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a b s t r a c t

This study aimed to determine the physical-mechanical, mineralogical and microstructural properties of
a pre-industrially manufactured hybrid cement (HYC) containing 5% alkaline activator and less than 30%
clinker. The effect of the initial curing temperature (25 ± 1 or 85 �C for 20 h) on hydration kinetics and
the development of compressive strength were also explored. The hydration products formed were
characterised using XRD, SEM/EDX and 27Al and 29Si MAS-NMR. The findings showed that pre-industrial
hybrid cement sets when hydrated with water and hardens to a 28-day mechanical strength of 35 MPa.
The main reaction product formed was a mix of cementitious gels: C-(A)-S-H and C-A-S-H. Curing at
85 �C for 20 h, shows a behaviour similar to OPC, inhibited ettringite formation and generated more
polymerised gels, enhancing 3-day but not 28- or 90-day mechanical strength.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Since Portland cement (OPC) was patented in the nineteenth
century, its use has spread worldwide, making it one of humanity's
most prevalent structural materials. That predominance is attrib-
utable to its low cost, high mechanical strength and universal
availability [1,2]. Today, however, the cement industry is faced with
higher production costs due to: i) rising energy prices the world-
wide, which are mirrored nearly linearly in cement costs; ii)
shortage of supply of quality raw materials; and iii) the need to
reduce CO2 emissions (OPC manufacture generates nearly two
billion tonnes/year of CO2 emissions, accounting for 8e10% of
anthropogenic emissions worldwide [3]). As a result, both the sci-
entific and technical communities are working to develop alter-
native cements and binders [1,4e6].

One effectiveway of lowering the CO2 emissions associated with
OPC manufacture is to use the so-called alkaline cements or geo-
polymers [4e7] developed in recent decades. Any contention that
alkaline cements can replace OPC in all of its many applications at
this time is hardly realistic, however. One possible intermediate
solution (with scant technical, logistic or economic implications)
Science, CIME Technical Uni-
might consist in reducing the clinker content in cement as far as
possible and expanding the use of supplementary cementitious
materials (SCMs) such as natural pozzolans or industrial by-
products (fly ash or slag) [8e11]. The problem posed by using
large amounts of SCMs, however, is that they lengthen setting times
and lower the initial mechanical strength of mortars and concretes.
As in alkaline cement production, solid or liquid activators (new
admixtures developed for this purpose) can be used to circumvent
that problem. The combination of traditional OPC and alkaline ce-
ments yields what are known as hybrid cements (HYC) [5,12,13].

Hybrid cements are the result of alkali-activating low (20e30%)
clinker content blended cements with an alkaline activator added
in a proportion of approximately 5%. The remaining 65e75% of the
blend consists of supplementary cementitious materials (SCMs),
either natural pozzolans or industrial by-products such as fly ash
from coal-fired power plants or blast furnace slag. In Europe, the
amount of supplementary materials (SCMs) that can be used as
additions in Portland cement is limited by the existing legislation
(EN 197-1). Elsewhere, however, such as in the USA (ASTM standard
C1157/C1157M-11) and certain Latin American countries (as
Colombia, NTC 121), neither the chemical composition of cements
nor of their components are restricted. As the standards in place
there classify cements on the grounds of prescriptive and perfor-
mance requirements, hybrid cements meeting those requirements
could be commercialised immediately in such countries.

Alkaline activators (admixtures) are used in hybrid cements to
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hasten the initial SCM reactions. Moreover, solid alkaline activators
such as deployed in this study feature an important additional
technological advantage, for with them hybrid cement can be
produced using traditional Portland cement manufacturing pro-
cesses. Jointly milling clinker þ SCMs þ activator yields a powdery
material that has merely to be mixed with water to set and harden
[13,14]. The production of such cements (hereafter “hybrid ce-
ments”) therefore calls for an in-depth understanding of both
traditional (OPC) and alkaline cement behaviour.

