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This paper discusses the design of hybrid alkali-activated binders at ambient
temperature, speci cally the development of mixes based on ground
granulated blast-furnace slag (GGBFS) with calcium aluminate cement (CAC) as
an additive, aiming to obtain high early strength binders with optimised Al
incorporation, increased crosslinking and degree of polymerisation. The effects
of 10 wt% CAC replacement of GGBFS, activated with sodium silicate with varying
modulus (SiO,/Na,O molar ratio) or with sodium hydroxide, on fresh and
hardened properties are investigated. The inclusion of CAC in GGBFS mixtures
activated using sodium silicate results in an unexpected retardation of the
polycondensation reactions required to form the main calcium aluminosilicate
hydrate gel phase. This is due to incomplete dissolution of the GGBFS precursor,
inhibited by the rapid formation of additional reaction products (especially cubic
aluminate hydrates, C3AHg) resulting in lowered reaction kinetics, and thus
delayed setting and hardening times. For sodium silicate activators, this
retarding effect appears to be only slightly dependent on the activator solution
modulus. When activating with 4 M NaOH, the retarding effect is reduced, along
with the incorporation of CAC in the C-A-S-H gel, increasing the amount of
reactive aluminium present in the binder to form a more compact gel product.
Increasing the molarity of NaOH solutions results in a similar delay in reaction
kinetics. The results suggest the existence of only a limited pH range in which the
addition of CAC can promote the formation of a binding gel with enhanced
mechanical properties, whilst other factors including the effect of sodium silicate
inclusion in CAC systems are still unclear. The typical hydration products of CAC
were not detected in this study.

KEYWORDS

alkali-activation, C-A-S-H, calcium aluminate cements (CAC), hybrid binders, ground
granulated blast furnace slag (GGBFS)

1 Introduction

Alkali-activated cements may offer many advantages over conventional cements, mainly
replacing the need for clinkerisation and opening up the possibility of valorising various
waste materials. Alkali-activation technology is based on the reaction between
aluminosilicate precursors and an alkaline activator solution, commonly sodium
hydroxide and/or sodium silicate, to generate a binéepyis et al., 20)5The function
of the activator is to introduce the driving force required for the dissolution of the Si, Al, and
any Ca contained within the solid precursor, and to promote their subsequent
polycondensation through the alkaline liquid mediufrdvis and Bernal, 20).4The
reaction products obtained from the polycondensation are hardened binders, known as
C-A-S-H and N-A-S-H type gelsjarcia-Lodeiro et al., 20\ alkley et al., 20)6in which
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aluminium tetrahedra become bound between silicon tetrahedr&BLE 1 Density and particle size analysis of GGBFS and CAC.
.playlng.a fundament.al role in the !nltl.al stages of gel forr.nayon b Density Particle size analysis ()
increasing the crosslinking of the binding phdserfandez-Jiménez (glcm?)

etal., 200pViyers et al., 20)5The presence of reactive aluminium dio
in precursor materials is a requirement to obtain a well-behaviriy
and water-insoluble alkali-activated binder, driving further
investigation into a wide range of reactive aluminium sources cac 3.0 4.6 18.7 44.8
(Fernandez-Jiménez et al., 200ers et al., 20)5The need for

certain proportions of reactive silica and alumina, essential in

designing binders with optimised propertiesKh@le and
Chaudhary, 20Q7Abdelrahman and Garg, 20R4s why calcium
aluminate cement (CAC) appears to offer potential as a reactive
aluminium rich component for improving alkali-activated 8
formulations by enhancing the reactivity of the mixtures.

CACs are hydraulic materials containing high amounts of
alumina, usually between 40 wt% and 85 wt¥%eker, 201R 56
CACs are known for their rapid strength development (up to §
90% of nal strength in 24 h), thermal resistance, and re3|stance £
to chemical attack, making them desirable for specialist concrete
applications such as refracyo materials. CAC manufacture
involves fusing or sintering eneasured mixture of limestone
and bauxite, and accounts for lower €émissions with respect
to Portland cement production, but is considerably more
expensive [ing et al., 2021l CAC has been studied 0
extensively as a cement in its own right, with known hydration , ] ,
products that exhibit rapid settg times and exceptionally early 0.1 1 10 100 1000
strength developmentJ(enger et al., 20).1 Monocalcium Particle diameter (um)
aluminate (CaOAIO3, or CA in cement shorthand notation) is
the main phase of CAC which quickly reacts with water at
ambient temperatures to form etastable hexagonal calcium
aluminate hydrates (CAR and CAHg). These phases are
associated with initial strength development but their chemical
stability is strongly dependerdn temperature, time, and the C,AHg, and AHg); highly alkaline conditions and high
water/cement ratio. The main limitation on the use of CAC intemperatures favour instead the formation of cubic aluminate
structural construction applications is due to a process known aydrate from the outset, and if sources of silica are present,
conversion, whereby the metastable hexagonal alumindtatoite type phases are preferafii formed overstratlingite,
hydrates convert to stableulsic aluminate hydrate ($2\He)  which is not favoured in highly alkaline environments.
accompanied by the formation of AHgel and the expulsion Hybrid cements have been shown to enhance binding systems
of water. This consequently results in a volume change th@Palomo et al., 20)9 especially providing improved early age
increases the porosity of the binder and causes a dramatic Igssperties (Garcia-Lodeiro et al.,, 20)JL.3 Portland cement
of strength Bushnell-Watson and Sharp, 1990eker, 2011 (Alahrache et al., 20),6portlandite (Ca(OH)), and CaO can be

The addition of reactive silica in various forms, suchyaash successfully used as additives in alkali-activation to improve binder
(Lopez et al., 200&1ostafa et al., 20)2GGBFSYang et al., 20)9  properties, including compressive anexural strength and early
micro-silica Ping et al., 1995 and sodium silicatel{ing et al., age behaviour, whilst allowing a reduction of the liquid activator
1999, can lead to the formation of stratlingite f&SHg), reducing concentration as their dissolution increases the pH of the system
or inhibiting the formation of cubic aluminate hydrate. Stratlingite iYGarcia-Lodeiro et al., 20;1Bocullo, 201).

