3.4. Compressge strength

The compressive strengtlevelopmenbf the polyphosphate modified material, shown in Figure
8, indicates strengths of up 81 MPa within the first 48 hoursf curing This early strength
development is characteristic relactiveCAC materids and is one of the reasons for the addition
of CAC to OPC based clinkers to adjust the setting behavidwr.considerable differencas

the kinetics of reaction between early age 4p samples and those at lomgepetinds asseen

in thermogravimetric data (section 3.2) ahdir respective NMR spectfaection 3.3), correlate
well with the compressive strength ddtar these systemsrThe high initial strengthof the
phosphatenodified CAC is maintained however,at seven daysf hydraion this seems to

increase rapidlyfollowed by a steady increase continuing at least until 360, ddyere a value
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of 73 MPa is noted. This is in contrast to a similar high initial streafigr 48 hours for the
unmodified CAC which then rises to 58 MR# 4 dayseven thougha larger fraction of CAC

seem to be reaog at a given time of curing in hunmodified system.

In the unmodified CAC, the initial maximumin strength after 7 daysf curing, with afall in
compressive strengtinereafteris attributed to the conversion process, whereby the dissolution
of metastable phases and the precipitation of denser stable phases reswonsiderable
increase in th@orosity of the materiareducing the mechanical integrity of the material. This
suppors the clear differences seenthe earlier characterisation of the CA@mplesbetween

the samples cured f@rdays and those curéar 180 days

The compressivet®ngths obtainedh this studyfor 4p samples are in good agreement with
thosereportedby Sugama et a(30 MPa after 72 hour$21], but lower thanthoseobtained by
Swift et al.(77 MPa after 72 hour$8] for phosphate modified CAC his difference in strength
is attributed to the use of higher water/cement and phosphate/cement ratiopresérg study,
compared with thse utilised by Swift et al. [8], which will significantly affect key parameters
controlling the compressive strength development, such as degree of reactioncaityl qf the

system.
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Figure 8 Compressive strengthata for 4p samples at various ages, compared to unmo@ifi€d

The higher compressive strength developed by the phosphate modified CAC e$utiddt
even though reduced degrees of CAC reaction might take place at a givémedget that the
phosphte addition hinders the conversion process, along with the formation of a poorly
crystalline secondary reaction product, has a positive effect in the long nechanical

performance of these materials.

4. Conclusions

The phosphate modification o&lciumaluminate cementesuls in a significantdeviation away
from the conventional hydration behaviour of calcium aluminate cenfidome of the
conventional crystallinecalcium aluminatehydrates were detectesh phosphatenodified

samples, either by XRD or ligermal analysigjuring a curing period of one yedihealteration

of the hydration pathway away fromonventional crystalline phase precipitaticachieved
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through phosphatenodification hasthusbeen shown to be effective avoidingthe calcium

aluminate hydrateonversiorprocessat least for the curing periods studied.

The understanding of the hydration mechanism and phase assemblage of phosphegé modif
CAC is challenging due to the difficulty in characterising the very pooulgtalline hydrates
forming. The weight loss identified by thermogravimetry below°20& difficult to resolve,
however itis likely thatin the absence of any conventional crystalline hydrates precipitating,
calcium aluminate hydrateasedgel is forming in addion to the poorly crystalline gibbsite
detected by the same method. The formation of phosphate complexes at phaisphiaiiem
hydroxide interfaces is well established in the literature, and thereforpossle that a similar
mechanism is resultingh the formation of phosphate complexes at the interface with the

amorphous gibbsite.

The phosphatenodified CAC systems are also seen by REAPD@RIR to contain
considerabledipolar interactios betwe@& the alumimum and phosphorus supporting the
identification of phaseswith these elements intimately intermixékhe *'P MAS NMR spectra
are consistent with the presence of calcium within these phases, and CPMMRSHdws that
they are hydrous, resulting in the final identification of a disordé-&dP-H type gel as being
an important phase within these binddisese complegels would be the primary reason for the
deviation from conventional hydrate phat®mation and also the preventon of further

hydration of the unreacted clinker particlgxtended times of curing.
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