The type of reaction products formed in alkaline cement would
be expected to depend largely on the reaction conditions: chemical
composition of the startingmaterials, type and concentration of the
alkaline activator and initial curing conditions, among others [4e7].
Two types of alkaline cements can be distinguished. a) In the alka-
line activation of blast furnace slag (AABFS), temperature hastens
initial strength development (as in OPC), although strength declines
atmoremature ages [15e17]. The C-A-S-H gel formed, as well as the
secondary reaction products, aremore crystalline thanwhen heat is
not applied. b) In the alkaline activation of fly ash (AAFA), curing
temperature (between 65 and 90 �C) plays a very important role, as
heat accelerates early age reactions, with the product exhibiting 1-
day mechanical strength upward of 30 MPa [18,19].

Curing at a higher temperature, for instance, is known to
expedite initial OPC hydration. The C-S-H gel formed during OPC
hydration at temperatures >65 �C is more highly polymerised than
when it forms at ambient temperature [20e22].

The effect of curing temperature on hybrid cements has not yet
been studied, however. The present survey therefore pursued a dual
objective. i) On the one hand, it aimed to verify the mechanical
properties, composition and structure of the reaction products
formed during the hydration of pre-industrially manufactured
hybridcement; ii) andontheother, todeterminewhetherpre-curing
temperature (25 ± 1 or 85 �C) plays a significant role in hydration.

2. Experimental procedure

2.1. Materials

The pre-industrial hybrid cement used was manufactured in at
Latin-American cement plant (about 20 tons were manufacture).
Fig. 1. Stages in HYC manufacture.

Table 1
Chemical composition of the pre-industrial hybrid cement (% by mass).

CaO SiO2 Al2O3 Fe2O3 MnO/Mn2O3

aCEMCC5 39.67 32.53 12.2 3.83 0.804

a CEM CC5 ¼ pre-industrially manufactured hybrid cement.
b Lol, loss on ignition.
The process, consisting in the joint milling of Portland clinker, slag,
fly ash and activator, is depicted in Fig.1. The proportions usedwere
30% Portland cement clinker þ32.5% BFS þ32.5% FA þ5% solid
activator.

Table 1 gives the chemical composition of the pre-industrial
hybrid cement (denominated CEM CC5) as determined on a
Bruker S8 TIGER X-ray fluorescence analyser. Its mineralogy was
foundwith a BRUKER AXS D8 ADVANCE X-ray diffractometer (XRD)
and quantified using Rietveld refinement. Given the high vitreous
content of pre-industrial hybrid cement, its quantification was
based on an external standard (30% corundum) [23]. Particle size
distribution was determined by laser granulometry using a SYM-
PATEC diffractometer with a measuring range of 0.90e175 mm. The
powdery samples were dispersed with isopropyl alcohol to elimi-
nate inter-particle Van der Waals and electrostatic forces.

The Rietveld-refined XRD pattern for the hybrid cement (CC5) is
reproduced in Fig. 2 (30% corundum was used as a standard [23]).
The quantification findings are given in Table 2. The clinker content
in the pre-industrial hybrid cement appeared to be slightly higher
than stipulated (on the order of 32.5% rather than the 30%
specified).

Further to the particle size distribution findings shown in Fig. 3,
95% of the particles measured under 45 mm and 40% under 10 mm,
meeting an important requirement for reactivity.

2.2. Method

In some Latin-American countries as Venezuela, Mexico,
Colombia the standards are more similar to ASTM than the EN
standards. For example in Colombia, the performance specification
for hydraulic cement, standard NTC 121 (equivalent to ASTM C1157/
C1157M.11), was approved in 2014. This standard classifies cement
types by their features and performance. General purpose cement,
UG, for instance, must exhibit a Vicat needle-determined initial
MgO SO3 Na2O K2O TiO2 Other bLoI

0.94 3.12 1.04 0.78 0.5 1.899 2.32

Fig. 2. Rietveld quantification of the cement CC5 studied using 30% corundum as a
standard.



Table 2
Rietveld quantification of cement mineralogy (using 30% corundum as a standard).