a stable crystalline compound which is recognised to give better For all these reasons, the focus of the present work is on the
mechanical properties than cubic aluminate hydratel(ley and development of hybrid systems based on GGBFS and CAC, using
Bhaskara Rao, 1918 sodium silicate activating solutions with varying $i2,0O molar

The behaviour of CAC in moderately and highly alkalineratio, and NaOH as activating solutions. The mechanical properties
environments has been investigated in some stuliest(r et al., of the binders are tested with respect to criteria including setting
2009 Fernandez-Jiménez et al., 2))14s has its effect on the time, workability, and compressive strength, along with
alkali-activation of precursors including GGBFSri{i et al., microstructural analysis carried out using XRD, FTIR, and SEM-
2013, metakaolin Fernandez-Jiménez et al., 2)0&atural EDS. The results are used to formulate a hypothesis on the
pozzolans Carrasco et al., 200Vafaei and Allahverdi, 20)6 underlying reaction mechanisms occurring during the alkali-
red clay brick wasteskgig et al., 20)pand y ash Cao et al., activation of these blended systems and to evaluate the
2019, for the formation of hybrid binders. Most of these studiesontribution of CAC as source of additional reactive aluminium
did not observe the typical hydration products of CAC (CAH during alkali-activation.

d50 dQO

GGBFS 2.9 3.8 12.7 31.0

Volume den
~N

FIGURE 1
Particle size distribution of GGBFS and CAC.
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TABLE 2 Chemical composition of GGBFS and CAC as oxide wt%.

Sample CaO Si(e} AlLO; MgO SG KO Na,O Other
(%) (%) (%) (%) (%) €] (%) (%)

pellets (99% purity) with water, and subsequently adding sodium
- - silicate solution (supplied by PQ corporation with a starting
oA gfé;ﬁfxf:lmm aluminate modulus of 2.07 and concentration of 44.1%) on cooling of the
CA, - monocalcium dialuminate aqueous NaOH solution. Two activator concentrations were
formulated by varying the modulus (molar ratio of $ida,0)
from 0.56 to 0.91 and the alkali dose from 4 to 4.7 (expressed as
Na,O wt% relative to the precursors, GGBFS and CAC) for activator
“a@’ and activator‘b”, respectively. Solutions of NaOH were also
prepared with a target concentration of 4 M (activdtd). Table 3
shows the mix proportions and the respective sample nomenclature
used henceforth. The water-to-binder ratio of 0.38 was maintained
CAC the same for all mixes.

CA

Intensity (a. u.)

, , , . GGBFS 2.2 Testing programme
10 20 30 40 50 60
20 (%)

2.2.1 Isothermal calorimetry

The reaction kinetics of pastes were investigated using an
FIGURE 2 isothermal calorimeter TAM Air (TA Instruments, United States)
XRD patterns of precursor materials GGBFS and CAC. collecting measurements at°@0 10 g of solid precursors were
weighed and dry blended into a glass ampoule and the alkaline
solution was added with a pipette. A spatula was used to rapidly mix
the materials together for about 30 s and then the ampoule was

2 Materials and methods sealed and immediately transferred into the calorimeter along with a
reference, which was measured following the procedure described by

2.1 Materials characterisation and mixing Wads, (2010)The duration of measurement spanned 2 weeks. Al

procedure values of heat release rate were normalised according to the total

weight of solid binder.
Commercial CAC, Secar 51 (containing 51 wt% alumina) from
Imerys (France) and GGBFS from Ecocem (Belgium) were utilised2n2.2 Setting time
this work. The physical properties including measured densitiesgndd = The Vicat method was used to measure the initial andl
dso, and doVvalues for the precursor materials are showrehle Jand  setting time of the fresh pastes, following the procedure described in
the particle distribution curves are illustratedHigure 1 The densities EN 196-3 British Standards Institution, 20).6The initial setting
were measured using a Micromeritics AccuPyc Il 1340 pycnometer atighe is determined as the elapsed time measured from the time of
the particle size distributions using a Malvern Mastersizanixing to the momentwhen the distance between the needle and the
3000 instrument. base plate is (6 + 3) mm. Theal setting time is recorded as the
The chemical compositions of both CAC and GGBFSlapsed time measured from the time of mixing to the time at which
represented as wt% of oxides, determined from X-rathe needle rst reaches only 0.5 mm into the specimen. The Vicat
uorescence are presentedTiable 2 mould is made from stiff foam in the shape of a conical frustum
The X-ray diffraction (XRD) patterns of the raw materials aréhaving an internal diameter of 60 £ 0.5 mm at the top, 70 + 0.5 mm
illustrated in Figure 2 The GGBFS pattern contains no distinctat the bottom and height 40 + 0.5 mm.
crystalline features and is determined to be predominantly
amorphous, exhibiting a very broad peak centred at ~229The  2.2.3 Mini-slump tests
crystalline phases idenéid in CAC are monocalcium aluminate  The workability of the pastes is evaluated by the mini-slump test.
(CaOALO; or CA, PDF#04-013-0779), gehleniteThe test is carried out in a poly (tetraoroethene) cone with scaled-
(2Ca0AO3SIO, or CAS, PDF#01-073-2041), and monocalciundown Abrams geometry: 19 mm top diameter, 38 mm bottom
dialuminate (Ca@Al,O3 or CA,, PDF#00-007-0082). diameter, 57 mm height. The cone is positioned oratsheet of
Alkali-activated pastes were prepared by mixing GGBFS wiffoly (methyl methacrylate) marked with grid squares of 20 x
10 wt% CAC. The activator solution was prepared by mixing NaOB0 mm. The fresh mixed samples were poured into the cone,
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TABLE 3 Mix proportions.

