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Abstract The effect of sodium silicate (NS system) and
sodium hydroxide (NH system) on hydration properties of
alkali-activated slag (AAS) cements is investigated, and
more attention has been paid to the hydration kinetics in
this paper. The increase of Na,O dosage tends to promote
higher early strength of the cements, but lower strength
gain at later, while increasing SiO, dosage leads to improve
both early and later strength. The hydration of the two AAS
cements proceeds through three processes after induction
period finished, namely nucleation and crystal growth
(NG), phase boundary reaction (I), and diffusion (D). With
the increased Na,O dosage and decreased SiO, dosage, the
NG and I processes are shortened. The hydration rate
during NG and I processes is also accelerated. CSH gel is
the main hydrates of all AAS cements, but the activator
type and content have impact on the minor hydration
products.

Keywords Alkali-activated slag cements - Hydration
properties - Hydration heat - Hydration kinetics

Introduction

AAS cement is a mix of 100% ground granulated blast-
furnace slag (GGBS, hereafter slag) with alkaline activa-
tors, of which slag is industrial by-products with latent
hydraulicity, and can achieve high strength in the presence
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of proper alkaline activator [1-3]. The alkaline activator,
typically sodium hydroxide (NaOH), sodium silicate (often
used in practice in the form of Na,O-nSiO, or its mix with
NaOH), is the well-known method to activated the
hydraulic properties of slag [4-7].

Plenty of early studies have discussed the effect of
activator type and content on the hydration kinetics of slag,
concluding that early hydration of slag activated by both
alkalis stated above proceeds in five stages, viz. pre-in-
duction, induction, acceleration, deceleration, and diffu-
sion, which is known to be a typical pattern for the
hydration kinetics of OPC. But the hydration mechanism,
the duration and intensity of each stage are distinct,
depending on the type and concentration of the activator
[8-11]. For sodium hydroxide-activated slag (NH)
cements, its duration of each stage is very short, and no
noticeable induction period is observed compared to OPC.
But, for the sodium silicate-activated slag (NS) binders, it
usually involves an initial double peak during the pre-in-
duction stage and extended induction period, also, these
two initial double peaks may merge into one depending on
the prime materials used and the curing conditions
[4, 5, 12-16]. A few recent studies, however, have noticed
two dominant periods and three exothermic peaks in NS
system, which is probably because the occurrence of new
reaction processes of slag via a diffusion mechanism [4, 7].

With respect to activator content, Krizan and Zivanovic
[13] discussed the effect of activator dosage on the
hydration kinetics of sodium silicate-activated cements. An
increment of activator dosage tends to accelerate the
hydration rate and enhance both the initial and accelerated
peak. Besides, the cumulative heat of hydration also
increases but still lower than that of OPC. The results are in
agreement with that reported by Gebregziabiher et al. [4],
who have also studied the effects of the molarity of NaOH
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activator and silica modulus Ms (Ms: molar ratio of SiO,/
Na,0) of sodium silicate activator on the hydration kinetics
of AAS cements: A higher NaOH molarity tends to
accelerate early hydration, but decrease the total heat
evolution thereby limiting the hydration degree of slags.
Moreover, a retarding effect of SiO, on hydration process
of NS, compared with NH and OPC, is observed, and this
effect appears to be even more evident when silica modulus
increases, but with no penalty in the total heat evolution
thereby the hydration degree of slags.

However, the exact hydration mechanism that explains
the reaction of the slag with an alkaline activator is not yet
quite understood. Some authors have considered the
hydration process of AAS to occur through a highly
heterogeneous reaction [17, 18]. And this heterogeneous
reaction of AAS has been reported to be governed by three
mechanisms: (a) nucleation and growth of initial solid
phases, (b) interactions at the boundaries of the phases
formed, and (c) diffusion through hydration products layer
[18-23]. Fernandez and Puertas [9, 18] have discussed the
reaction mechanism of slag with an alkaline activator after
the induction period by develop mathematical models of
hydration kinetics through use of calorimetric data. The
authors of their early work, which has taken account of the
effect of activator dosage and curing temperature in the
reaction kinetics, reveal that the mechanism explaining the
alkaline activation of slag after the induction period is
mainly diffusion, and the Jander equation [23] best fits the
experimental results [9, 20]. Thereafter, their further work
considers the effect of activator type in the kinetic studies,
indicates that once the induction period has finished, the
reaction of slag with various activator is governed by three
mechanisms of nucleation, phase boundary interaction, and
diffusion. The kinetic equations that best describe these
three mechanisms happen to be as same with the Krstu-
lovic—Dabic model, which is mainly used and valid for the
kinetic studies of cement-based materials [18, 22].