Rietveld (%) Hybrid cement

% Sub-total

C3S 20.05 32.50
C2S 5.45
C3A 3.98
C4AF 3.02
Gypsum 1.70
Quartz 3.00 63.75
Mullite 6.27
Amorphous matter 54.48

Fig. 3. Particle size distribution in cement.

Fig. 4. Heat flow and total heat released by hybrid cement pre-cured at 25 or 85 �C.
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setting time of over 45 and under 420 min. In the present study,
however, setting time was found as specified in European standard
EN 196-3, which is practically the same as in the Colombian code
and in ASTM 191.

In some Latin-American country as Colombian standard NTC
220 stipulates the use of 5-cm cubic specimens (with a cement/
sand ratio of 1/2.75, the amount of mixing water should be one that
produces a flow of 110 ± 5 in 25 strokes with the flow table) to
determine mechanical strength. The minimum 3-, 7- and 28-day
compressive strength values required for general purpose hy-
draulic cement (UG) are 8, 15 and 24 MPa, respectively (NTC 121).
Similar specifications about the specimens manufacture and
compressive strength values are in Venezuela standards (COVENIN
484-89 and COVENIN 28-93) or Mexico standards (NMX-C-061-
ONNCCE-2010 NMX-C-414-ONNCCE-2014).

In the present study, however, prismatic (4 � 4 � 16 cm) mortar
specimens were prepared as per standard EN 196-1 (water/cement
ratio ¼ 0.5; sand/cement ¼ 3/1), which is nearly equivalent to
standards ASTM C348 and NTC 120.

Two pre-curing temperatures were used to determine the effect
of temperature during initial curing of hybrid cement: a)
25 ± 1 �C at 99% RH for 20 h (further to EN 196-1); b) 85 �C at 99%
RH for 20 h (conditions normally used to alkali-activate fly ash
[5,19]). After pre-curing, the material was removed from the
moulds and stored in a curing chamber (25 ± 1 �C and 99% RH) until
the test age (3, 28 or 90 days).

Hydration kinetics at 25 �C and 85 �C were determined by
isothermal conduction calorimetry on a THERMOMETRIC TAM Air
calorimeter. To that end, 5 g of cement were hydrated with water at
a water/cement ratio of 0.5 (mass), mixed by hand for 3 min and
then placed in the calorimeter.

The prismatic (1 � 1 � 6-cm) paste specimens prepared with a
water/cement ratio of 0.3 to determine setting timeswere also used
for mineralogical and microstructural characterisation (XRD, FTIR
SEM/EDX and 29Si, 27Al MAS NMR). At the specified age, the pastes
were milled to a fine powder and the hydration reactions were
detained with acetone and ethanol.

The X-ray diffraction patterns for the powdered samples were
recorded on a Philips diffractometer using CuKa1,2 radiation. The
settings were: variable 6-mm divergence slit; 2 theta, 5-60�; step
time, 0.5 s; step size, 0.02�. Selected samples were analysed with
SEM/EDX techniques, in which polished and carbon-coated thin
sections were studied under a JEOL JSM scanning electron micro-
scope fitted with a solid-state BSE detector and a LINK-ISIS energy
dispersive X-ray (EDX) analyser. The MAS NMR analyses were
conducted on a Bruker Avance-400 spectrometer under the
following conditions: 29Si resonance frequency, 79.5MHz; spinning
rate, 10 kHz; pulse sequence, single pulse (5 ms); recycle delay, 10 s;
number of transients, 4912; external standard, TMS (tetrame-
thylsilane); 27Al resonance frequency, 104.3 MHz; spinning rate,
10 kHz; recycle delay, 5 s; pulse sequence, single pulse (2 ms);
number of transients, 400; external standard, Al(H2O)63þ.
3. Results and discussion

3.1. Reaction kinetics

The heat flow (J/g h) and total heat released (J/g) during pre-
industrial hybrid cement hydration are plotted in Fig. 4 for pre-
curing temperatures of 25 and 85 �C. A comparison of the heat
output rate profiles reveals that both temperatures have profiles
similar to that of a normal PC and so similar terminology is used in
their interpretation here. Pre-induction occurred too quickly for the
respective peaks to be visible on these curves.

