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© The Author(s) 2023 blast furnace slags and non-ferrous slags, to produce alkali-activated binders.

The current study investigates the incorporation of copper slag (CS) and
stainless steel slag resulting from electric arc furnace operations (EAFSS) as
partial replacements for ground granulated blast furnace slag (GGBFS) in pro-
ducing alkali-activated materials (AAMs), at paste level. Five binary alkali-ac-
tivated mixtures with different replacement levels of GGBFS with CS, and three
ternary mixtures with both CS and EAFSS as partial and total replacements for
GGBFS, are activated by a sodium silicate solution. Replacing GGBFS with CS
and EAFSS retards the reaction kinetics, resulting in improved fresh-state
properties of the investigated AAMs, better retention of workability and longer
setting times. The reaction of alkali-activated 100% CS shows minimal initial
exothermic activity until 3.5 h, when a single intense peak appears, representing
delayed dissolution and subsequent polycondensation. X-ray diffraction (XRD)
data indicate that the main crystalline phases of CS and EAFSS are stable in
these alkaline systems; it is the glassy components that react. The use of CS and
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EAFSS in blended AAMs causes a minor increase in porosity of ~ 1-3% with
respect to GGBFS only, and a small reduction in compressive and flexural
strengths, although these reach 80 MPa and 8 MPa, respectively, after 28 days,
even at a replacement level over 65 wt. %. Conversely, the 100% CS mixture
exhibits a one-day compressive strength of 23 MPa, with a negligible increase
thereafter. This result agrees with both FTIR and SEM analysis which highlight
only minor changes in binder development after two days. It is believed that the
unusual behaviour of CS in the investigated mixtures is related to the low
availability of calcium in this precursor material.

Introduction

Recycling and repurposing of various industrial waste
materials and by-products for use in the construction
industry have attained increased attention as a means
to decrease the negative intrinsic environmental
impacts of the industry, whilst providing new eco-
nomic opportunities [1-4]. These waste materials or
by-products predominately consist of minerals that
can be processed and treated into secondary raw
materials, many of which can potentially be used as
supplementary cementitious materials (SCMs) [5, 6].
The construction industry is a heavy emitter of carbon
dioxide, with production of Portland cement (PC)
alone contributing 5-8% of global emissions [7]. Fur-
ther emphasis on sustainability has meant that novel
low-carbon cements need to be developed as supple-
mentary and alternative technology to PC. One such
type of cement with significant potential to lower the
overall sector-wide carbon footprint is alkali-acti-
vated materials (AAMSs) [8-10]. The performance of
AAMs is comparable to PC-based systems, with the
added benefit of potential property tailoring for
specific applications [11, 12]. To produce an AAM, an
aluminosilicate source, such as ground granulated
blast furnace (GGBFS), metakaolin and/or fly ash, is
activated with an aqueous alkaline activator such as
sodium hydroxide or sodium silicate [13]. GGBFS and
fly ash are the most studied and utilised solid pre-
cursors for both AAM and SCM production [14]. This
dual use has increased the value of these materials and
changed their designation from wastes to secondary
resources, with ever-decreasing availability.
Therefore, there now exists a drive to investigate
new sources of precursors, such as non-ferrous slags,
e.g. copper slag (CS), and non-blast furnace steel
slags, e.g. electric arc furnace stainless steel slag
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(EAFSS), for the production of AAMs. The global
production of CS, a smelting by-product from copper
production, is reported to be around 46.20 million
tonnes in 2018, with 2.20 tonnes of CS produced for
every tonne of copper [15-17]. Steel slags are also
generated in considerable volumes, up to about
300-400 kg of slags for each tonne of stainless steel
produced [18], with EAFSS being a considerable
fraction of this production [19]. EAFSS has applica-
tions as a road base material [20, 21], as aggregate in
traditional concrete [22] and as a SCM or filler
material for Portland cement blends [23]. EAFSS is
reported to have a low reactivity, and mainly affects
workability and setting times, when used in alkali-
activated cements [24-26]. The use of CS as a SCM
and an aggregate for PC has been reported in the
literature [27-29]; however, there is less published
work on its use in the production of AAMs
[15, 30-32]. Nazer et al. [31] reported similar com-
pressive strength values to conventional PC mixtures
for a hybrid system including 25 wt. % CS as an SCM,
after 91 days. Use of sodium silicate as an activator
for CS has been reported to be more effective in terms
of strength development compared to sodium
hydroxide [15, 33]. Curing CS-AAMs at higher tem-
peratures is also noted to improve the reaction rate of
the mixtures [34].