Consensus related to the hydration products has
achieved based on enormous studies [24-28] that calcium
silicate hydrate(C—S—H), or with aluminium-substituted, is
the main reaction product of AAS. It is companied by the
formation of hydrotalcite-type phase whenever the alkaline
solution is composed of just NaOH or mixed with Na,.
0-nSi0,. However, important disagreement over the exis-
tential state of sodium remain exists. Some researchers
[29, 30] have noticed the zeolites such as natrolite and
gismondine, while others [24, 31, 32] have found that there
is no sodium-based hydrated compounds (zeolites) exist,
but the sodium is most likely inside the C—S—H gel with the
replacement of Ca*" by Na™, leading to the formation of
C—(Na)-S—-H. AFm-type phases have also been identified
formed in AAS cements according to some researchers
[33-36].
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As stated above, the effects of sodium silicate and
sodium hydroxide and their content on the hydration
properties have been conducted intensively. However, the
existing literature mainly focus on the effect of silica
content (or silica modulus Ms, and Ms equal to zero for
sodium hydroxide, otherwise for sodium silicate) by
keeping the percent sodium oxide constant, or the effect of
activator dosage by keeping the silica modulus fixed, while
neglecting the effect of sodium oxide content on the
alkaline activation of slags with constant silica. In addition,
the studies over the kinetics modeling of alkaline activation
process of AAS by means of calorimetric data are rela-
tively limited, and the law control the hydration of AAS
after induction period is turn out to be fairly different as the
previous statements. Thus, in this paper, the effect of
alkaline activators with various sodium oxide and constant
silica content, and the opposite, on the hydration properties
of AAS cements, are investigated but without consideration
of the dosage of sodium silicate, which has been reported
in somewhere else at length by other authors [7]. More
attention is paid to the effects on the hydration kinetics as
well as the kinetic model [18]. Based on the results, the
early hydration mechanism controlling the alkaline acti-
vation of slag is also analyzed in detail. Other important
hydration properties including hydration products and
microstructure of cement pastes as well as mechanical
strength are also investigated to elaborate the topic.

Experimental
Materials

Ground-granulated blast furnace slag (slag) compliant with
requirement of Chinese national standard GB/T
18046-2000 is used as the raw materials. Meanwhile, the
ordinary Portland cement (CEM I 42.5) that conforms to
Chinese national standard GB175-2007 is served as a ref-
erence in this study. Chemical composition of OPC and
GGBS with their specific surface area of around 400 kg/m?
is given in Table 1.

With respect to alkaline activators, sodium silicate
solution with modulus (Ms, molar ratio of SiO,—Na,0) of
3.3 and sodium hydroxide pellets of industrial grade was
used. Four aqueous solutions of sodium silicate, with silica
molarity (M) of 2.5 and 1.5 and sodium oxide molarity
(M) of 2 and 1.5 (the expression of activator has referred to
[26] which may provide an easy way to elaborate the effect
of SiO, and Na,O dosage on hydration properties in this
paper), were prepared by mixing sodium hydroxide previ-
ously dissolved in water with sodium silicate in proper
proportion, forming what is actually a compound solution
of sodium hydroxide and sodium silicate. Also, the solution
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Table 1 Chemical composition of raw materials/mass, %
Raw materials SiO, Al O3 CaO Fe, O3 MgO SO, K,0 Na,O P,Os
OPC 19.59 5.64 62.63 3.61 1.52 3.50 0.82 0.12 0.12
GGBS 32.54 14.14 41.07 0.45 6.03 345 0.68 0.36 0.05
Table 2 Composition of activators with respect to 1 kg GGBS 100
AAS SiO,/M Na,O/M Ms H,0(g)

©
NS-1 2.5 2 1.25 400 <
NS-2 15 0.75 400 %
4 M-NH 0 0 400 S
NS-3 2.5 1.5 1.67 400 @

%)
NS-4 1.5 1 400 5,
3 M-NH 0 0 400 4

a

€

<)

(@)

with silica molarity equal to zero has been prepared by
using NaOH alone, of which the actual concentration of
NaOH equal to 4 and 3 M in correspond to 2 and 1.5 M
Na,O, respectively. The compositions of activators are
summarized in Table 2.