At 25 �C, the acceleration-deceleration curve observed after a
short induction period, with a peak at 10.8 h, was associated with
the precipitation of reaction products [14,24e26]. The rounded
form of the curve suggested a series of overlapping reactions
(clinker hydration and slag and fly ash activation). These reactions
induced fairly low heat of reaction, around 200 J/h. A higher pre-
curing temperature expedited the hydration rate of cement
considerably: at 85 �C the main band peaked at 2.2 h with a heat
flow of 225 J/g h and clearly greater heat intensity.

It is clear from Fig. 4, that, with increasing temperature, the
maximum hydration peak increases, while the time to reach the
peak decreases. Additionally, it is observed that the peak width
decreases with increasing temperature, indicating a faster hydra-
tion rate with time. This means, that the rate of cement and the
SCMs hydration is accelerated with temperature, consistent with
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the laws of chemical kinetics and may also explain the maximum
total heat plateau occurring faster with temperature. It can also be
observed in Fig. 4 that the accumulated total heat increases with
temperature, it is probably due to more hydration products at early
age are precipitated.
3.2. Setting time and mechanical strength

Table 3 gives the initial and final setting times for cement pre-
cured at 25 �C. According to these findings, the hybrid cement
(CEM CC5) exhibited setting times compliant with both European
standard EN 196-1 (initial time > 75 min) and Colombian standard
NTC 121 (between 45 and 420 min).

Fig. 5 shows the 3-, 28- and 90-day compressive strength for the
(4 � 4 � 16-cm) prismatic mortar specimens pre-cured at 25 �C or
85 �C. Strength clearly rose with time. Initial pre-curing at the
higher temperature improved 3-day strength substantially. That
effect declined in more mature specimens, however. The 28-day
strength of the cement pre-cured at 25 �C was 35 MPa, while the
90-day value was 40 MPa. In contrast, while the specimens pre-
cured at 85 �C exhibited 3-day compressive strength of 30 MPa,
thereafter the value remained virtually flat, with only a slight rise.

With the strength values recorded (despite the use of
4 � 4 � 16-instead of 5-cm cubic specimens), the hybrid cement
developed compressive strength high enough to be regarded as apt
for general construction in some country as cement type UG in
Colombia, further to national standard NTC 121. From the stand-
point of its mechanical strength, it could also be classified as a Type
32.5 cement under European legislation. Nonetheless, given its low
clinker content, according to standard EN 196-1, it would have to be
classed as a Type V cement.
3.3. Mineralogical and microstructural characterisation

The diffractograms for the anhydrous cement and its 3-, 28- and
90-day hydrated pastes, pre-cured at 25 or 85 �C, are reproduced in
Table 3
Setting time.

Name L/S Setting time

Initial Final

CEM C 0.3 202 min 327 min

Fig. 5. Compressive strength of pre-industrial hybrid cement by reaction time and pre-
curing temperature.
Fig. 6. In addition to the crystalline phases typical of clinker (such as
alite and belite), the pattern for the starting cement exhibited the
mullite and quartz present in the fly ash and a hump across 2Q
25e35�, associated with the vitreous component in the slag and
ash.

An analysis of the variations in the diffractograms over time and
by pre-curing temperature revealed the following.

- In the 25 �C specimens, the intensity of the diffraction lines
associated with clinker anhydrous phases declined over time. In
contrast, the lines associated with the quartz and mullite pre-
sent in the fly ash remained unaltered. The new crystalline
phases detected included portlandite, ettringite, calcite and a
very low intensity signal associated with carboaluminates.
Rather than rising over time, the intensity of the portlandite
signal declined between 28 and 90 days. This was an indication
that the fly ash not initially activated exhibited pozzolanicity at
more mature ages [8,9].

- Portlandite, calcite and carboaluminates also appeared as new
phases on the diffractograms for the cements pre-cured at 85 �C
in the first 20 h. The most prominent difference between these
diffractograms and the patterns for the cement pre-cured at
25 �C was the absence of ettringite, even after 90 days.

