Cement & Concrete Composites 34 (2012) 809-818

Contents lists available at SciVerse ScienceDirect

Composifes

Cement & Concrete Composites

journal homepage: www.elsevier.com/locate/cemconcomp

Effects of activator characteristics on the reaction product formation in slag
binders activated using alkali silicate powder and NaOH

Deepak Ravikumar?, Narayanan Neithalath P*

2 Department of Civil and Environmental Engineering, Clarkson University, Potsdam, NY 13699, United States
b School of Sustainable Engineering and Built Environment, Arizona State University, Tempe, AZ 85286, United States

ARTICLE INFO ABSTRACT

Article history:

Received 24 October 2011

Received in revised form 23 March 2012
Accepted 28 March 2012

Available online 4 April 2012

The influence of different levels of alkalinity, expressed using the Na,O-to-source material ratio (n) and
activator SiO,-to-Na,O ratio (M;), on the compressive strength development of, and reaction product for-
mation in sodium silicate and NaOH powder activated slag binder systems is discussed. Higher n value
mixtures are found to exhibit higher early and later age compressive strengths. An increase in M results
in reduced early age and slightly increased later age strengths. Compositional coefficients, which are
functions of n and M; are proposed, that relate to the early and later age strengths of the activated slag
R binders as well as to the shift in the FTIR spectra. The reaction product formation in these systems as a
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1. Introduction

Concerns related to greenhouse gas emissions and energy and
resource consumption in Portland cement manufacturing has re-
sulted in significant interest on the use of waste and by-product
materials as the primary ingredient of structural binders. High vol-
ume cement replacement material usage in concrete and the use of
cement-less binders are among the prominent strategies that are
becoming increasingly accepted to further the cause of materials-
related sustainability in the built environment. Cement-less bind-
ers generally are alkali-activated systems that use an alkaline acti-
vator, typically sodium hydroxide or sodium silicate [1-3], along
with a silica-and-alumina rich precursor material to form a final
product with properties comparable to that of ordinary Portland
cement concrete. Among the precursor materials used, fly ash
and ground granulated blast furnace slag have been the prominent
ones because of their favorable chemistry (higher amounts of reac-
tive silica and/or alumina species [1-6]) and abundant availability
in many parts of the world. Also, since they are extensively used as
partial cement replacement materials in concrete, they have been
well characterized with respect to their performance in structural
concretes.
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Alkali activation of slag has been the subject of many studies
[7-17]. Caustic alkalis or alkali compounds whose anions can react
with Ca%* to form compounds less soluble than calcium hydroxide
can act as activators for slag [12,13]. The use of sodium silicate
based activators (Na,SiO3-xH,0 + NaOH) has been found to be ideal
to produce desired mechanical properties [3,9,14]. The major reac-
tion product formed as a result of alkali activation of slag is C-S-H
gel, which is similar to that formed from Portland cement hydra-
tion, but typically with a lower Ca/Si ratio [15-17]. The influence
of several parameters relating to the source material and the acti-
vator that can potentially influence the reaction kinetics as well as
the mechanical and durability properties of the final product has
been reported [1,7,14,18]. High amounts of alkalis in the activating
medium have been reported to result in early strength gain of acti-
vated slag systems [19].

Alkali silicate solutions of varying moduli are generally used as
the activating agents. However, the applicability of powder activa-
tors, in lieu of the commonly used liquid activators, also need to be
evaluated in alkali activated slag binder systems so as to alleviate
the concerns related to handling of caustic materials, and facilitate
ease of handling. This potentially changes the reaction kinetics, the
nature of the C-S-H gel formed, especially with respect to the Ca/Si
ratio and the level of polymerization of silicates, and could result in
the formation of other reaction products that have a bearing on the
mechanical and durability properties of the material. This aspect is
considered in this study, where the early and later age reaction
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products in alkali silicate powder (anhydrous) activated slag bind-
ers proportioned using different levels of total alkali loading and
activator moduli are analyzed using Fourier-Transform Infrared
spectroscopy (FTIR), and related to the mechanical property devel-
opment and the reaction product stability in such systems. While it
is recognized that the powder activated binders do not develop
compressive strengths as high as those of waterglass activated
mixtures, primarily due to the effects of reduced silica dissolution,
strengths in the 30 MPa range, which is the most common strength
range for general purpose concrete applications, can be consis-
tently achieved.