Experimental methods

According to the mix proportion of the pastes shown in
Table 3, 40x40x40 mm cubic specimens were prepared
by the paste mixer with water to cement ratio of 0.4. All the
specimens were cured in ambient environment with rela-
tive humidity (RH) higher than 90% and temperature of
20 &£ 2 °C till the stipulated age of 3, 7, 28, and 90 days.
The compressive strength of paste at different ages was
tested by WAY-2000, an electro-hydraulic compression-
testing machine. Specific test procedure is referred to GB/T
17671-2005: Method of Testing Cement-Determination of
Strength.

And then, the specimens were broken, and the small
samples in the central part of the specimens were selected
to soak in anhydrous ethanol to terminate the hydration for
microstructural tests of scanning electron microscopy

0 T T T T T T T T
0 20 40 60 80

Age/days

Fig. 1 Compressive strength of AAS cements

(SEM). The rest of sample pieces were ground in the agate
mortar and dried in 60 °C for 2 h for X-ray diffraction
(XRD) tests. The SEM equipment, used for hydrates
morphology analysis, is JSM-5610LV produced from
Japanese Electronics Co., Ltd. The XRD is detected by
X’Pert Pro, Palytical of The Netherlands, with operating
voltage of 40 kV and working current of 40 mA, setting
the scanning scope ranging from 10° to 70° and scanning
speed of 6° min~'. The XRF experiments were measured
on Axios advanced X-ray fluorescence instrument, in
voltage range from 30 to 60 kV, with approximately 5 g of
sample. The rates of heat evolution and the hydration heat
release of all pastes with same water to cement ratio 0.4
were determined by a typical ex situ isothermal conduction
calorimeter (Toni DCA7338), and the dosage is 10 g with
accuracy 0.001 g.

Table 3 Kinetic parameters determined by means of the Knudsen extrapolation model

Sample n K, K, K; o a2 R ) O
NS-1 1.6944 0.0689 0.0179 0.0035 0.1595 0.2626 0.1031 190.48
NS-2 1.7593 0.0868 0.0198 0.0032 0.1209 0.2226 0.1017 182.12
NS-3 1.5132 0.0373 0.0109 0.0026 0.2219 0.3526 0.1307 139.86
NS-4 1.5824 0.0534 0.0161 0.0037 0.2007 0.3245 0.1238 153.16
NH-1 1.2600 0.1426 0.0262 0.0043 0.0769 0.2258 0.1489 204.082
NH-2 1.2496 0.0914 0.0248 0.0041 0.1113 0.2331 0.1218 193.424
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Results and discussion 44
—#+— NS-3
. —a— NS-4
Compressive strength —o— OPC

The compressive strength of all specimens measured at the
stipulated age of 1, 3, 7, 28, and 90 days is presented in
Fig. 1. The results indicate clearly that all cements show
progressive strength development during curing ages. It is
clearly that NHs exhibit the lowest compressive strength
while NSs, of which the Na,O concentration is same as
NHs, present compressive strengths close to or even higher
than that of OPC at corresponding age. In addition, the
compressive strength is increasing with an increase of SiO,
molarity in NSs with both 2 M Na,O (NS-1 and NS-2) and
1.5 M Na,O (NS-3 and NS-4). However, with regard to
NSs with controlled SiO, concentration of 2.5 M (NS-1
and NS-3) or 1.5 M (NS-2 and NS-4), the compressive
strength increases with the increase of Na,O concentration
at early age but just the opposite at later age. While for
NHs, the strength development of NHs with lower molarity
(3 M-NH) is slightly slower than the one with higher
molarity (4 M-NH) before 28 days, but the strength of
former catches up with that of the later at the age of
90 days.

Hydration heat evolution
Rate of heat evolution

The rate of hydration heat curves of AASs discussed in this
paper is illustrated in Figs. 2—4. In all of these figures, OPC
has been set as the control.