Precursors (wt%) Activator solution w/b mass ratio|

GGBFS CAC Modulus (molar ratio SK&,0) Na,O wt% NaOH (M)

0C-a 100 — 0.56 4.0 0.38
10C-a 90 10 0.56 4.0 0.38
10C-b 90 10 0.91 4.7 0.38
0C-c 100 0 4 0.38
10C-c 90 10 4 0.38

with the paste free toow by lifting the cone as slowly as possible at @roven to be suitable for quantiation of extent of reaction of alkali-
rate of less than 1 cm/§én et al., 201)7 Two sets of diameters, activated materialsLé¢ Saodt et al., 2011The chemical shifts are
perpendicular to each other, were determined and the mean valcempared to an external standard of 1.0 M Al@yOfor all Z7Al
was recorded as the mini-slumpw. Mini slump tests were carried spectra and to pure tetramethylsilane (TMS) f&8i spectra All
out after 10 and 30 min from the start of mixing, to investigate thanalysis has been performed using Bruker Top Spin 4.0.
slump loss over time.
2.2.7 Scanning electron microscopy

2.2.4 X-ray diffraction Scanning electron microscopy (SEM) was conducted using Hitachi

XRD analysis was performed using a PANalyticdeXf  TM3030 instrument coupled with ¢hEDS (Energy-dispersive X-ray
(PANalytical, United States) diffractometer operating in Braggspectroscopy) software Bruker QUANTAX 70. Hardened paste
Brentano geometry with a Cu Kradiation source at 45kV and fragments were mounted in epoxy resin, left to cure overnight, and
40 mA, tted with a PIXcel-Medipix3 detector. Samples are analysel@moulded ready for polishing. Samples were polished using SiC paper
between the 2range of 560, using a step size of 0:0Phase in ascending grits, and carbon coated prior to SEM analysis.
identi cation is carried out using ICDD PDF-4+ (ICDD,
United States) and HighScore plus (Malvern Panalytical.2.8 Compressive strength

United Kingdom). Compressive strength tests weararried out using a Shimadzu
300kN compression testing machine applying 1200 N/s. The
2.2.5 Fourier-transform infrared spectroscopy specimens tested were prepared according to the relevant sections of

Fourier-transform infrared (FTIR) analysis is carried out using the ASTM C109 ASTM Standard, 20)Ostandard adapted for
PerkinElmer Frontier FTIR spectrotee (PerkinElmer, United States); application to alkali-activated natals, consisting of 50 mm cubes,
2 mg of sample are mixed and ground together with 200 mg of KBr. Tlskemoulded after 1 day, and then sealed and cured in an environmental
mixed powder is transferred to a 13 mm pellet die and pressed updhamber at 2C + 1'C and relative humidity of 45% + 1% until the
10 tonnes to a form a transparent pellet which is subsequently testedgspeci ed testing ages (7 and 28 days). Each strength value for individual
the spectrometer. FTIR spectra are collected between 4,000 amiges was calculated from the average of three specimens.
400 cm?, with a resolution of 0.25 crhand scanned 32 times.

2.2.6 Solid-state nuclear magnetic resonance 3 Results and discussion
spectroscopy

Solid state single pul$&l and *Si magic angle spinning (MAS) 3.1 Reaction kinetics
NMR spectra were acquired on a Bruker Avance Il HD

500 spectrometer at 11.7 T (BO) using a 4.0 mm dual resonance CP/The heat ow pro les of the alkali-activated and hybrid samples are
MAS probe, yielding a Larmor frequency of 130.32 MHZ%aland  shown inFigure 3A An initial exothermic peak, designated as the pre-
99.35 MHz for®Si.2’Al MAS NMR spectra for qualitative interpretation induction peak, appears immediatety &ll samples representing the
were collected using 1.3 nonselective (2) excitation pulse, a spinning wetting and dissolution of precursor materials. When GGBFS is activated
speed of 12.5 kHz, 5 s relaxation delay, and a total of 512%88aRAS  with a sodium silicate solution of modulus of 0.56 (0C-a) the dissolution
NMR spectra were acquired using a S5onselective (2) excitation peak is followed by a dormant period which ends after ~8 h with the
pulse, a spinning speed of 12.5 kHz, 60 s relaxation delay, on a totabeginning of the acceleration period. In contrast, GGBFS activated with
256 scans. Gaussian curves were used to deconvoftigi MaS NMR  4M NaOH (0C-c) exhibits a very short dormant period with a subsequent
spectra. Spectra were simulated using the minimum number of Gaussiagceleration period commencindtea 1.5h. The dormant period
functions required to give a satisfactotywith each Gaussian function dependence on the activator solution is consistent with previous
attributed to a connectivity state of Si as described in previous studstsdies aha et al.,, 2031Zuo and Ye, 2030 The large second
(Richardson et al., 1998lyers et al., 20313Valkley and Provis, 20).9 exothermic peak is centred at ~15 and ~7h for 0C-a and OC-c,
Peaks were constrained so as to not exceed 10 ppm full width at half mespectively, with the acceleratiorfeleration stages concluded within
(FWHM). This type of deconvolution 6fSi MAS NMR spectra has the initial 24 h for both mixtures. This exotherm is associated with the
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FIGURE 3
(A) Heat evolution and (B) cumulative heat of alkali-activated and hybrid samples at 20 °C.

precipitation, nucleation, and grdwif reaction products, such as C-A-S-TABLE 4 Mini-slump tests after 10 and 30 min and initial and  nal setting time
H type gels during polycondensatidBr¢ugh and Atkinson, 2002 results for alkali-activated and hybrid mixtures.