2. Experimental program
2.1. Materials

To prepare alkali activated slag pastes and concretes in this
study, Type 100 ground granulated blast furnace slag (GGBFS) con-
forming to ASTM C 989 was used as the starting material. The
chemical composition of the starting material is as follows SiO, —
36%, Al,03 - 10.5%, CaO - 39.8%, Fe,03 - 0.67%, MgO - 7.93%,
Na,0 - 0.27%, SOz - 2.1% and loss on ignition - 3%. The silica-to-
alumina (SiO,/Al,03) mass ratio of slag is 3.4, and the basicity coef-
ficient of slag, defined as (CaO + MgO)/(SiO, + Al,03), is 1.03. The
particle size distribution of slag is such that 95% is finer than
35 pum and the dsg is ~10 pm. The X-ray diffraction (XRD) pattern
of slag showed that it is amorphous. Combinations of anhydrous
sodium silicate powder (>99% sodium silicate and <1% crystalline
silica) having a SiO,-to-Na,O ratio (or the modulus, M;) of 1.95,
and analytic reagent-grade sodium hydroxide (NaOH) beads were
used as the activating agents in this study. The sodium silicate
powder has a median particle size of 25 pm and a pH of 12.6 (for
a 50% w/v slurry in water). NaOH addition facilitated changing
the activator M to desired values.

2.2. Mixture proportions

The concrete mixtures were proportioned with approximately
50% of slag + water by volume. River sand was used as the fine
aggregate and pea gravel with a nominal maximum size of
4.75 mm was used as the coarse aggregate. The parameters relat-
ing to the activator that were chosen to be studied are the Na,O-
to-slag ratio (n) and the SiO,-to-Na,O ratio (M;). The ratio n pro-
vides the total amount of Na,O in the mixture whereas the ratio
M; dictates the proportion of NaOH and sodium silicate powders
in the activator. The n values used in this study were 0.05, 0.15
and 0.25, and M, (mass-based) values ranged from 0.60 to 1.50 in
increments of 0.30 (molar-based M; ranged from 0.62 to 1.55; note
that the molar and mass SiO,-to-Na,O ratios of sodium silicates are
very close since the ratio of molecular masses of SiO, and Na,O is
0.97). For example, if a mixture with an n value of 0.15 and a mass-
based M; of 1.2 is required, for every 1000 g of slag, 150 g of Na,O
and 180 g of SiO; is required. Since sodium silicate powder is the
only source of silica from the activator, 180 g of SiO, can be ob-
tained from 272 g of sodium silicate powder which has a M; of
1.95. The sodium silicate powder would also provide 92 g of
Na,0. The remaining 58 g of Na,O (150-92 g) is then obtained by
the addition of NaOH. The calculated amounts of the two powder
activators were blended with the required amount of slag before
mixing. Water-to-powder ratio (w/p) of 0.40 was used for all the
mixtures in this study. The powder consisted of slag, sodium
silicate and NaOH.

It was observed that paste mixtures proportioned using the de-
sired n and M; values showed adequate workability (mini-slump
flow values in the range of 95-120 mm) even though the higher

alkalinity mixtures tend to lose their flowability very quickly,
and thus necessitated quick placing and consolidation in the
molds. No attempt was made in this study to retard the setting
of these binder mixtures, even though such an approach would
be necessary for practical applications. The powder was mixed
with the aggregates for approximately 30s after which water
was added. The contents were further mixed for 2 min to obtain
a uniform mixture. The mixture was then filled in cube molds of
50 mm size and consolidated. Both the paste and concrete speci-
mens were removed from the molds after 24 h, and subjected to
moist curing at 23 +2 °C and RH > 98%. For the paste specimens
to be used for electrical conductivity and Fourier Transform Infra-
red (FTIR) spectra analysis, samples were prepared by mixing slag
and the activating powder so as to obtain the desired n and M; val-
ues, along with the required water in a blender for 2 min.
50 mm x 50 mm x 150 mm prismatic specimens with stainless
steel plate electrodes at the ends were used for electrical conduc-
tivity determination at various ages. The pastes for the FTIR analy-
sis were mixed in sealed containers.

2.3. Test methods

The compressive strengths of the activated paste or concrete
cubes at several ages were determined in accordance with ASTM
C 109. Electrical impedance spectroscopy [20,21] was used to
determine the electrical conductivity of the activated pastes as a
function of time after mixing. Semi-adiabatic calorimetry was used
to determine the temperature rise in pastes during early stages of
activation.

The samples for FTIR spectroscopy were prepared by mixing
approximately 1 mg of sample obtained from carefully sealed spec-
imens, with 300 mg of KBr. The spectra of the precursor materials
and the hydrated products at desired ages of curing were obtained
using an ATI Mattson FTIR spectroscope in the wavenumber range
of 4000-400 cm ™! at a resolution of 1 cm™!. Fig. 1 shows the FTIR
spectra of the precursor materials, i.e., slag and sodium silicate. The
predominant bands in both the spectra correspond to the asym-
metric stretching vibration of the Si-O-Si units.

A selective dissolution procedure using salicylic acid and meth-
anol (SAM), also called Takashima'’s attack [22], was employed on
the pastes hydrated for 28 days. This process involved exposing
the alkali activated paste to a mixture of salicylic acid dissolved
in methanol (1:20). The calcium bearing phases dissolve in this
medium, whereas those without calcium form an insoluble
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Fig. 1. FTIR spectra of starting materials (slag and sodium silicate powder).
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residue. FTIR spectrum of the residue was obtained for comparison
with that of the unattacked paste. Morphological analysis was per-
formed using a Scanning Electron Microscope (SEM) operating in
secondary mode.