Non-ferrous slags often have high iron (> 40 wt. %)
and silicon contents, while inclusion of calcium and
aluminium is generally limited [35]. The amorphous
fraction of these non-ferrous slags can be high,
depending on cooling conditions after smelting [36],
with iron present in both amorphous and crystalline
phases. Crystalline phases containing iron are usually
stable in alkaline media and do not participate in the
formation of binding phases [37], whereas amor-
phous iron-rich phases may dissolve and have a
pronounced effect on the polycondensation reaction
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[38—40]. Other vitreous iron-rich precursors have
proved to be suitable for alkali activation including
iron silicate glasses from municipal solid wastes [41],
low-calcium copper—nickel slags [42] and ferro-nickel
slags from electric arc furnaces [43].

The present study investigates the incorporation of
CS and EAFSS as partial and total replacements for
GGBFS in AAMs. Isothermal calorimetry, setting
time and mini-slump tests are conducted to better
understand the fresh-state and early hydration
properties. The microstructural development of the
resulting alkali-activated binders is characterised
using X-ray diffraction (XRD), Fourier transform
infrared spectroscopy (FTIR), scanning electron
microscopy (SEM) and mercury intrusion porosime-
try (MIP) techniques. The leaching of heavy metals is
also assessed. A hypothesis on the CS inclusions
enabling the formation of “iron-rich” binding phases
together with well-known C-A-S-H-type gels is
proposed.

Materials and methods
GGBFES, CS and EAFSS characterisation

Three types of solid precursors were used: GGBFS
(supplied by Ecocem, Belgium; type eco,cem), CS
(supplied by Aurubis Beerse, Belgium; type Koranel
419) and EAFSS (supplied by Orbix; type Fillinox
3000) to produce the AAMs. The particle size distri-
butions of the precursor materials, determined by
laser diffraction using Mastersizer 2000 instrument
are shown in Fig. 1a. The dgo, dso and dyo values of
the solid precursors derived from the particle size
distribution curves are given in Table 1, along with
their measured densities. Both GGBFS and CS mate-
rials have similar size distributions with centres
at ~ 10-11 um, whilst EAFSS has a bimodal distri-
bution, centred at ~ 1 uym and ~ 10 pm.

Table 1 also shows the chemical compositions of
the solid precursors identified using X-ray fluores-
cence spectroscopy (XRF). The main difference
between GGBFS and EAFSS is the disparity in con-
centrations of Al,O3;, MgO and SO;. The EAFSS used
here also contains a high concentration of chromium,
well above that which is expected in conventional
stainless steel slags [44]. The CS composition is
characterised by low CaO content and high Fe,O3
content compared to GGBFS and EAFSS.
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Inspection of CS and EAFSS particles via SEM
(Fig. 1b to d) shows more regular morphologies
compared to the angular shape of GGBFS particles.