- All the diffractograms contained a hump from 25 to 35� which,
as discussed below, was associated with the possible formation
and precipitation of a mix of C-(A)-S-H/C-A-S-H gels. The pre-
cipitations of a mixture of gels has been demonstrated in pre-
vious works in blended cement [12e14] and compatibility
studies of synthetic gels [27].

The 27Al and 29Si NMR-MAS spectra for the anhydrous cement
and the 28-day pastes pre-cured at the two temperatures are
reproduced in Fig. 7(a) and (b). The aluminium spectrum for the
anhydrous cement contained a wide asymmetrical signal centred
on þ60 ppm with a shoulder at þ80 ppm. The former was attrib-
uted to overlapping signals for the AlT present in the slag and fly ash
[12,18,28] and the latter to the AlT in the clinker [29e31].

When the cement was hydrated, the intensity of the þ80 ppm
signal declined, the resonance at þ60 ppm shifted to þ58 ppm and
Fig. 6. Three-, 28- and 90-day XRD patterns for hybrid cement pre-cured at different
temperatures. (Legend: A: alite 031-0301; Al: C3A 032-1048; B: belite 049-1673; C:
calcite 081-2027; E: ettringite 041-1451; F: ferrite phase 030-0226; P: portlandite 044-
1481; Q: quartz 046-1045; M: mullite 084-1205; G: CaSO4$2H2O 037-1496; a

3CaO$Al2O3.0.5Ca(OH)2.0.5CaCO3. 11.5H2O 041-0221).



Fig. 7. 27Al MAS-NMR and 29Si MAS-NMR spectra for the anhydrous hybrid cement and its 28-day pastes.
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new, very intense signals associated with octahedral aluminium
(AlO) appeared at around 12e11 and 9e8 ppm. The signal
at þ58 ppm was attributed to the presence of tetrahedral Al (AlT),
possibly surrounded by three or four silicon atoms [12,18,28]. The
symmetry of this signal and the fact that it was narrower than the
resonances in the starting materials suggested its possible associ-
ation with the tetrahedral aluminium present in C-A-S-H- and
(N,C)-A-S-H-like cementitious gels, as described in the literature
[12e14,27].

The signal at around þ12 ppm was attributed to the AlO in the
ettringite, likewise detected with XRD. The signals at around þ8/
þ7 ppm may be associated with the presence of a small amount of
octahedral Al (AlO) in the form of calcium carboaluminate [29e31].
This phasewas also detected by XRD, where the low intensity of the
signal was more than likely attributable to its scant crystallinity.
The signal at þ12.3 ppmwas absent on the 85 �C spectrum and the
signal at þ8.8 shifted to þ9.4 ppm. That finding confirmed that
when the cement was pre-cured at 85 �C for 20 h, no ettringite
formed (see spectrum deconvolution in Fig. 8).

The 29Si MAS-NMR spectrum (see Fig. 7(b)) for the anhydrous
cement exhibited a narrow, symmetrical signal centred
over �71.5 ppm and two shoulders, one at �70.2 and the other
at �73.8 ppm, denoting monomers (Q0). The narrowest signal
(�71.5 ppm) was attributed to belite (C2Sss) and the other two to
alite (C3Sss) components. Alite and belite are the two main con-
stituents of Portland clinker [29,30]. After spectrum deconvolution,
a series of wide signals detected in addition to the aforementioned
bands were assigned to the vitreous phase of the slag (see signals
around �66, -74 and �77 ppm in Fig. 7 and Table 4) [28,31]. The
lowest intensity signal centred at around �107/�108 ppm, along
with the one at �89 ppm, were associated with components in the
fly ash.

The signals associated with the anhydrous phases declined
significantly on the 28-day silicon spectra and new signals
appeared in the �79 to�90-ppm range. The signals at around �79,
-82 and �85 ppm were respectively generated by Q1 (end-of-
chain), Q2 (1Al) and Q2(0Al) units, typical of C-(A)-S-H gels
[27,29,30]. The signals positioned at more negative values,
around �87.9, -92 and �97.8 ppm (see Fig. 8 and Table 4), might be
associated with Q3(2Al), Q3(1Al) and Q3(0Al) units. The inference is
that very complex, highly polymerised structures, possibly a mix of
C-(A)-S-H and C-A-S-H gels, were forming in the per-industrial
hybrid cement.