3. Results, analysis, and discussions
3.1. Activator characteristics

In this study, activator in the powder form is used along with
slag, and then water is added to this system. In this scenario, it is
essential to understand the differences between the properties of
binders prepared by: (i) blending the powder activator with slag,
and then adding the requisite amount of mixing water, which is
desirable from a practical viewpoint, and (ii) adding a premixed
activator solution made from the powders (cooled to room temper-
ature) directly, where the desired amounts of sodium silicate and
NaOH powders are dissolved in water at room temperature. So-
dium silicate with a SiO,-to-Na,O molar ratio less than 3.5 is typ-
ically soluble in water [23], but has a rather slow rate of dissolution
at room temperature. Paste specimens were made using activators
of M (mass-based) 0.60 and 1.50, at an n value of 0.15 under con-
ditions corresponding to both the above cases. Electrical conduc-
tivity of the activated pastes (n=0.15, M;=0.60; w/p =0.50) as a
function of time, for the first 3 days of activation, is shown in
Fig. 2. The paste where the activator was blended with the starting
material shows higher conductivity at very early times as com-
pared to the paste in which a premixed activator solution was
used, and the conductivity drops drastically with time. The higher
observed initial conductivity is a result of the increased tempera-
ture from the exothermic dissolution of NaOH in water. After
around 3 h or so, the conductivities of both the pastes are very sim-
ilar, as shown in the graph in the inset. Fig. 3a and b depict the
compressive strengths of the binder pastes (n=0.15, M; of 0.60
and 1.50; w/p =0.50) where the activator addition was carried
out using both the abovementioned methods. It can be noticed
from these figures that at ages of 1, 7, and 14 days, the compressive
strengths are not significantly influenced by the activator addition
method. The electrical conductivity and the compressive strength
values show that adding sodium silicate and NaOH as activators
in the powder form or by dissolving the powders in water at room
temperature and then adding them to the source material produce
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Fig. 2. Electrical conductivity of the alkali activated slag pastes where the activator
is directly added as a powder to the source material (blended activator) or added as
a solution (direct solution) in which the requisite amounts of activator is dissolved
in water (n =0.15, M; = 0.60). Similarity of the conductivities after about 200 min is
shown in the inset.

comparable results. However, the paste compressive strengths are
typically lower than those reported for systems activated using
commercial waterglass solutions [24]. This can primarily be attrib-
uted to the fact that there is an incomplete dissolution of sodium
silicate at room temperature, resulting in a lower amount of reac-
tive silica being liberated into the solution. This changes the reac-
tion product chemistry and composition, as is discussed elsewhere
in this paper.

3.2. Temperature and early age strength development

The early-age semi-adiabatic temperature profiles of alkali acti-
vated slag pastes proportioned using n values of 0.05 and 0.25 are
shown in Fig. 4. It can be immediately noticed from this figure that
the peak temperature is significantly higher when the n value is
high and activator M; is low, i.e., at higher Na,O contents in the
mixture. This is because the presence of higher amounts of OH™
enhances the dissolution of slag and the solubility of silica and alu-
mina. For the mixture with a lower n value, the peak temperatures
are reached in about 150 min, irrespective of the M; of the activa-
tor. However, for higher n value mixtures, the peak temperatures
are reached at around 80 min for the mixture with M; of 0.60
and at about 120 min for the mixture with M; of 1.50. The peak
temperatures for the lower n value mixtures range from 35 to
40 °C whereas for the higher n value mixtures, they range from
40 to 55 °C. It is seen from this figure that the total alkali content
of the mixture (as provided by the n value) is more significant than
the activator M in dictating the temperature rise and the time to
peak temperature. Fig. 4 also shows the semi-adiabatic tempera-
ture development curve for an ordinary Portland cement (OPC)
paste for comparison. The dormant period which is obvious in
the temperature development curve of OPC up to about 300 min
is conspicuous by its absence for the alkali silicate powder acti-
vated slag systems (though a dormant period is generally noticed
for liquid sodium silicate activated slag pastes). The mixtures with
lower n and higher Ms values demonstrate lower peak tempera-
tures than the OPC paste. In general, the total heat evolution of al-
kali activated slag mixtures determined using isothermal
calorimetry has been found to be lower than that of OPC mixtures
[25].