Figures 2 and 3 describe the hydration heat evolution
rate of NS system, from which an obvious early exothermic
peaks corresponding to initial dissolution and wetting of
slag particles occurs during the first several minutes upon
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Fig. 2 Heat evolution rate of NSs with 2 M Na,O
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Fig. 3 Heat evolution rate of NSs with 1.5 M Na,O

contact of slag with sodium silicate solution [4, 13, 23],
followed by a long induction period and thereafter entering
into acceleration period, which can be assigned to the
substantial formation of CSH with various levels of metal
ions (Ca, Na, Mg, etc.) substituted [5, 37-39]. As SiO,
molarity increases, the induction period is prolonged and
the signal of the second peak is less intense and delayed,
which further demonstrates that SiO, has a retarding effect
on the hydration of slag [4]. This retarding effect may be
explained by the reasons that the hydrolyzation rate of
OH™ from Na,SiOj; is inhibited with the increase of SiO,,
leading to slower dissolution of slag and a decrease of
relative Ca>" concentration in the system [40-42]. After-
ward, the time when Ca’" reaches supersaturation is
delayed, and the reaction between Ca’" and [SiO4]* is
decelerated and weakened.

Comparing Figs. 2 with 3, the hydration of slag is
greatly accelerated with the increased Na,O concentration.
The induction period, which lasts nearly 30 h and 17 h at
3.7% Na,O (NS-3 and NS-4), is reduced to 6 and 8 h (NS-1
and NS-2), respectively. In addition, the magnitude of
accelerated hydration peak of NSs with 2 M Na,O is higher
than that with 1.5 M Na,O and even comparable to that of
OPC. These did indicate an acceleration effect of OH™ on
the dissolution and hydration of slag.

Figure 4 represents the hydration heat evolution rate of
NH system. For the NHs, there is no distinct induction
period and dissolution period observed in the curves. Only
one major peak is identified in the calorimetric data for
both concentration of activators, which happens immedi-
ately after mixing the slag with NaOH solution. This may
ascribe to rapid hydration rate caused by high OH™ con-
centration in the solution, leading to the dissolution and
induction period occurring within around a few minutes or
less and even not possible to be detected. The hydration of
NHs proceeds so quickly compared with that of NSs, the
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Fig. 4 Heat evolution rate of NHs

hydration rate and the magnitude of second peak even
exceed that of OPC. The acceleration period corresponding
to the substantial formation of CSH is advanced slightly,
and the intensity of the second peak is also enhanced
mildly with increased Na,O concentration or NaOH
molarity.

hydration heat

The cumulative hydration heat curves of all AASs are
shown in Figs. 5-7. From these figures, lower total heat
evolution of AAS systems than OPC is observed, which
may contribute to the extensive use for engineering
practice.

Figures 5 and 6 show the cumulative heat evolution of
NSs decreases disproportionally with the increase of SiO,
molarity, indicating a higher hydration degree of slag with
lower SiO, molarity. The compressive strengths of NSs,
however, increase proportionally with the increase of silica
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Fig. 5 Hydration heat of NSs with 2 M Na,O
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Fig. 6 Hydration heat of NSs with 1.5 M Na,O

molarity. As increasing silica indicates more [SiO4]4_ but
less OH™ hydrolyzed from sodium silicate in the solution.
On the one hand, an increase of [SiO4]47 contributes to the
formation of CSH with increased quantity and polymer-
ization degree. On the other hand, the less OH™ results in
decreased hydration degree of slag [6, 7, 13, 29]. When the
contribution of the former outweighs the negative impact
of the later, the reason that the compressive strength
increases with increased silica is explained.

Comparing Figs. 5 with 6, the cumulative heat evolution
is greater with higher Na,O dosage, implying a higher
hydration degree with increased Na,O. This follows well
with the early age strength development discussed in the
previous section, i.e., the higher the Na,O dosage, the
higher the early strengths. However, this relationship
between strength and Na,O dosage is inversed at late
curing ages (after 28 days), it may be attributed to the
reason that higher OH- initiates the hydration process more
quickly and results in a faster and denser early product
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Fig. 7 Hydration heat of NHs
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formation, thus limiting the later-age microstructural
development and strength gain. Furthermore, it worth to be
noted that the cumulative heat evolution and consequent
hydration degree of NSs with higher Na,O are greater than
the one with lower Na,O, the compressive strength, how-
ever, seems to depend more on the SiO, concentration, and
the more the SiO, molarity, the higher the strength. For
instance, the strength of NSs with higher silica molarity
(NS-1 and NS-3) is shown to be much higher than the one
with lower silica molarity(NS-2 and NS-4). This may
indicate that the strength relies more on the reaction of
[SiO4]47 clusters and structural development than on the
hydration degree.