Hybrid samples activated with sodium silicate and sodiu
hydroxide, 10C-a and 10C-b, exhibitmarkedly different response.
Regardless of the activator dosage, the dormant period is prolonged u 10 min 30min Initial Final
~40 h. The 10C-a sample shows several overlapping heat evolution peak
between 35-50 h, resolving into a small narrow peak at ~55h. The
appearance of these secondary exothermic peaks may indicate initial gel 10C-a 94 85 >40
formation, i.e., progression of the polycondensation reaction. The
subsequent induction-like pedospans from 55 to 70 h, after which
a visibly suppressed second exothermic peak is apparent with a
maximum at ~85 h. The inductioperiod in the 10C-b sample also 10C-c 92 84 8.00 12.17
exceeds 35 h, followed by two more distinct exothermic peaks: a sharp
narrow peak at ~50 h and a broader peak at ~ 80 h. As seen in the case of
10C-a, the slope of the last peak diminishes after 150 h. The exaftthe binders was kept constantin order to compare the effects of
designation of individual heat evolution peaks to describe the progressmafividual binder components on workability. The addition of
several concurrent and competing reactions sequences in this muliAC results in a decrease in slumpw even though the CAC
component system is difult, however, it is clear from the data that bothused in this work has a slightly larger particle size than the GGBFS
the 10C-a and 10C-b systems with the addition of CAC experiencgseeTable J), and literature on the effect of CAC additions on
serious retarding effect on the rfieation kinetics associated with paste ow reports CAC particles having a low tendency to form
polycondensation, similarly to whas observed for alkali-activated agglomerates, and thus high mobility in aqueous solutions
CAC (Pastor et al., 2009 (Vafaei and Allahverdi, 20)6 The reason behind the

The 10C-c system also exhibits a prolonged dormant periagduction in slump ow is due to the high early reactivity of
compared with 0C-c. Only after ~17 h does the acceleration staGAC and the prompt formation ofdluminate hydrates from the
begin and reaction products such as primary C-A-S-H gelsnset of reaction in the alkaline environment. Workability is
form. The acceleration/deceleration period is seen to conclufteund to be dependent on the nature of the activator solution, as
within 50 h. Figure 3Bshows the cumulative heat pies of all clearly seen from the comparison between NaOH-activated and
samples, comming the appearance of two distinct trends, withsodium silicate-activated pastésaf et al., 2022 The activator
10C-a and 10C-b showing a strong delay in the initial heat evolutiotype is a signicant factor affecting workality; in particular, the
whilst 0C-a, 0C-c, and 10C-c present conventional heatlgso  presence of dissolved silicates results in a direct increasavin

by acting as a plasticiser for alkali-activated mixtufas|(ns and
Sanjayan, 1999The activator modulus and alkali content can be
3.2 Fresh properties: mini-slump test and seen to reduce fresh-statew, when comparing 10C-a and
setting time 10C-b.
Sample 0C-a starts to set after 3.33 h and reaahalssetting

Table 4presents mini-slump and setting time test results foafter 4.67 h. These results show that the common issue of quick

all samples. The water/binder mass ratio used in the formulaticsetting of alkali-activated cement has been avoided, giving setting

Sample Mini slump (mm) Setting time (h)

0C-a 105 92 3.33 4.67

10C-b 98 82 >40

0C-c 96 88 3.83 5.83
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FIGURE 4
XRD patterns of alkali-activated and hybrid samples from 1 to 28 days of curing. (A) 0C-a, (B) 10C-a, (C) 10C-b, (D) 0C-c, and (E)10C-c.

times similar to those of tditional PC binders, comming the suitability  in conjunction with CAC. When 4M NaOH is used as activator,
of the activator selected for the control mix 0Csagaki et al., 2019 type“c’, the setting times are still prolonged compared to 0C-c,
Hertwig and Holschemacher, 202The second control formulation, however set within a reasonable timefram#3 h). These results
0C-c, prepared with 4M NaOH has agsifly longer setting time, albeit are consistent with kinetics curves seeriigure 3 The extent
still less than 6 h to nal setting. aluminate hydrate formation, which causes a reductioroiw, is
Addition of CAC results in a delay in setting times in all casesot signi cant enough to trigger the setting process. This may be
Setting times over 40 h were recorded for solutitaisand“b”,  due to the low mass fraction of CAC in the mixes, which limits the
made with sodium silicate solutions with different modulus, useextent of early hydrate formation.
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is generally characterised by low reactivity and expected to be stable
within the system at ambient temperature during thst stages of
reaction Puerta-Falla et al., 20l@Both CA and G are the major
constituents of CACl(leker, 201Q Further peaks are referenced to

v - stretching vibration (v, symmetre v, asymmetric)

d - bending vibration (8, in plane §, out of plane)

C calcium monocarboaluminate (Mc,,&8CH;; PDF#00-041-0219),
' 14/10C-c an AFm-like phase likely to be formed from the carbonation of CA
1128 days hydration products, and hydrogarnet4&8H¢ PDF# 00-024-0217).
2 days Meta-stable hexagonal aluminate hydrates (GA&hd GAHg),
0C-¢ compounds that conventionally form in the early hydration of CAC,
28 days are not observed, suggesting either that in alkaline environments the
2 days formation of cubic aluminate hydrate is favoured from the onset of
10C-b reaction, or that the conversion of the metastable aluminates to

hydrogarnet has very fast kinetid3astor et al., 200%Fernandez-

Absorbance (a. u.)

ii[28 days Jiménez et al., 201Reig et al., 201&afaei and Allahverdi, 201.6
The formation of AH; along with cubic aluminate hydrates is not
10C-a excluded as a possibility, however this phase is not easily detected in
{128 days its disordered forms. Both Mc ands&H are attributed to the
]2 days reaction of CA only, whilst the main reaction products of GGBFS
‘A |0C-a alkali-activation (C-A-S-H and HT) are not yet observed. This
28 days indicates that CAC promptly dissolves and reacts, whilst the
2 days dissolution of GGBFS is inhibited.

i O i The quick precipitation of reaction products (including®te)
R R Lih i, i on the surface of GGBFS grains might be the barrier that affects the