Fig. 5a and b show the compressive strength development dur-
ing the first 24 h for the activated concretes proportioned using a
w/p of 0.40 and M; of 0.60 and 1.50 respectively. It can be seen
from these figures that there is a considerable strength develop-
ment in 24 h. For the concretes proportioned using an n value of
0.25 and M; of 0.60, a compressive strength of about 16 MPa is at-
tained in 24 h. At very early ages (~1-3h), the compressive
strengths are not found to be highly dependent on the n values
for a given activator M. All the n values are high enough to facili-
tate the early dissolution of Si and Al species from slag. However, at
24 h, the mixtures with a higher n value show increased compres-
sive strengths, potentially because of the increased slag dissolution
under higher alkalinity and the formation of more amounts of reac-
tion products.

3.3. Compressive strength development with moist curing

Compressive strengths of the activated slag concrete specimens
that were moist-cured were determined at ages of 1, 3, 7, 14, and
28 days. Fig. 6a—c show the compressive strengths of the activated
slag concretes proportioned using n values of 0.05, 0.15 and 0.25
respectively, as a function of the M; of the activator. These three
n values were used to better understand the influence of the
amount of alkalis from the activator on the mechanical properties.
It can be immediately noticed from these figures that the mixtures
having an n value of 0.25 (highest Na,O content) show the highest
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Fig. 3. Comparison of compressive strengths of alkali activated slag pastes when the activator is either blended with the source material or added as a solution in which the
requisite amounts of activator is dissolved in water for pastes with n value of 0.15 and activator M; of: (a) 0.60, and (b) 1.50.
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Fig. 4. Early age semi-adiabatic temperature development curves of alkali activated
slag pastes with different n and M; values, and that of an OPC paste for comparison.

compressive strengths at both early (3-7 days) and later (14-
28 days) ages. As mentioned earlier, the activation of slag by alkalis
is dependent on the efficiency of the alkalis in solubilizing the silica
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and alumina from slag. It has been suggested that the pH depen-
dent solubility of Si is one of the most important thermodynamical
factors influencing slag activation [17]. Higher alkalinity (and con-
sequently higher amounts of OH™ ions) results in increased disso-
ciation of the Si along with the liberation of Ca, and thus increased
potential for the formation of more amounts of strength imparting
reaction products at early ages. Higher n values (to increase the
Na,O content, more sodium silicate powder is added, which in-
creases both the Na,O and SiO, contents) result in the formation
of a silica-rich gel in addition to a Na-incorporated C-S-H gel of
low Ca/Si ratio generally reported for activated slag systems. The
evidence for this is provided in a later section where the FTIR spec-
tra of these binders are analyzed. There is a significant strength
improvement at both early and later ages when the n value of
the mixtures is increased from 0.05 to 0.15, but not of the same
magnitude when the n value is increased from 0.15 to 0.25. This
behavior can be related in part to the limits of dissolution of the
powder activator.

When the compressive strengths as a function of activator Mg
for a given n value are considered, different trends emerge for early
and later ages. Note that the total Na,O content remains the same
for a given n value. At early ages (3 and 7 days), strength decreases
fairly linearly with increase in activator M; for the mixtures with all
the three different n values. This is because, at lower M values (or

25

= ] —e—n=0.05 C
o 20_‘ --B-- n=0.15 r
= ] —e—n=025 L
= ] L
= ] L
o ] L
] 15—_ C
- 4 -
2] ] L
a>) ] oL
= 10 -
2 -k
) ] - r
g ] _ - __-af
E 5 - P =
§ 1 A7 :

] .///' C

(R o o o o e o L i e
0 5 10 15 20 25

Time (Hours)

(b)

Fig. 5. Early age (up to 24 h) compressive strength of alkali activated slag concretes made with water-to-powder ratio of 0.40 and: (a) M; = 0.60 and (b) M; = 1.50.
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higher Na,O content of the activator), the higher alkalinity solubi-
lizes the water-impermeable layer on the surface of slag particles
[17], leading to a faster reaction rate and formation of reaction
products on the surfaces of slag particles. However, at later ages,
the trend reverses, and the mixtures made using a higher activator
M shows higher strengths. This can be partly attributed to the for-
mation of three-dimensional silicate frameworks and sheets at
higher M;, while at lower M, formation of two-dimensional silicate
chains is preferred. Increased silica polymerization in the C-S-H
gel also could facilitate some enhancement in the compressive
strengths. The relationship between the compressive strengths of
activated concretes at early and later ages and the FTIR signatures
of the corresponding pastes are provided in a later section.