Figure 2a shows the X-ray diffraction (XRD) pat-
terns of the raw materials. GGBFS and CS are pre-
dominantly amorphous, exhibiting a distinctive
hump at ~ 30° 20. This hump for CS is broader and
is slightly shifted to higher 26°. Minor crystalline
phases are also present, identified as cubic fayalite
(Fe;Si0O4, PDF #04-017-9804) and orthorhombic fay-
alite (PDF #00-034-0178), hematite (Fe,O;, PDF
#00-056-1302) and ankerite (Ca(Fe,Mg,Mn)(COs3),,
PDF #00-033-0282). The mineral composition defined
here is in agreement with several previous studies
[3, 15, 16, 45]. The major crystalline phases of EAFSS
are from the melilite group, mainly dkermanite
(Ca;MgS5iO7) with a partial aluminium replacement
(dkermanite aluminian, Ca,MgpoAlj,Si; 0O, PDF#
04-014-4688), and merwinite (CazMg(SiOy4),, PDF#
01-086-6219). Minor phases are identified as a mixed
spinel phase (Fe,Mg,ADCr,O, (PDF# 04-016-2691),
calcite (CaCO;, PDF# 01-086-4272), wollastonite
(CaSiO;, PDF# 00-027-0088) and traces of free lime
(CaO, PDF# 00-037-1497). This EAFSS phase assem-
blage is consistent with previous studies, albeit
highly dependent on the cooling conditions, initial
composition and type of initial scrap used in the EAF,
which necessitates a case by case study of slag pre-
cursors from differing sources. When compared with
values presented in the literature, the EAFSS used in
this study has a particularly high chromium content
and low iron content [16, 44, 46].

Figure 2b displays the FTIR spectra of the precur-
sor materials. The GGBFS spectrum shows two major
absorption bands between 1000 and 900 cm™' and
at ~ 500 cm™' corresponding to Si-O-T (T = tetra-
hedral Si or Al) asymmetric stretching vibrations and
Si-O asymmetric bending vibrations, respectively.
Similar absorption bands at 970-920 cm™' and
at ~ 500 cm ™' are identified in the CS spectrum; in
this case the asymmetric stretching vibrations Si-O-T
could involve T=Si, Al and/or Fe®" [47]. The
broadness and smoothness of these peaks indicate a
highly amorphous structure consisting predomi-
nantly of silicates [48]. The sharper peaks in the CS
spectrum at ~ 947 cm~ ! correspond to the vibra-
tional modes of crystalline fayalite [49]. The GGBFS
spectrum shows an additional signal at ~ 700 cm™ ',
related to symmetric Si-O-Si bond stretching, that is
not clearly identified in the CS spectrum. The
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Figure 1 a Particle size distributions of GGBFS, CS and EAFS; morphology of solid precursors as observed by SEM: b GGBFS,

¢ EAFSS and d CS.

Table 1 Physical properties and chemical compositions of GGBFS, CS and EAFSS

Solid precursor Density Particle size
distribution (pm)

Chemical composition (wt. %)

g/cm3 d90 d50 le S102 CaO A1203 FeZO3 MgO SO3 Kzo MnO Cr203 N320 ZnO Others
GGBFS 2.89 235 8.0 14 31.1 409 137 04 92 23 07 03 - - - 1.4
CS 3.45 228 99 32 295 26 99 454 1.0 09 02 07 1.4 34 33 17
EAFSS 3.25 156 3.0 0.8 28.0 442 63 20 44 05 01 27 9.9 - - 1.9

maximum of the Si-O-T band is located at 970 cm ™"

for GGBFS and at 947 cm ™" for CS. This shift towards
lower wave numbers is indicative of an amorphous
network with more highly substituted silicon tetra-
hedra (due to the high Fe*" content) [50]. The EAFSS
spectrum similarly exhibits these two main bands,
between 1000 and 900 cm™! and at ~ 500 ecm™},
corroborating that silicates (calcium silicates with Mg
and Al) are the most abundant phases as shown in

@ Springer

the XRD in Fig. 2a. Beside these bands, several well-
defined and sharp peaks are detected for the crys-
talline phases present. Peaks at 1425 cm ™', 875 cm ™"
and 713 cm ™! are attributed to calcite, specifically the
C-O asymmetric stretching vibration and C-O out-
of-plane and in-plane bending [51]. The bands at 637
cm ™' and the shoulder at 500 cm™' are due to the
Cr(I)-O vibration characteristic of the spinel phase
(Fe, Mg, ADCr,O4 [52]. The remnant peaks at 1018
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Figure 2 a X-ray diffraction patterns and b FTIR spectra of the precursors GGBFS, CS and EAFSS.