2000 1600 1200 800 400 dissolution and diffusion of the ions into solution for
Wavenumber (cm™) polycondensation reactior5(n and Vollpracht, 20)&ausing a
FIGURE 5 delay in C-A-S-H formation, extended duration of the dormant
FTIR spectra of alkali-activated and hybrid samples after 2 and period in the calorimetry data-(gure 3A and retarded setting times
28 days. (Table 4. Calcite is formed as carbonation product after 2 days,

whilst the intensity of GAHg is progressively reduced during the
following days of curing until it becomes undetectable after 7 days.
Early C-A-S-H formation is slow to occur due to the inhibited
Overall, CAC additions signtantly compromise the fresh dissolution of GGBFS. Increased C-A-S-H formation after 7 days is
properties of hybrid binders, leading to decreased workability aratcompanied by the appearance of stratlingitA8tHs, PDF# 01-
delayed setting time of resulting binders. 085-8414). Stratlingite crystals are hexagonal AFm-structured plates
incorporating Si, and therefore can form at relatively early ages if
there exists a su€ient source of soluble silica promoted by sodium
3.3 X-ray diffraction salts in a moderately alkaline environmentir(g et al., 1996
Stratlingite formation is also reported to be favoured when high
Figure 4A shows the XRD diffraction patterns for control contents of aluminium are preseritqthenbach and Gruskovnjak,
specimens 0C-a after 1, 2, 7, and 28days. The pattern sha¥@®7 Myers and Lothenbach, 20]1%nd it is possible that the Al
distinct broad humps at <7 ~29, and ~35 2 indicative of provided by the redissolution of thes&Hg is contributing to this
amorphous C-A-S-H gel formationméjuelo Rodriguez et al., 2017 process. The stability and coexistence of stratlingite with C-A-S-H
Minor peaks are due to the formation of a hydrotalcite-group phasean be conrmed after 28 day{van et al., 199%koronkwo and
(HT, approximately MgAlx(COs) (OH);» 3H,O, PDF#01-089-0460) Glasser, 2036
which is has been observed extensively in alkali-activated slag system3he XRD patterns of 10C-b iRigure 40nclude the formation
(Wang and Scrivener, 1998yers et al., 203 Walkley etal., 20)7The  of vaterite (CaC@PDF# 01-072-0506) along with&H g, while Mc
formation of crystalline hydrotalcite involves the dissolution of th&'Mg formation is not clearly dened until 28 daysKigure 4Q. C;AHg is
component present within the GGBFS, and can result in enhancpeesent in the XRD data until 7 days as C-A-S-H forms slowly,
properties of the binder, such as resistance to carbonation and chloridmilar to the 10C-a sample, and no peaks referenced to stratlingite
ingress Kayali et al., 203Bernal et al., 20)4Calcite (CaCg) PDF# are present. The lack of stratlingite is explained by its unfavourable
01-086-0174) is formed as the main carbonation product, appearingfasmation at very high pH, in agreement with previous studies
a sharp peak overlaid on the broad hump at ~29 The phase (Fernandez-Jiménez et al., 2DWhereby stratlingite did not form
evolution between 1 day and 28 days is minimal. The humps attributé@m CAC in highly alkaline environments. It is hypothesised that as
to C-A-S-H are noted to become narrower over time as a result sfréatlingite requires a readily available source of soluble silica to
increased short range order and improved gel development. form, there is insufcient dissolution of silica in the 10C-a sample
The XRD patterns of 10C-a are presented-igure 4B After  after 2 days to allow for sigriant formation of this phase to be
1 day, the peaks at ~3@nd ~322 are identi ed as unreacted CAC detected. All three samples containing CAC show aeleé C-A-S-
phases: calcium monoaluminate (CA), as well as gehlenite (G) whidipeak at ~292 that narrows over time, indicating an increase in
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FIGURE 6
2°Si MAS NMR spectra of precursors (A) GGBFS and(B) CAC.

TABLE 5 Quanti cation of Q" environments identi ed in?*Si MAS NMR spectra of alkali-activated and hybrid samples after 2 and 28 days. Estimated uncertainty in
site percentages is +1%.

Isotropic chemical shift, s, (ppm)

Sample

0Ca 2 days

o
7

1%

Q)

74

26%

Qi
78

10%

Q(1A)
815

3%

&

84

21%

85.5

Q*(1Al)

89

4%

Q'(3Al)

91

GGBFS
74.7

36%

28 days

10Ca 2 days

1%

1%

23%

14%

9%

2%

8%

29%

20%

9%

4%

3%

16%

61%

28 days

10Cb 2 days

5%

7%

12%

10%

8%

12%

9%

32%

14%

5%

4%

39%

43%

28 days

0Cc 2 days

9%

2%

9%

8%

17%

11%

21%

13%

9%

11%

35%

10%

1%

1%

30%

44%

28 days

10Cc 2 days

3%

4%

5%

4%

18%

18%

32%

7%

12%

17%

1%

9%

29%

41%

28 days

5%

9%

20%

23%

27%

17%

short range ordering due to a higher degree of polymerisation of tlaéter 1 day) and unreacted gehlenite which remains stable
gel phaseNladdalena et al., 20).9 throughout alkali-activation. The ident&d aragonite peak
The XRD pattern of 0C-c iRigure 4D0contains peaks indexed to (CaCQ;, PDF# 00-041-1475) at ~28epresents a secondary
hydrotalcite, calcite, C-S-H, and also tetracalcium aluminate hydratarbonation product along with calcites&Hg is formed from
(C4AH 3 as secondary AFm phase with major peaks overlappiribe onset of reaction, as seen for 10C-a and 10C-b, however
hydrotalcite peaks. The formation of AFm-like secondary producte@mains stable even after 28 days. It is noted that C-A-S-H forms
alongside HT has been idergid in NaOH-activated GGBF8¢nk initially, unlike for samples activated with sodium silicate,
et al., 2003Escalante-Garcia et al., 20Gng and White, 2036 consistent with the calorimetry data as discussed above which
Gijbels et al., 2030 The evolution of phases with time is veryshow much less severe inhibition of the dissolution of GGBFS by
limited, similar to the 0C-a control sample, meaning that theCAC addition in systems activated by NaOH.
primary phase assemblage and structures formed since the initial
stages of reaction remain stable.
Figure 4Eshows the XRD patterns for 10C-c. Similar to the3.4 Fourier-transform infrared spectroscopy
0C-c samples, formation of hydsadcite, calcite, C-S-H, and a
secondary AFm phase is noted. Unreacted CA inclusions are Figure 5shows the FTIR results obtaihéor alkali-activated and
observed from a secondary peak at =30 (which disappears hybrid samples after 2 and 28 days. The band at 1650isrdue to
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FIGURE 7
2°Si MAS NMR spectra with t and deconvolution, of: (A) 0C-a 2 days, (B) 0C-a 28 days, (C) 10C-a 2 days, (D) 10C-a 28 days (E) 10C-b 2 days, and

(F)10C-b 28 days.