3.3.1. Compositional coefficients related to compressive strength

The trends in Fig. 6 clearly show that the compressive strengths
of sodium silicate and NaOH powder activated slag concretes exhi-
bit different trends at early and later ages. The early age strength
could be thought of as more closely related to the dissolution of
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slag and the rate of reaction, and thus to the alkali contents of
the activator. A compositional coefficient, o, is defined here, which
is a function of n, My, and the total powder content in the mixture,
as:

[Na, 0]
[SiO,] - Total powder

Increase in n and decrease in M were shown in the earlier sec-
tion to result in better early age compressive strengths. Therefore o
can be related to the 3 and 7 day compressive strengths as shown
in Fig. 7a. The compositional coefficient o proposed here is: (i) de-
signed specifically to relate to the early age strength of moist-cured
activated slag concretes, and (ii) explicitly related to both n and M,
which are the predominant material design parameters for alkali
activated slag concretes. It needs to be noted here that the o values
range from 0.01 to 0.30, and its use outside this range has not been
tested in this work. The case for oo =0 or co does not exist for so-
dium silicate activated slag concretes because the Na,O and SiO,
contents of the activator will never be zero.
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Fig. 7. Compressive strengths as a function of compositional coefficients: (a) early age (3 and 7 day) strengths as a function of compositional coefficient «, and (b) Later age

(14 and 28 day) strengths as a function of compositional coefficient .
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Fig. 8. FTIR spectra of alkali activated slag pastes at 7 and 28 days: (a) n value of 0.05 and (b) n value of 0.25. The corresponding M; values are shown adjacent to the

respective spectra.

The later age strengths can be considered to be mostly depen-
dent on the formation and/or polymerization of silicate structures.
Hence a compositional coefficient, g, is used to relate to the later
age strengths of the activated concretes, defined as:

B [Si0,]
" Total powder

p

Since the total powder content includes the contents of SiO, and
Na,O of the activator along with the slag content, 8 can be shown
to be proportional to M. Fig. 7b shows the relationship between
and the later age strengths of activated slag concretes. The limits of
B considered in this study range from 0.01 to 0.25. The advantage
of both these compositional coefficients is that the early and later
age strengths are related to specific individual parameters that
implicitly incorporate the M and n values. The powder content is
used instead of the slag content in these coefficients so that these
relationships could be used even in cases where the slag and the
activators are inter-ground or blended to produce a binder that
only requires the addition of water to set and harden.

3.4. FTIR analysis of activated pastes: reaction product constitution as
a function of activator characteristics

Fig. 8a and b represent the 7 and 28 day FTIR spectra of acti-
vated pastes with n values of 0.05 and 0.25 respectively, for M; val-
ues of 0.60 and 1.50. The major bands observed between 1000 and
1065 cm™! represent the asymmetric stretching vibrations of the
silica tetrahedral. In addition, stretching and deformation modes
of OH™ at around 3400 cm ! and asymmetric stretching mode of
calcite at ~1490 cm™! are observed. As expected, CH band (at
~3635 cm ') is absent. CH cannot precipitate in these systems be-
cause of its higher solubility as compared to C-S-H and C-A-S-H.
It is well known that activation of slag with sodium silicate results

in the formation of C-(A)-S-H gel and a hydrotalcite-like phase
(co-existing with C-S-H, depending on the MgO content of the
slag) as the major reaction products [15,26-28]. The discussions
here are limited to the stretching vibration of Si-O-Si units since
it can be used as a signature of the constitution of reaction
products.

In general, for C-S-H and C-A-S-H systems, the Si-O-Si stretch-
ing bands are generally observed at a wavenumber of 950-
1000 cm™! [22,29-31], associated with a silica network that is not
highly polymerized. However in the FTIR spectra for the alkali sili-
cate and NaOH powder activated pastes shown in Fig. 8a and b,
the wavenumbers corresponding to the Si—0-Si peak are observed
to be higher, and vary between 1018 and 1065 cm~' depending
on the activator alkalinity and the specimen age. The possible rea-
sons for the increase in wavenumber are discussed in detail in the
following sub-sections. It needs to be mentioned here that such
shifting of the peaks to higher wavenumbers is found to be a char-
acteristic of sodium silicate powder + NaOH activated slag binders.
Waterglass (sodium silicate solution) activated slag pastes exam-
ined in a companion study revealed the main Si-O-Si stretching
peaks in the 970-1010 cm™! range as is common for conventional
C-S-H gels from cement hydration, pointing to the fundamental dif-
ferences in the reaction products between slag pastes activated
using solid and liquid sodium silicate activators.

3.4.1. Shift in wavenumber induced by changes in the C-S-H gel

A shift to a higher wavenumber is typically interpreted as the
effect of higher Si content in the C-S-H gel (or a lower Ca/Si ratio)
[32]. Here, a short discussion is provided as to the potential reasons
for this shift based on the changes in C-S-H gel. The alkali
activated slag pastes are reported to consist of a lower Ca/Si ratio
C-S-H gel (0.6-0.7 for waterglass and 0.9-1.0 for NaOH activated
slag pastes) [32,33]. Gels with a lower Ca/Si ratio have a higher
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Fig. 9. Scanning electron micrographs of: (a) paste with n = 0.05 and M; = 1.5, showing slag particles and reaction products, mostly C-S-H, (b) paste with n = 0.25 and M; = 0.6,
showing the extensive presence of sodium silicate gel, and (c) NaOH activated glass powder paste showing the presence of smooth sodium silicate gel alone as the reaction
product. The EDX spectra at the numbered locations for a low Ca/Si ratio C-S-H gel (a), a silica rich gel containing Na and Ca (b), and a Na-silicate gel (c) are also shown. The
activated slag pastes were moist cured for 28 days whereas the glass powder paste was heat cured.