Cm_l, 973 cm_l, 938 cm !, 855 cm ! and 587 cm ™! are
associated with the presence of crystalline dkerman-
ite, merwinite and wollastonite [53].

Activator solution and sand

Sodium hydroxide pellets (purity of 98%, provided
by Sigma-Aldrich), and sodium silicate (type CRYS-
TAL 0112, provided by PQ Corporation) with origi-
nal SiO,/Na,O ratio of 2, were used as activators.
Standard CEN sand (Normesand, Germany) accord-
ing to EN 196 [54] was used as a fine aggregate to
produce the mortar mixtures in this study.

Specimen preparation

The solid precursors (GGBFS, CS and EAFSS) were
initially dry-mixed for 60 s in a Hobart mixer to
homogenise, then sand was added and blended for
60 s into the pre-mixed powders to prepare mortars.
The alkali solution was prepared 24 h prior mixing,
made of sodium hydroxide, sodium silicate and
water to give a molar ratio (5i0,/NayO) = 1.6, an
activator dosage of 5.3 wt. % (defined as Na,O wt. %
with respect to wt. of solid precursors GGBFS +
CS + EAFSS) and a water binder mass ratio (w/
b) = 0.32, with the solution kept constant for all
AAMs. The precursors and alkaline solution were
mixed for 60 s at low speed (140 rpm), then for 90 s at
high speed (285 rpm) to achieve a homogeneous

mixture. The preparation of pastes followed the same
procedure, except for the sand addition. A total of
eight AAMs with different replacement levels of
GGBFS were produced: five binary mixtures with CS
replacement levels of 0, 25, 50, 75 and 100 wt.%, three
ternary mixtures with 50 wt.% CS and EAFSS inclu-
sions at 15, 25 and 35 wt.%. The mix proportions of all
mixtures, each of which was prepared as paste and
mortar specimens, are shown in Table 2.

Testing programme
Isothermal calorimetry

The reaction kinetics of alkali-activated pastes were
investigated by isothermal calorimetry using a TAM
Air Conduction Calorimeter (TA Instruments, USA).
To prepare the mixtures according to the mix pro-
portions given in Table 2, 10 g of solid precursors
were weighed, transferred into a glass vial and dry-
mixed. The alkaline solution was added using a
pipette and manually mixed for ~ 30 s. The vial was
sealed and promptly loaded into the calorimeter
along with a reference vial filled with water, as
described by Wadso [55]. The heat evolution was
recorded for 150 h. The results are presented as heat
release per gram of solid binder, i.e. the sum of the
mass of the precursor and the solid constituents of
the activators.

@ Springer
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Table 2 Mix proportions

| J Mater Sci (2023) 58:12537-12558

Precursors (g) Activator solution (g) w/b Sand in mortars (g)
. ) . mass ratio

Mixture GGBFS CS EAFSS Sodium silicate NaOH Water

100G 560.0 0 0 160.0 7.7 117.5 0.32 1535.0
25C 420.0 140.0 0 160.0 7.7 117.5 0.32 1535.0
50C 280.0 280.0 0 160.0 7.7 117.5 0.32 1535.0
75C 140.0 420.0 0 160.0 7.7 117.5 0.32 1535.0
50C/15E 196.0 280.0 84.0 160.0 7.7 117.5 0.32 1535.0
50C/25E 140.0 280.0 140.0 160.0 7.7 117.5 0.32 1535.0
50C/35E 84.0 280.0 196.0 160.0 7.7 117.5 0.32 1535.0
100C 0 0 560.0 160.0 7.7 117.5 0.32 1535.0