H-OH bond bending, indicative of weakly bonded water molecules In general, the major absorption band ~950 &rm alkali-
trapped on the surface or in pores within the sampléshino et al., activated specimens becomes more narrow and tends to shift to
1991 Heah et al., 20)2The bands at ~1490410 cm® are related to  lower wavenumbers after 28 days compared with 2 dajskiey
O-CO bond stretching and cosponding asymmetric bending at et al., 2015 This is reported in the literature to be due to increased
~906-820 cm* (Trezza and Lavat, 2001lee and van Deventer, incorporation of Al, and the subsequent contribution from Al-O-Si
2002 Reig et al., 200Hidalgo et al., 2009All samples show modes linkages, within which the Al-O bonds are weaker than Sk@|(
relating to carbonation products. The major absorption band betweer al., 2018 The integrated intensity of the band is also noted to shift
1206900 cm* is associated with asymmet8eO-T (T: tetrahedral Si  to lower wavenumbers due to Al perturbations in local Si-O bonding
or Al) bond stretching and is sigréant in understanding the formation (Allahverdi and Skvara, 2001This is re ected in both 10C-a and

of reaction productsGarcia-Lodeiro et al., 2008afaei and Allahverdi, 10C-b samples, where the major bands shift from 976 to 984 cm
2016. It is noted for all binders that after alkali-activation, the Si-O-T(respectively) to 954 and 957 crafter 28 days, and the shape of the
band shifts to lower wavenumieand sharpens. The band is theband markedly changes from broad to sharp. The contribution of Si-
combination of Si-O-Si asymmetriaetching vibrations with varying O symmetric stretching vibrations appears to be larger for samples
Al substitution, resulting in a change in bond stretching contribution®C-c and 10C-c activated with NaOH. Due to the contributions of
The remaining symmetric Si-D bond stretching ~700 crhand Si-O- LDH phases these samples show three distinct bands in the range
T bond bending ~528420 cm* bands are also considered to include~516-420 cm?*, which are attributed to the Al-O bonds of HT,
contributions from substituted Al. C-A-S-H, and GAH 3 (Horgnies et al., 201&ijbels et al., 2030
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FIGURE 8
29Si MAS NMR spectra with t and deconvolution of samples activated with 4M NaOH:
(D) 10C-c 28 days.

(A) 0C-c 2 days, (B)0C-c 28 days, (C) 10C-c 2 days, and

The bands at ~ 896 and ~590 ¢rfor samples with CAC addition
can be attributed to hydrogarnet®@He. (Horgnies et al., 20)3

Resonances at,= 68 and 71 ppm are attributed to Qand G
units of unreacted GGBFS and CA&gure §. Both precursors have
terminal and isolated Si groups presénb(ian et al., 20)2The fraction
of GGBFS is reduced with increasing curing times as can be seen from
the comparison between the 2-day samplésu(es 7A, C, BBA, O
with the 28-day samplesFigures 7B, D, ,F8B, D). Signals at

iso = 74 and 78ppm are attributed to the presence of two

2°Si MAS NMR spectra, deconvolutions, and simulated spectdifferent types of @sites in C-S-H or C-A-S-H type gels, which are

for the 2 and 28 days cured samples activated with sodium silicdie main reaction products in allhé investigated systems. The
and NaOH are shown ifigure 7andFigure §respectively. The raw assignment of & sites in C-A-S-H gel is challenging as each
GGBFS spectrum is simulated with one peak centred at isotropiclividual unit may be bonded to Si or Al and have*C#a, or
chemical shift, 5o, = 75 ppm Figure 6A and is linearly scaled and H* as balancing cations in various ratios that when combined cause
included in the simulation of the data for all alkali-activated samplegriation in Si chemical shifts.’@ simulated with two peaks in the
to account for remnant unreacted GGBFS, with the assumption thaggion between70 and 80 ppm which are named*@) and Q'(ll)
this lineshape does not change throughout the reaction. Thethout assigning a speci chemical environment to each one, as a
simulated spectrum for GGBFS in this work is consistent withonsequence of the complexity of such interactiBesral et al., 20).3
previous studiesT@nzer et al., 2034 Any Si content within Network modifying cations can also affect the chemical
CAC is related to the presence of gehlenite, as seen in the XRbvironment of Q (mAl) speciesincreasing the chemical shift,
data of the precursors={gure ). The deconvoluted spectrum in especially for strongly polarising cations such as calditeng et al.,
Figure 6Bshows Qand @' sites (iso= 68, 71, 74,and 78 ppm) 2009, resulting in additional overlap of the individual® @mAI)

as the main Si environmentSigbbins and Xue, 2G1A4llu et al., environments. The presence of distorted Al tetrahedra, Al(V), and
2017. Al(VI) species in octahedral cogurations further complicates peak

Table 5gives the deconvolution data for d55i MAS NMR  assignment in thé°Si MAS NMR spectra.
spectra and quantcation of @ environments identied in all Resonances at,= 81.5, 84, and 85.5 ppm are attributed to
samples after 2 and 28 days of curing. Q?(1Al) and @ units indicating the formation of an Al-substituted

3.5 Solid-state nuclear magnetic resonance
spectroscopy
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FIGURE 9
27Al MAS NMR spectra for (A) alkali-activated and hybrid specimens activated with activator mixtures a and b after 2 and 28 days, (B) alkali-activated and
hybrid specimens activated with 4M NaOH after 2 and 28 days, and (C) precursor materials GGBFS and CAC.