potential to incorporate increased amounts of Na, and the amounts
of alkali incorporation in C-S-H gel is almost linearly proportional
to the initial alkali content [24]. Thus, the pastes made using higher
n values are likely to have an N-C-S-H gel with the Na/Ca ratio
approaching that of the maximum limit dictated by the conditions
of gel electroneutrality. This, along with the lowering of the Ca/Si
ratio, plausibly results in the production of Q2 silicon, which can
cross-link between adjacent silicate chains [33], as opposed to
the Q' and Q? units predominantly found in C-S-H gel from Port-
land cement pastes [34,35]. An IR absorption band in the 1000-
1050 cm ™! range as seen in Fig. 8a and b is consistent with the pre-
dominance of Q? and Q3 silicates [23]. Some amount of Q3 silicates
in addition to Q? silicates have been reported in the C-S-H formed
in waterglass and NaOH activated slag systems [32,36].

Another possibility that has been reported to result in an
amorphous silicate with a higher degree of polymerization is gel

carbonation [32]. While it is known that C-S-H carbonation can
occur at higher alkali contents, the FTIR spectra in these figures
do not indicate intense carbonation. The carbonate bands found
in some of the FTIR spectra can be considered to have occurred
during the specimen preparation for FTIR analyses because the
thermogravimetric analyses of the 28-day cured (in sealed condi-
tions) samples did not show indications of carbonation.

3.4.2. Presence of a silica-rich gel modifying the FTIR spectra
Another potential reason for the shift of the Si-O-Si band to
higher wavenumbers in the powder activated binders could be
the extensive presence of hydrated silica-rich gel in the micro-
structure. The presence of small amounts of sodium silicate gel
in waterglass activated slag pastes (M of 1.50) has been reported
[33]. In the present study, powder sodium silicate of a higher mod-
ulus is used as the activating agent. Higher modulus alkali silicates
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in solution have a tendency to over-saturate and result in the crys-
tallization of a solid phase which is likely a combination of alkali
silicate or meta-silicate hydrates [24]. This cross-links the slag par-
ticles, and the amount of cross-linking increases with time. The
presence of unreacted sodium silicate in high n value mixtures,
where more Na,O and SiO, are present because more sodium sili-
cate powder is used to increase the Na,O-to-slag ratio (because of
incomplete dissolution), also cannot be discounted. This also re-
sults in Q3 silica species being detected that contributes to the shift
to a higher wavenumber.

The differences in reaction product morphology between pastes
of lower and higher n values are shown in Fig. 9a and b. Fig. 9a
shows the scanning electron micrograph of a 28-day old paste
made using a n value of 0.05 and M; of 1.5 (lowest alkalinity).
The micrograph shows the presence of some slag particles and
the reaction products that are formed. The EDX spectrum indicates
a low Ca/Si ratio C-S-H gel with likely Na incorporation. In Fig. 9b,
the micrograph of the 28-day old paste made using an n value of
0.25 and M; of 0.6 (highest alkalinity) is shown. The presence of
a smooth silica-rich gel is noticed. The increasing amounts of NaOH
added to maintain the selected M values of the activator changes
the number of network modifying sodium atoms per silicon atom.
The structure of the gelatinous silicate phases produced is modi-
fied by the presence of Na atoms [23,37]. Since some of the Na ions
will be incorporated in the C-S-H gel, either replacing Ca ions to
form N-C-S-H gels [24,30] or as charge balancers to compensate
the substitution of Si** with AI** [29,33,38], the modulus of the
thus produced sodium silicate gels will be higher; in other words,
the gels will be silica-rich. Higher SiO,-to-Na,O ratio of these so-
dium silicate gels implies decreased number of non-bridging oxy-
gen sites (or more polymerization), thereby preferentially forming
Q? silicate structures, which shows a higher wavenumber corre-
sponding to the asymmetric stretching vibration of the silica
tetrahedral.

The micrograph in Fig. 9a and the FTIR spectra in Fig. 8a shows
that in lower alkalinity mixtures (n = 0.05, M, = 1.5), a modification
of C-S-H gel is the likely outcome, with the wavenumbers shifted
to around 1030 cm™~'. Lower amounts of sodium silicate in these
pastes reduce the probability of incomplete dissolution and conse-
quently the amounts of sodium silicate gel. At a higher alkalinity
(n=0.25, M = 0.6), Figs. 9b and 8b indicate the presence of a much
more polymerized silica-rich gel in the material structure, with the
wavenumbers shifting to around 1060 cm~' (note that pure silica
shows a characteristic band at 1100 cm™!). Fig. 9c shows the
microstructure of pure sodium silicate gel produced from the acti-
vation of a silica rich glass powder by NaOH, for comparison. Based
on the above discussions, it can be deduced that the use of smaller
amounts of sodium silicate + NaOH powder as activator (i.e., lower
alkalinity - lower n and higher M;) leads to the formation of C-S-H
gel with a low Ca/Si ratio as the dominant product, whereas the
dominant product is likely to be a silica-rich gel at higher activator
alkalinities. In the following section, results of salicylic acid-meth-
anol attack (Takashima's attack) is provided to confirm this finding.