Figure 7 presents the cumulative heat evolution curves
of NHs. It is observed that increasing activator molarity of
NaOH results in greater cumulative heat evolution and
therefore a higher degree of hydration, which is consistent
with the strength in the previous section that the early
compressive strength of 4 M-NH is higher than that of
3 M-NH as a whole. But the strength development of 4 M-
NH after 28 days is slower than that of 3 M-NH. This
results, combined with the effect of Na,O content on the
strength of NSs as stated above, indicate that a higher Na,O
is unfavorable to the long-term strength development.

Comparing the hydration heat evolution of NHs and NSs
with their strength. It is evident that NHs display faster
hydration rate and hydration degree but relatively lower
compressive strengths than NSs, since the C—S—H formed
using NaOH at early ages is denser and less porous, and the
further hydrates are formed mainly in the place of original
slag particle but not in the empty coarse pores, leading to
lower compressive strength even with higher degree of
hydration compared to NSs [24], which again indicates that
the strength development relies more upon the reaction of
ion cluster and the microstructural development than upon
the hydration degree.

Hydration process simulation
Kinetic model

The Krstulovic-Dabic model assumed that three basic
processes taking place in a heterogeneous system, namely
nucleation and crystal growth (NG), phase boundary
interaction (I), and diffusion (D) [22], which has also been
reported to be reaction processes occur in alkaline activated
slag as previously mentioned. All the three processes are
considered to occur simultaneously but the one with the
lowest rate dominates the hydration process as a whole
[41]. The Krstulovic—-Dabic model provides the basic
kinetic equations describing the three dominating pro-
cesses. Among those equations, the basic Avrami—Erofeev
Eq. (1) is taken to describing hydration kinetics during the
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dominate nucleation and growth process [43], Eq. (2) is
usually used for interactions at phase boundaries, and
Jander’s Eq. (3) is the best to explain this diffusion process
[23].

[—In(1 — o))" = K7 (1 — 10) = K, (1 — 1) (1)
[1—(1 =) = Kor~ (1 — 1) = Ky (t — 10) (2)
[1— (1 — o)1 = Ksr (1 — 19) = Ky (1 — 1) (3)

where o is hydration degree; K; (K;), K, (K;),K3 (K3) are
rate constant corresponding to three hydration process of
NG, I, and D; ¢ is hydration time; f, is the ending time of
induction period; n is the crystal growth index reflects the
geometrical crystal growth, 1 < n < 2 [28]; r is the parti-
cle radius.

When « is differentiated with respect to t in the equa-
tions above, hydration rate of each process of NG, I, and D
is obtained the equations being as follows:

do/dt = Fi (o) = K (1 —d)[—ln(l—a)](”_l)/” 4)
do/dt = Fr(a) = 3K,(1 — oc)2/3 (5)

do/dt = F3(o) = 3/2[K3(1 — 2)*)/[1 = (1= )'7]  (6)

where Fi(a), Fa(o), and F3(o) represent the hydration
process of NG, I, and D, respectively. Based on the
hydration heat values Q'(r) and the rate of hydration evo-
lution dQ/dt obtained through isothermal conduction
calorimetry, the hydration degree o and hydration rate
do/dt required for the kinetic simulation of hydration
process are determined by the following equations [44].

/

() = Q (1)) O (7)

do/dr = dQdr - —— (8)
Qmax

where this newly defined Q' (¢) is the heat released from the
end of induction period due to the fact that the dissolution
period progress so fast that it is not always possible to be
detected, meanwhile, the induction period is also consid-
ered to make a small contribution to the total heat. So, this
simulation is conducted from the beginning of the second
peak, namely the ending of the induction period [9]; Q/maX
is the total heat released when the reaction has completely
finished and is obtained by using the Knudsen extrapolation
Eq. (9) to linear fit the hydration heat evolution curves
[18]:

1 1 150
~ = A7 + 7
Q Qmax Qmax (t - l())

where 5 is the time required for releasing 50% of the total
heat.