C-S-H (C-A-S-H) gel with a tobermorite-type structure. These The?’Al NMR spectra for 2-day samples lifigure 9Ashow a
resonances are found in all samplégyres 7AF, 8A-D). The  similar broad signal spanning frongps= 80 to 50 ppm assigned to
signals atiso = 89 and 93 ppm are attributed to highly cross- Al in a slightly distorted tetrahedral environment. The sharp peak
linked Q*(1Al) and Q(3Al) environments which overlap within the that appears aty,s= ~75 ppm in the 0C-a 2-day spectrum is not
spectralflyers et al., 20)3These are found in the control samplepresent in either the 10C-a or 10C-b 2-day spectra. This peak is
0C-a activated with sodium silicateigure 78, whilst not detected attributed to Al in a well-dened Ak coordination and incorporated
in the 0C-c sample activated using NaOHigure 8B. This in bridging tetrahedra, in which Alsites are bonded to%Al) sites
formation of greater cross-linked C-A-S-H type gels when usin@?(2Si)) Richardson et al., 1993un et al., 2006 This resonance
sodium silicate has been observed in previous studiesi@as et al., becomes more intense and narrower for all samples with increasing
2012. curing time, particularly in the 10C-b 28-day spectrum, typical of a
The 2’Al MAS NMR spectra for both precursors and alkali-well-structured C-A-S-H type gel.
activated materials are shown iigure 9 The GGBFS spectrum The resonance atps= 64 ppm in the 10C-a 28-day spectrum
exhibits one broad resonance spanning betwegn= 80 and is attributed to stratlingite formation which is idenéd from the
40 ppm, centred atops = ~63 ppm, and which is assigned to aXRD data Figure 4B. The narrow resonance ag,s= ~11 ppm
distribution of tetrahedral Al environments (Bl There is not a present in all sample spectra is assigned tg Adund in AFm-
single well-dened Al environment distinguishable within the like phases. The intensity of this band for the 10C-a 28-day
spectrum due to the amorphous structure of the GGBFSample is greaterthanthe other samples due to the convolution of
precursor Bernal et al., 2013Valkley et al., 20)6(Figure 9Q.  responses from both phases and stratlingitergn et al., 1995
The main characteristic of the CAC spectrum is an intense broddai et al., 201} This resonance is also attributed tgAEl¢,
signal with centre aty,ns= 81 ppm, attributed to the presence of Al which is initially present in both 10C-a and 10C-b samples. The
(Cong and Kirkpatrick, 199®ena et al., 200Blughes et al., 20).9 shoulder band at,,s= ~7 ppm in the 0Ca 28-day spectrum may
The asymmetry of this peak is due to the convolution of signaladicate the presence of hydrotalcite-like phase as major AFm
assigned to two different Cafl, components Pena et al., 2008 phase as idented in the XRD data ifrigure 4A(Andersen et al.,
Hughes et al., 20).9 minor signal between,,s= 10 and 13 ppmis 2003 Bonk et al., 2003

associated with the presence of octahedral aluminiurg) (Al The?’Al NMR spectra for the mixtures activated with NaOH
CAH,,, that may appear as a consequence of material weatherisgjution, 0C-c and 10C-cF{gure 9B exhibit two signals related
(Arbi et al., 2013 to Al and Alp environments. For both samples, intense peaks are
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FIGURE 10
BSE images of alkali-activated and hybrid samples: (A) 0C-a 2 days, (B) 10C-a 2 days, (C) 10C-b 2 days, (D) 0C-a 28 days, and (E)10C-a 28 days, (F)
10C-b 28 days, (G) 0C-c 2 days, (H) 10C-c 2 days, (I) OC-c 28 days, (J) 10C-c 28 days.

found at o»s= 11 and 12 ppm. Hydrotalcite, AFm-like phases3.6 Scanning electron microscopy

and katoite-type phases agit g (for 10C-c) are associated with

this peak, identied from XRD data inFigures 4D, EThe Ak Figure 10shows backscattered electron (BSE) images of all
signal in the 0C-c spectrum evelvwith increasing curing time, alkali-activated and hybrid samples after 2 and 28 days of curing.
becoming sharper and narrower, with the main resonance found The initial formation of C-A-S-H gel (grey region) in the 0C-a
at ops = ~75ppm attributed to §2Si) environment. The 2-day sample Kigure 10A is seen surrounding partially
shoulder identied in the 10C-c spectrum at ~63 ppm can beunreacted GGBFS particles (brighter particles), with apparent
attributed to ¢(3Si) due to additional Al incorporation into the porosity identi ed by the darker regions. Comparison with the
gel Wang and Scrivener, 200&rbi et al., 2013Walkley and sample after 28 day&igure 100) reveals that the 0C-a specimen
Provis, 201Q This may be attributed to formation of stratlingite progressively denses, generating a more compact binder that
as seen for 10C-a 28-day, however stratlingite is not ideati appears homogenous, albeit with the persistent inclusion of
from the XRD data of these samples. remnant unreacted GGBFS particles.
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FIGURE 11
(A) BSE image of CAC particle and (B) EDS spectra relative to points (i) and (ii) identi d as gehlenite and CA.

FIGURE 12
Bulk atomic ratio Ca/Si versus Na/Si (as determined by SEM-EDS analysis) for alkali activated and hybrid samples after(A) 2 days and (B) 28 days of
curing.

The 10C-a and 10C-b 2-day imageigures 10B, shows 28 days Figures 10I,)J The result is similar to the gel formed in
limited matrix gel formation; numerous unreacted small and largsample 0C-a, however the gel formed in 0C-c appears more porous with
GGBFS particles are present with reduced interparticle spacimgspect to 10C-c.
resulting in a highly porous binder. Large CAC particles are also Changes in the Ca/Si and Na/Si atomic ratios of the binders
present, for which two distinctive areas of different greyscale levelsed for 2 and 28 days were determined by SEM-EDS point analysis
are identied as CA and gehlenité=igure 1). The change in and are shown irFigures 12A, B
microstructure of both samples after 28 dafgggres 10E, )Fis Each sample after 2 days displays a range of values for the ratio
similar to the 0C-a sample with increased decation and gel phase Ca/Si between ~1 and 2, similar to the precursors. The ratio Na/Si
formation. Most of the small GGBFS particles are dissolved.  appears to be more elevated for sample 10€2ggnd sample 0C-c

Samples 0C-c and 10C-c after 2 ddsigyres 10G, Halso show (~1), where NaOH is used as an activator. Other samples have values
prominent unreacted GGBFS particles, and are highly heterogeneaaisging between 0-0.5. Increasing the curing time to 28 days,
composed by distinctive regions with a jagged appearance. TFigure 12Bthe Ca/Si ratio slightly decreases for all samples, this is
progression of C-A-S-H gel formation is visibly improved aftedue to the further incorporation of Si in C-A-S-H type gels as the

Frontiers in Materials 13 frontiersin.org



Stefanini et al. 10.3389/fmats.2023.1212177

values are consistent with those found in the literatéwd({n and
Baradan, 20%45asui et al., 201Gijbels et al., 202Hakem Aziz

et al., 202D In this case the addition of CAC is bewr@l as the
increase of strength is substantial, surpassing 42 MPa and 52 MPa
after 7 and 28 days. This provides evidence of good incorporation of
Al into the binding phases.