3.4.3. Observations from FTIR spectra after salicylic acid-methanol
(SAM) attack: influence of alkalinity on reaction product formation
FTIR spectra of the insoluble residues after exposure of the 28-
day old activated pastes to salicylic acid—-methanol solution, along
with the spectra of the unattacked specimens are shown in Fig. 10.
The spectra (a) is for the paste made using the activator with the
lowest alkalinity (n of 0.05 and M; of 1.5), spectra (b) for the paste
with intermediate alkalinity activator (n of 0.25 and M; of 1.5), and
spectra (c) for the paste with the highly alkaline activator (n of 0.25
and M; of 0.6). From spectra (a), it can be noticed that the main Si-
0-Si peak observed at 1038 cm™! before the attack is non-existent
after the attack, and a broad peak at around 905 cm~' makes its

appearance. It is known that the C-S-H gel and the other Ca bear-
ing phases are soluble in the test medium. This shows that the low
alkalinity paste has a reaction product constitution that is mainly a
low Ca/Si ratio C-S-H gel. FTIR spectra before and after SAM attack
for an OPC paste, and a NaOH activated Class F fly ash paste are
shown in Fig. 11. The OPC paste has C-S-H gel as its major reaction
product and has lost all of it after the SAM attack, as seen from the
absence of the main Si-O-Si peak, whereas the SAM attack resulted
in no change at all for the NaOH activated fly ash paste since the
reaction product is exclusively a sodium aluminosilicate (N-A-S-
H) gel that does not contain any Ca. It can also be noticed from this
figure that the Si-O-Si peak in N-A-S-H gel appears at lower
wavenumbers than for the Ca bearing systems (Fig. 8) in which sil-
icates are highly polymerized and/or a silica-rich gel is present.
Spectra (a) of Fig. 10 suggests that the reaction product formed
when slag is activated using an activator of lower alkalinity can be
considered to be similar to conventional C-S-H gel (see Fig. 9a)
that is dissociated by the SAM attack. The case corresponding to
the lower alkalinity activator used here does not result in drastic
changes in the C-S-H gel, except for the lowering of the Ca/Si ratio
and the binding of some Na into the C-S-H gel. An observation of
spectra (b) for the paste with intermediate alkalinity activator
shows that the main peak, indicative of much more polymerized
silicates and sodium silicate gel, is not completely transformed
by the SAM attack. The peak is found to broaden as a result of
depolymerization and a corresponding decrease in the Si-O-Si
bond angle [39]. Higher amounts of insoluble residue were ob-
served after the SAM attack in this case as compared to the paste
with the lowest alkalinity, attesting to the presence of a highly
polymerized silica rich gel. Spectra (c), corresponding to the
highest alkalinity virtually shows no change in the wavenumber
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Fig. 10. FTIR spectra of alkali activated slag pastes before and after salicylic acid-
methanol (SAM) attack: (a) n=0.05, M;=1.50 - lowest alkalinity; (b) n=0.25,
M; = 1.50 - intermediate alkalinity; (c) n=0.25, M= 0.60 - highest alkalinity.
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Fig. 11. FTIR spectra of a 28 day old OPC paste and a heat cured (75 °C for 48 h) 8 M
NaOH activated fly ash paste, before and after salicylic acid—-methanol (SAM) attack.
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Fig. 12. Wavenumber of the major Si-O-Si stretching vibration signal as a function
of compositional coefficients.

associated with the main Si-O-Si peak after the attack. This sample
also resulted in the highest amount of insoluble residue after the
SAM attack. This could be construed as an indication of the fact
that phases that are not susceptible to the SAM attack are formed.
The fact that the spectra remain virtually unchanged before and
after the SAM attack indicates that the FTIR signatures of pastes
with higher alkalinities are dominated by the signals for the sil-
ica-rich gel. The FTIR spectra of the pastes before and after the
SAM attack provide an illustration of the influence of alkalinity of
the powder activators in bringing about modifications in the reac-
tion products.