©)
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Fig. 9 Determination of kinetic factors (n and K '1) of nucleation and
crystal growth (NG) process from linear regression

For a real system, the leax is firstly calculated by taking
Eq. (9) to linear fit the hydration heat data of AASs, as
shown in Fig. 8. Kinetic parameters K/1 and n under NG
process would be deduced and calculated by Eq. (4), as
shown in Fig. 9. Ké under process I and K; under process
D would be deduced and calculated by using the same
method.

Then by substituting those parameters into Eqgs. (4)—(6),
the kinetic curves Fi(a), Fa(o), and F3(a) as a function of
degree of hydration o are procured. Likewise, the experi-
mental curves of hydration rate (do/dr) as a function of o
are also obtained by Eq. (8). Finally, a comparison of the
simulated curves with the experimental curves of hydration
rate and an analysis of the kinetic parameters is performed
to understand the reaction mechanism controlling the
alkaline activation process of slag.

Determination of hydration mechanism

As shown in Fig. 10, theoretical curves F (), F»(o), and
F3(a) simulated by Krstulovic—-Dabic model are compared
with practical hydration rate (do/dt) curves deduced from
experimental data. It can be seen in Fig. 10 that the hydra-
tion rate curves do/dt could be well segmentally simulated
by theoretical curves Fy(«), Fa(o), and F3(x) It also
deduced that all activated-slag involves three processes of
NG, I, and D when the induction period has finished.

In the early hydration of sodium silicate-activated slags
(Fig. 10a—d) after induction period, a nucleation and
crystal growth dominate the hydration process because of
the sufficient alkaline solution supply and deficient
hydration products [24, 47]. The NG process involves the
formation of nuclei and the growth of hydrate phase from a
fixed nuclei when a stable supersaturation of Ca**" dis-
solved from slag grain is maintained [48, 49]. However,
there were disagreements over the manner of nucleation
and growth process. Some authors [7, 13, 24] hold that the
NG process of NSs is a heterogeneous reaction and occurs
preferentially on the surface of the grains, and hydration
products grow outward from the grain into the capillary
pore space, which is consistent with that in OPC or C;S.
Whereas other authors [10, 45] claim that hydrates for-
mation occurs by nucleation in the capillary space away
from the grain surface through a homogeneous “through
solution” process as they mention the observation of a fast
formation of a gel-like interstitial matrix but no reaction
rim around the slag grain. Nonetheless, as shown in
Fig. 10, the NG process is fitted by kinetic models with
high relevancy. It combines with the fact that the hetero-
geneous process has lower activation energy than homo-
geneous nucleation, and indicates the nucleation occurs on
solid surface preferentially through a heterogeneous
nucleation process [13, 14]. Thereafter, if the nuclei of the
products formed in NG process are uniformly distributed
on the solid surface and with the continuous growth of the
hydrated phase, the reacting interphase between solid sur-
face and pore solution is rapidly formed; in this stage, the
phase boundary reaction governs the hydration process.
With hydration process continues, the hydration process is
thereafter governed by the diffusion owing to a relative
large amount of hydration products formed and a lack of
water for ion migration [38].

For the hydration kinetics of NaOH-activated slag
(Fig. 10e-f), it is also deduced that the process of alkaline
activation of slag goes through nucleation and crystal
growth once the induction period has finished, but may be a
continuing NG process as the pre-induction stage may
involve substantial initial product formation according to
some researches [4, 5, 24]. With prolonged hydration
process, the hydration turns to I stage and then turns to
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Fig. 10 Hydration rate curves for a NS-1; b NS-2; ¢ NS-3; d NS-4; e NH-1; f NH-2

D stage because of space restrictions and the lack of

availability of water, which cause the ion migration to be
relatively difficult.

Kinetic parameters analysis
The kinetic parameters of hydration process of AAS are

shown in Table 3. A comparison of kinetic parameters for
the samples indicates essential differences in the system

@ Springer

[24]. The values of exponent n, which describes nucleation
and the geometrical crystal growth [34], increase with
increased dosage of Na,O and decrease with increased
SiO, molarity for all examined AAS cements. This indi-
cates that the activator type and content have pronounced
effect on the crystal growth geometry.