Pre-curing at 85 �C induce minor variations in the intensity of
the signals comprising the 28-day gels. The ratio of less to more
polymerised units (Q1þQ2(nAl)/Q3(nAl) was slightly higher in the
material pre-cured at ambient temperature (2.9 compared to 2.5 at
85 �C). Extrapolating to C-(A)-S-H/C-A-S-H gel formation, this
finding denoted the generation of more C-(A)-S-H gel in the cement
pre-cured at ambient temperature and more C-A-S-H in the ma-
terial pre-cured at 85 �C.

The pre-industrial hybrid cement exhibited a fairly low (z40%)
CaO content and a higher (z12%)Al2O3 content than in OPC. Such
circumstances would favour the uptake of Al in the linear silicon
chains, which would in turn foster inter-chain cross-linking, giving
rise to two-dimensional structures [12,28,29]. That result is
consistent with the presence of a higher AlT/AlO ratio in these ce-
ments (see Fig. 9) than in ordinary portland cements. The signal
at þ58 ppm was an indication that in this case the AlT was sur-
rounded by several silicon atoms.

The 28-day samples studied under NMR were analysed with
scanning electron microscopic (SEM/EDX) techniques to confirm
the formation of one or several gels in the hybrid cement. The re-
sults are shown in Fig. 10. These micrographs showed that the
materials pre-cured at both 25 and 85 �C had a fairly compact
microstructure.

A number of unreacted spherical ash particles embedded in the
28-day cementitious matrix were observed. The clinker and slag
particles were more difficult to distinguish morphologically. As the
microanalyses show (Fig. 10, points 1, 2, 3 and 4), in addition to Ca
and Si, the gel formed contained Al and some Na. The variations in
gel composition were attributed to the fact that they were forming
alongside a clinker, slag or ash particle, which would confirm the
formation of a C-(A)-S-H/C-A-S-H-like mix of gels. Another finding



Fig. 8. Deconvolution of (a) 27Al MAS-NMR and (b) 29Si MAS-NMR spectra for the anhydrous hybrid cement and its 28-day pastes.

Table 4
Deconvolution of 29Si MAS-NMR spectra, showing signal position and area.

Sample Slag Clinker Slag Q1 Q2(1Al) Q2 Q3(2Al) Q3(1Al) Q3 FA

Q0 Q0 Q0 Q1 Q4

Anhyd. Pos.(ppm) �66.3 �69.8 �71.6 �73.0 �74.3 �77.6 �89.0a �107.1
Integration(%) 3.72 8.67 11.34 8.45 8.5 26.16 8.03 25.11

25 �C Pos.(ppm) �67 �69.5 �71.6 �73.9 �75.5 �77.2 �79.6 �82.3 �85.6 �87.9 �92.2 �97.8 107.4
Integration(%) 5.01 4.68 10.59 4.13 2.2 4.52 11.36 15.97 13.29 3.47 5.2 5.04 14.54

85 �C Pos.(ppm) �66.3 �69.1 �71.5 �73.4 �75.5 �77.7 �79.9 �82 �84.6 �87.9 �92.4 �97.6 106.7
Integration(%) 1.91 2.70 10.41 6.67 3.57 4.47 9.17 6.07 21.44 6.56 5.85 2.58 18.61

a Signal for a phase in fly ash, possibly mullite.
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worthy of note was the presence of a small amount of Na (see
microanalysis), sourced from the alkaline activator (CC5) used to
manufacture the cement. The sodiumwas fixed in the cementitious
gel to balance the charge deficit generated when a silicon tetra-
hedron was replaced by an aluminium tetrahedron.