3.5. Reaction products and compressive strength

A comparison of Fig. 8a and b shows that the asymmetric
stretching vibration peak of Si-0-Si shifts to higher wavenumbers
for pastes having a higher n value, suggesting increased Si
polymerization in the sodium silicate gel. Moreover, this gel is

denser, which explains the higher compressive strengths for the
high n value mixtures at all ages. Accelerated chloride transport
tests have shown that the transport parameters (rapid chloride
permeability or the non-steady state migration coefficients) of
these binders at 28 days of curing are consistently lower than those
of OPC mixtures (w/c of 0.40) cured for 56 days, providing further
evidence of a denser microstructure. When the 28-day FTIR spectra
of the pastes of a certain n value are considered, the wavenumbers
of the dominant band increases slightly with increasing M;. This is
in agreement with the 28 day compressive strength values, which
also increases slightly with M as can be observed in Fig. 6a-c.
However, when the 7-day spectra are considered, higher M; is seen
to shift the dominant band to a lower wavenumber, indicating re-
duced polymerization (or cross-linking), and consequently lower
strengths with increasing Ms as shown in Fig. 6a-c. This indicates
that at higher M; values, time-dependent increase in silica poly-
merization is occurring. These trends in wavenumbers can thus
be related to the compositional coefficients, o and f, which were
found to relate well to the early (3 and 7 day) and later (14 and
28 day) age compressive strengths as was shown in Fig. 7. Fig. 12
shows the relationship between « and the wavenumbers of the
Si-0-Si stretching peak at 7 days, and between p and the wave-
numbers of the peak at 28 days. Increasing amounts of Q> silicon
entities or increased polymerization in C-S-H gel leading to in-
crease in chain lengths or more cross-linking, exhibited through
an increase in wavenumber, has been reported to somewhat en-
hance the mechanical properties [33,40]. Better mechanical prop-
erties have also been attributed to the presence of a sodium
silicate gel with SiO,/Na,O of 5 or more [23].

Between 7 and 28 days of curing, there is a general increase in
peak wavenumber shifts, with the highest shift observed for the
mixtures with higher M; values, as shown in the lower panels of
Fig. 8a and b, attributable to increased silica polymerization with
time as explained earlier. Such increase in wavenumber with
hydration time is also seen in the case of ordinary Portland ce-
ments [41]. This trend is also in line with the compressive strength
results where the binders activated using a high M; activator
showed strength gain between 7 and 28 days, whereas the one
activated using a lower M; did not show appreciable strength gain
in this period. For a given n value, binders with low M; activators
demonstrate significant early age strength development, but the
later age strength development is relatively insignificant as can
be observed from Fig. 6a-c.

4. Conclusions

The influence of the powder activator characteristics on the
strength and reaction products of activated slag binders are re-
ported in this study. The following conclusions are arrived at based
on this research.

e Higher levels of alkalinity (i.e., higher values of Na,O-to-source
material ratio (n)) resulted in higher peak temperatures and
increased early and later age compressive strengths for powder
sodium silicate + NaOH activated slag binders. At the chosen n
values, a strength reduction was observed with an increase in
activator modulus (M) at early ages (3 and 7 days), and a slight
strength increase at later ages (14 and 28 days). A careful selec-
tion of the activator parameters (n and M;) along with use of
powder activators can provide compressive strengths in the
20-30 MPa range, which is appropriate for many concrete
applications.

e Compositional coefficients, o and B, which are functions of n
and M; were used, that relate well to the early and later age
strength development respectively in alkali powder activated
slag binders. In addition, these coefficients were also found to
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correspond to the trends in wavenumbers of the Si-O-Si
stretching vibration with age for mixtures with different n
and activator M; values.

e The wavenumbers corresponding to the Si-O-Si stretching
vibrations were found increase with the curing time. The
characteristic peaks appeared at wavenumbers between
1018 and 1065 cm~! depending on the activator alkalinity
and the moist curing duration. This is much higher than the
950-1000 cm™! range that is typical of C-S-H gels from
OPC hydration where the silicates are less polymerized. Pos-
sible reasons for such an observation have been outlined, con-
structed around changes in C-S-H gel and/or the presence of
a silica rich gel that shifts the Si-O-Si stretching vibration to
higher wavenumbers. It is shown that lower alkalinity
(n=0.05 and M; = 1.5) resulted in the formation of a low Ca/
Si ratio C-S-H gel as the dominant reaction product while
higher alkalinity (n = 0.25 and M; = 0.6) resulted in the forma-
tion of additional silica rich gel as observed from the
micrographs.

e Salicylic acid-methanol (SAM) attack on the binder pastes
confirmed the alkali silicate powder activation induced mod-
ifications in the reaction products. The paste of highest alka-
linity (and the highest strength) showed virtually no change
in the main Si-O-Si peak after the SAM attack, implying the
formation of a silica-rich gel as one of the dominant reaction
products. The FTIR spectra for the highly alkaline mixtures
were indicative of the sodium silicate gel that was formed.
In contrast, the main Si-O-Si peak in the lowest alkalinity
paste was virtually non-existent after the SAM attack, indicat-
ing the potential formation of a phase similar to the conven-
tional C-S-H gel.
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