4 Conclusion

Hybrid systems based on GGBFS with CAC additions, activated
with sodium silicate or sodium hydroxide, have been characterised
and analysed. The addition of CAC to alkali-activated systems does
not result in the formation of the conventional CAC hydration
products, such as CAlg CAHg, and AHs.

The conversion issue related to the use of CAC in traditional
concrete mixes is avoided, as a direct consequence of alkali-
activation resulting in differing reaction sequences. The addition

FIGURE 13
Compressive strength of alkali-activated and hybrid samples of 10 wt% of CAC to alkali-activated binders has a strong impact,
after 7 days and 28 days. Error bars represent the standard deviation especially in the early stages of reaction; it retards the dissolution of

among three replicate specimens.

GGBFS and consequently the polycondensation reaction of the main
strength contributing phase, C-A-S-H gel.

Reaction kinetics and setting time show a delay of up to 50 h
polycondensation reaction proceeds as a result of the slowenen 10% CAC is included in mixtures activated with sodium
dissolution of Si with respect to Ca from the precursor materiaksilicate. NaOH activated binders with CAC additions show a
(Walkley et al., 20)7All data points appear to become more tightlyminimal delay. The workability is reduced with CAC addition.
clustered as the curing time increases, meaning that the gel type Phase evolution studied by XRD revealed that when CAC is
developed has a sim ilar chemical composition for all samples. included in the mixture, hydrogarnets@&Hg is formed along with

carboaluminate hydrate phases from the onset of reaction, and the

formation of C-A-S-H gel is delayedgA&Hg is reduced over time
3.7 Compressive strength and stratlingite is formed depending on activator dosage and pH.

When NaOH is used as an activator the formation of AFm phases

The 7 and 28 days compressive stilemgsults for alkali-activated along with hydrotalcite is recorded. C-A-S-H gel forms from an
and hybrid samples are displayedrigure 13 The 10C-a and 10C-b early age (1 day) along with hydrogarngf€l s, which in this case
specimens after 7 days exhibit a slightly inferior strength (~35 MPa) witkmains stable over time, and stratlingite does not form. FTIR data
respect to the control specimen 0C-a (~44 MPa). As seen in the previ@as) rm the retardation in C-A-S-H gel formation when sodium
sections [analysis of kinetickigure 3, FTIR Figure 3, XRD data silicate is used as an activator for GGBFS with CAC additions.
(Figure 4, and SEMFigures 10B, {; the gel formation reaction during From the comparison of sodium silicate activated CAC/GGBFS
the rst few days of curing is partially inhibited by the competitive andblends, the highest activator modulus results in larger, even if still
concurrent formation of other phas, such as hydrogarnet, AFm-likelimited, amounts of GGBFS reacting at early age as reveat&si by
phases, and stratlingite. These compounds when formed at later stdgésS NMR analysis. After 28 days, the C-A-S-H gel type formed
do not result in diminished mechanical integrity, however their initialvith CAC additions has higher aluminium incorporation. BSE
formation may prevent the complete dissolution and subsequeimhages taken at 2 and 28 days exhibit the clear evolution of gel
reorganisation of slag particles gy polycondensation. The increasephases obtained for control samples and hybrid samples activated
in compressive strength seen after 28 days, from 35 to 61 MPa for 10@ith NaOH, whilst the 2-day images of 10C-a and 10C-b show an
and from 37 to 60 MPa for 10C-b, ismsiderable. This suggests thatunformed binding phase. Thenal gel obtained after 28 days has a
whilst formation of additional gel is gradual due to the initially retardegimilar composition for all samples.
dissolution of aluminium and calcium sources, it is accompanied by Compressive strength of hybrid samples is slightly lower than those
signi cant AFm-like phases and strétlingite phase formation, which aselely based on GGBFS at earlysadpeit surpasses it after 28 days,
known to promote the denstation of the matrix KMidgley and reaching 60 MPa. NaOH-actieat GGBFS has inferior strength
Bhaskara Rao, 1978o0sselin et al., 201@uerta-Falla et al., 2016 development compared to when using sodium silicate, but in this case
Yang et al., 20)9esulting in a more compact gel structurernandez-  the addition of CAC is beneial, as the strength increases by almost 50%.

Jiménez et al., 2008bi et al., 2013Vafaei and Allahverdi, 2018oth The inclusion of CAC in alkali-activated GGBFS-based binders has a
of these formulations surpass tB8-day strength developed by thedetrimental effect on systems activated with sodium silicate, resulting in
control formulation 0C-a, which is 58 MPa. poorer fresh properties and only marginal improvements in compressive

When using NaOH as an activator the compressive strengstrength. However, when NaOH is employed as the activator, the
developed by the control formulation OC-c is inferior to that of 0C-aaddition of CAC shows promise. Although the fresh properties are
reaching 22 and 33 MPa after 7 and 28 days, respectively; thelghtly compromised, the settirigne delay is manageable from an
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operational perspective. The compressive strength increases by aBalicy, in the framework of URBCON!By-products for
40% if compared with the NaOH activated system without CAGustainable concrete in the urban environmigiNWE725).
inclusion. This strength leves icomparable to that achieved by a
GGBFS system activated with sodium silicate, which is recognized for
its higher strength. Consequentlijst opens up new possibilities for Acknowledgments
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