Mini-slump test and setting time

To assess the workability of pastes over time, a mini-
slump test was performed at three different time
intervals: 5, 30 and 60 min from the beginning of
mixing. A slump cone with a height of 40 mm,
internal top and bottom diameters of 38 and 60 mm,
respectively, was used. At each target testing time,
the AAM pastes were manually remixed for 60 s
before the test. For each slump test, the slump cone
was placed on a flat sheet and gradually filled with
the fresh AAM paste mixture. The cone was then
lifted as slowly as possible (<1 cm/s) [56], and the
mean value of the flow diameters in two perpendic-
ular directions was recorded as the spread value.
The Vicat technique was used to evaluate initial
and final setting times of fresh alkali-activated pastes.
Experimentals were performed in an automatic
Matest VICATRONIC apparatus (Impact Test
Equipment, UK) equipped with a 1.13 mm needle
following, as closely as possible for these materials,
the standard testing procedure EN 196-3 [54]. Fresh
pastes were poured into a conical frustum mould
with a height of 40 mm, top internal diameter of
60 mm and bottom internal diameter of 70 mm. The
initial setting time was determined as the time at
which the separation between the needle and the
base plate first reached 6 £ 3 mm. The final setting
time was recorded once a maximum penetration
depth of 0.5 mm into the specimen was reached.

X-ray diffraction

XRD analysis was performed using a PANalytical
X'Pert’ phase instrument fitted with a one-
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dimensional PIXcel-Medipix3 detector, in the Bragg-
Brentano geometry, with a step size of 0.02° and a 20
range from 5° to 60° using a Cu X-ray source running
at 45 kV and 40 mA. Qualitative phase identification
was carried out using PDF + 4 (ICDD, USA) and
HighScore plus (Malvern Panalytical, UK).

Fourier transform infrared spectroscopy

Fourier transform infrared spectroscopy (FTIR)
analysis was performed using a PerkinElmer Frontier
FTIR spectrometer (PerkinElmer, USA) coupled with
a triglycine sulphate detector. A sample of 2 mg of
precursor material was mixed and ground together
with 200 mg of KBr. The mixed powder was trans-
ferred to a 13 mm pellet die and pressed at 700 MPa
to a form a transparent pellet. FTIR spectra were
collected as an average of 32 scans between 4000 and

400 cm ™!, with a resolution of 0.25 cm ™.

Scanning electron microscopy

Scanning electron microscopy (SEM) was conducted
using a Hitachi TM3030 coupled with the EDS (en-
ergy-dispersive X-ray spectroscopy) software Bruker
QUANTAX 70. Powder specimens were prepared by
placing a small amount of powder material on a
carbon dot adhered to a 12.5 mm aluminium SEM
pin stub. Loose powder was removed using com-
pressed air. Hardened paste fragments were moun-
ted in epoxy resin, left to cure overnight and
demoulded ready for polishing. Samples were pol-
ished using SiC sandpaper in ascending grits and
carbon-coated prior to SEM analysis.
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Mercury intrusion porosimetry

Mercury intrusion porosimetry (MIP) tests were car-
ried out to study the pore structure of the paste
specimens within the range of 6.5 nm-100 pm after 2
and 28 days. Tested samples consisted of approxi-
mately 1.5 g of fractured particles with random
morphologies. Prior to MIP measurements, the col-
lected pieces were exposed to isopropanol for a day
to arrest the polycondensation reaction. The pieces
were then dried in an oven at 35 °C until reaching a
constant mass. After oven-drying, the pieces were
further vacuum-dried at 20 & 2 °C for one week at
0.1 bar.

MIP measurements were performed using both
Pascal 140 (low-pressure) and 440 (high-pressure)
mercury porosimeters (Thermo Scientific). The max-
imum pressure was limited to 200 MPa during the
measurements to avoid sample cracking due to the
mercury pressure. The contact angle between the
mercury and the solid surface was assumed to be
130° [57].

Strength properties

The compressive and flexural strengths of mortar
mixtures were determined at different curing ages (1,
3, 7 and 28 days) on 40 x 40 x 160 mm specimens
according to EN 1015-11 [58]. Fresh mortar mixtures
were poured into moulds and subsequently
demoulded 24 h after casting. Samples were sealed
with plastic film and stored in a curing chamber with
a fixed relative humidity of 95% at 20 & 0.1 °C until
testing. The strength values for the mixtures at every
testing day are reported as the mean value of six
compressive and three flexural tensile tests,
respectively.