It can be seen in Table 3 that the rate of NG process is
about 4-5 times the rate of I process, and it is about 20
times the rate of D process for NS system. And, for NH
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system, the difference in rate between NG process and D
process is even large, which implies that the hydration rate
of NG process is the fastest followed by that of I and D
process in sequence. The hydration of slag in the presence
of alkaline activator during NG process is the autocatalytic
reaction. Owing to the fairly high concentration of alkaline
solution and a relatively small number of hydration prod-
ucts formed at the initial period, it provides a strong driving
force for forming a dispersive phase of crystal nucleus on
the active centers of slag and also exerts a significant
crystallization pressures for the growth of these crystal
nucleus [29, 30]. In addition, the continuous growth of the
crystal nucleus leads to an increase in their area of
boundaries, which in turn accelerate the autocatalytic
reaction. Thus, the hydration reaction during NG process is
fairly fast. Nevertheless, the rate of phase-boundary reac-
tion is affected by the ion concentration, the surface area of
the crystal, growth space of hydration products, etc. [46].
Due to the fact, the NG process, during which the products
formation is accelerated, has consumed a great deal of
reactive ion and occupies a lot of space, thus the reaction
rate on the reacting interphase between pore solution and
solid surface of slag during I process may be lower than the
reaction rate during NG process. When the reaction pro-
ceeds into D process, the hydration reaction becomes even
slower because of the lower concentration of alkaline
solution, the less growth space for hydration products as
well as the continual thickening of the products, which
makes the ion mobility even more difficult. As shown in
Table 3, for NS system, the value of K; increases with
increasing concentration of Na,O, but decreases with an
increase of SiO, molarity. The increase of Na,O concen-
tration and the drop of SiO, molarity lead to the increase in
OH™ thus an increase in the growth rate of crystal nucleus.
As a result, the rate of hydration reaction during NG pro-
cess is accelerated with increasing Na,O concentration but
decreasing SiO, molarity. For I process, the values of K/2
basically obey the same regularity as K'1 Owing to the
faster hydration reaction during NG process with higher
OH™, a greater concentration of dissolved ions and an
increase of area of phase boundary between crystals and
pore solution may be obtained, thus, the rate of hydration
reaction during / process is also accelerated. K;, however,
displays irregularity for NSs and seems to be influenced by
both the activator content and the products formed during
NG and I process [38, 40]. When activated with NaOH, the
rate of hydration, K/l s K/2 and K/3 all increase compared with
that of NS system and all increase with increasing Na,O
dosage. This is due to the greater driving force of high
OH"™ concentration for the dissociation of slag grains and
acceleration of the hydration reaction by providing an
alkaline environment. Additionally, more hydration

products formed in NS than in NHs because of the presence
of additional [SiO4]*~ from sodium silicate [13], hindering
the transport of reactants. It indicates that the type and
content of activator greatly affect the hydration process of
slag.

The intersection points of the curves, namely «; and o,
which are turning point from NG to [ and [ to D, respec-
tively, are also given in Table 3. With respect to NS sys-
tem, it is clear that both of duration for the NG process and
I process are shortened with increasing Na,O concentration
and decreasing SiO, molarity; namely, the increasing of
Na,O promotes the hydration reaction of samples to
transform from NG to [ process and from [ process to
D process at a relatively low degree of hydration. This is
probably due to the reason that a higher concentration of
NayO plus a lower SiO, molarity in alkaline solution is
conducive to hydrolyzing more OH™, which will greatly
promote the early hydration of NG and I process, leading to
a shaper exothermic rate peak and shorter hydration dura-
tion [29]. Thus, the transformations occur at a relatively
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Angle Cu/26

Fig. 11 XRD analysis of AAS pastes at age of 28 days
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. % -Tobermorite
A -Hydrotalcite-like phase
v -AFm

Angle Cu/20

Fig. 12 XRD analysis of AAS pastes at age of 90 days
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lower degree. The same trend for NHs by increasing Na,O
molarity is also identified with the similar reasons.