As far as the effect of temperature is concerned, the XRD ana-
lyses detected no ettringite at any age (3, 28 or 90 days) in the
pastes pre-cured at 85 �C for 20 h. Nonetheless, SEM revealed the
presence of sulfates throughout the matrix, in all likelihood the
result of the adsorption of the sulfates present in the aqueous phase
onto the gel surface (see points 3 and 4). Many of the references in
the literature to the uptake of sulfate ions on/into the C-S-H gel
surface/structure [32,33] report that this development is favoured
by the presence of alkalis and high curing temperatures. None-
theless, the impact of the sulfate ions absorbed onto the gel
structure has yet to be determined. In contrast, the risk posed by
the release of those ions at mature cement ages and concomitant
delayed ettringite formation (DEF) is better understood [34,35].

The calorimetric and XRD findings indicated that raising the
curing temperature from 25 to 85 �C in the first 20 h of the reaction



Fig. 9. Sums of AlT and AlO signals (in per cent).
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expedites initial hydration in hybrid cement. That would explain
the high 3-day mechanical strength values (z30 MPa). At longer
reaction times, however, the beneficial effect of a higher pre-curing
temperature was attenuated, whereas in the mortars pre-cured at
ambient temperature mechanical strength continued to rise, with
28- and 90-day values of 35 and 40 MPa, respectively. That may be
because the reaction products that formed rapidly in the cements
pre-cured at 85 �C built a barrier around the unreacted particles,
delaying their hydration [24,36].
Fig. 10. SEM micrographs and EDX analysis of 28-d
The variations revealed by NMR and SEM in the composition
and structure of the gels also merit comment. When initial curing
took place at 85 �C, more C-A-S-H than C-(A)-S-H gel formed. High
curing temperature and the presence of alkalis are known to hasten
calcium silicate hydration in clinker and C-S-H gel nucleation,
although these two parameters also lower calcium hydroxide sol-
ubility [32,33] and consequently the amount of this compound
available for ettringite formation. At the same time, higher tem-
perature and alkalis raise the solubility of the Si and Al in SCMs [24]
(ash and slag in this case). Therefore, with the rise in pre-curing
temperature, the aqueous phase would be expected to contain
larger amounts of Si and Al ions and smaller amounts of Ca ions.
That would favour the speedier precipitation of C-A-S-H than C-
(A)-S-H gels. C-A-S-H gel formation around unreacted particles
early into the reaction would explain the high 3-day strength
observed in the cement pre-cured at 85 �C. This possibly less
permeable gel would hamper the diffusion and subsequent hy-
dration of anhydrous particles, however, explaining the lesser rise
in mechanical strength observed.
4. Conclusions

This report on a pre-industrial hybrid cement with a low clinker
content manufactured with an alkaline activator shows that the
production of cement with a very low clinker factor and high me-
chanical strength is feasible. The material in question set and
hardened at ambient temperature, giving rise to a binder with
higher mechanical strength than required for general purpose
cement (UG) under Colombian standard NTC 121, and for class 32.5
cement defined in European standard EN 196-1.
ay CEM CC5 pre-cured at: (a) 25 �C; (b) 85 �C.
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Hybrid cement owes its good mechanical strength to the main
hydration product, a mix of cementitious gels C-(A)-S-H þ C-A-S-H.
These gels take up a larger percentage of aluminium and are more
intensely polymerised than traditional C-S-H gel.

In hybrid cement a high pre-curing temperature expedites hy-
dration reactions in much the same way as in OPC and alkaline
cements. Raising the temperature from 25 to 85 �C accelerated the
initial reaction in the cement studied, which exhibited 3-day
compressive strength values of up to 30 MPa. Nonetheless, the
subsequent development of mechanical strength was slower than
when the cement was pre-cured at ambient temperature. Initial
curing at 85 �C for 20 h induced the formation of more polymerised
gels (lower ratio) and inhibited ettringite formation (or favoured its
swift decomposition), at least during the first 90 days, the
maximum age of the materials analysed here. The possibility of
delayed ettringite formation (DEF) at later ages in these thermally
pre-cured hybrid cements cannot therefore be ruled out.
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