Hydration products
XRD

Figures 11 and 12 show the XRD patterns of AAS pastes at
28 and 90 days, respectively. For all hydrated samples, a
obvious diffraction peak at 29° 20 and a less evident
reflection at 49.5° 20 are observed, which can be attributed
to C-S-H(PDF 033-0306) [24]. The diffraction peak at 29°
20, combined with that at 23° 20, could also be partly due
to calcite resulting from carbonation. In the NaOH acti-
vated system, an additionally reflection at 7° 20 (not
showing here as curves before 260 = 10° has been cut off
for layout aesthetics)is detected and also a less broad
reflection at 29° 20 that match with the powder diffraction
file of C—S—H(I) (PDF 034-0002) [29]. This phase can also
be identified at 32° 20, 50° 20, and 55° 20, which indicates
that hydration products formed in NHs are more highly
crystalline than those formed in NSs. Besides, reflections at
11° 260 and 23° 260 corresponding to hydrotalcite-like

Fig. 13 SEM micrographs of AAS pastes at age of 28 days

@ Springer

phase(PDF 043-0072) can also be detected in NH-2 but not
in NH-1 at 28 days. This may due to the non-uniform
sampling process according to the following SEM analysis.
In addition, the XRD patterns at curing age of 90 days
show that the type of the hydration products of AASs,
especially for NHs, is much the same with that at the age of
28 days except that the quantity of hydration products has
improved, indicating a stable phase change in the later
stage.

Sem

The SEM micrographs of AAS pastes at 28 and 90 days are
presented in Figs. 13 and 14, respectively, which con-
firmed that the gel-like phase of calcium silicate hydra-
te(C-S-H gel) is main hydration products of alkali
activation of GGBS whenever the alkaline solution was
composed just of sodium hydroxide or mixed with sodium
silicate [24, 25]. At the same time, the SEM micrographs
clearly reveal the presence of typical hexagonal lamellar
calcium hydroxide (CH) embedded in or interspersed in the
calcium silicate hydrate gel structures in both NS and NH
systems. Peaks expected for this phase, however, are dif-
ficult to distinguish in the XRD patterns, which may be

! “}.T Calgite crystals
wl 7 { r :
i ’(

o

Fig. 14 SEM micrographs of AAS pastes at age of 90 days
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attributed to the carbonization that translate CH into
CaCOs3. Lamellar hydrated phase can also be observed in
NH system, which may be attributed to hydrotalcite-like
phase. And it verifies the results of XRD. Needle or rod-
like phase is also observed present on the C—S—H plane;
this is probably AFm-type phase according to the XRD
results. Compare Figs. 9 with 8, the microstructure of NS
pastes at 90 days becomes much denser than that at
28 days. It is observed that most of the flake-like or rod-
like hydrated phase is nearly wrapped by calcium silicate
gel and just a small amount randomly distributed on frac-
ture surface. This results in an increment in the strength at
later. And the rhombohedral calcite crystals, which seem to
be inconspicuous at early curing age of 28 days, appear in
large numbers on the fracture surface. This may attribute to
the carbonization of CH as well as C—S—H. Moreover, the
microstructure of NH pastes seems to be looser than that of
NS pastes, which may explain the lower strength of NHs
compared to NSs.

Conclusions

The conclusions can be summarized as follows:

(1) For both activators (the SiO, molarity of NaOH can
be considered zero), the increase of the SiO,
concentration, which indicates higher [SiO4]47 con-
centration, leads to the improved early-and later-age
strength, but has a retarding effect on early-age
hydration and reduces the total heat evolution
thereby the hydration degree of slag. While increas-
ing the concentration of Na,O, which indicates
higher [OH]™ concentration, results in accelerated
hydration rate, higher total heat evolution thereby
higher hydration degree of slags, higher early-age
strength but lower strength gain at later-age. NHs
display faster hydration rate and hydration degree
but relatively lower compressive strengths than NSs.
The strength development relies more upon the
reaction of ion cluster and structural development
than upon the hydration degree to some extent.

(2) Hydration of the both kinds of AAS cements, after
induction period finished, proceeds through three
processes, namely nucleation and crystal growth
(NG), phase boundary reaction (), and diffusion (D).
With the increased Na,O and decreased SiO, dosage,
which denotes more OH™, the NG and I processes
are shortened. Besides, the hydration rate of NG and
I process calculated by the kinetics model is also
accelerated, which is consistent with the experimen-
tal heat evolution data. The rate of hydration for
D process, however, seems to be influenced by both

the activator type and content, and the products
formed during NG and I process.

(3) CSH gel is identified to be hydration products of
AASs regardless of the activator type and content.
The SEM results indicate the generation of Ca(OH),
in both systems. Based on XRD results, tobermorite
and hydrotalcite-like phase as well as AFm-type
phase are also detected in NH system but not in NS
system.
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