Leaching test methodology

The leaching of heavy metals for paste monoliths was
studied for a period of 91 days immersed in water
following the procedure described in NEN-7345:94
[59] (tank test). Three cylindrical paste monoliths
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were prepared for every composition, each with a
diameter of 10 mm and height of 50 mm. Samples
were cured for 28 days under sealed conditions and
then immersed into distilled water in a closed vessel
with a liquid/solid volume ratio of 5. Prior to
immersion, both bases of the monoliths were covered
with epoxy resin to avoid contact with water.
Extractions of leachate occurred after 1 h, 24 h, then
3,7, 14, 28, 56 and 91 days for each sample. Each
leachate was passed through 0.2 um filter paper and
sent for ICP analysis to an external laboratory.

The fraction of leachate (E;) is calculated as:

G-V
Ei==" (1)
where C; is the concentration of the component in
fraction i, V is the volume of the eluate and A is the
exposed surface area of the specimen, which in this
case is the lateral surface are of the cylinder mono-
liths only.
The cumulative leaching value is then calculated
for each component as:

N
&y = Z Ei (2)
i=1

for each of the n elements of potential concern, where
N is the number of extractions (N = 8 in this case).
The materials are classified as a function of
cumulative leaching value for each leachate in three
following categories according to the limiting con-
centrations Ul and U2 as shown in Table 3:
Category 1 (C1): ¢, is lower than U1 for each heavy
metal present in the sample. These materials do not
present any environmental restriction in their use.
Category 2 (C2): ¢, is between U1 and U2 for some
of the heavy metals present in the sample, but not
exceeding U2 for any element. These materials do not
face any environmental restriction in their use, but
after their service life it is compulsory to remove the
contaminant elements with concentrations higher
than Ul.
Category 3 (C3): ¢, is higher than U2 for one or
more elements. These materials have a limited
utilisation.

Table 3 Heavy metal leaching

limits (U1 and U2) established As  Ba Cd

Co Cr Cu Hg Mo Ni Pb Sb Se V Zn

by NEN-7345:94 [59] Ul (mgm®) 40 600 1

U2 (mg/m®) 300 45,000 7.5 200 950 350 3 95

25 150 50 04 15 50 100 3.5 3 250 200
350 800 25 20 1500 1500

@ Springer
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Table 3 shows the values of Ul and U2 for selected
relevant elements, according to NEN-7345 [59].

Results and discussion
Isothermal calorimetry

The isothermal calorimetry results for the alkali-ac-
tivated pastes are shown in Figs. 3 and 4. The first
exothermic peak present for all samples except 100C
occurs within the first 3 h of reaction (Fig. 31). This
initial stage is associated with the wetting and dis-
solution of solid precursor particles and formation of
primary C-A-S-H-type gels [60, 61]. The 100G sam-
ple exhibits the highest intensity for this peak. Spec-
imens with CS inclusion show a decreasing trend in
dissolution peak intensity and increasing time delay
to its onset. Samples 75C and 50C/25E have similar
dissolution peak intensities; however, the ternary
sample has a delay in peak appearance and a con-
voluted shape composed of an initial shoulder peak
merging into a dissolution peak, with a maximum
after 1.5 h. Similar behaviour is seen for 50C/35E,
which suggests that the origin of the convoluted
dissolution peak is due to the differing dissolution
rates of GGBFS and EAFSS particles in alkaline
media, with both of these types of slag showing a
notable contribution to the reaction process at early
age.

(1D

—{1—100G
- —0O—25C
208 —/\—50C
z ——175C
) ——100C
g p 50C/15E
= —O—50C/25E
= —s—50C/35E
3z
Rl
«
%}
=
—
=]
&
<
[~

Time (h)

Figure 3 Heat evolution of alkali-activated mixtures based on
GGBEFS, CS and EAFSS at 20 °C.
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Figure 4 Cumulative heat released by alkali-activated pastes
based on GGBFS, CS and EAFSS at 20 °C.

The dissolution peak is followed by a dormant
period during which heat release is reduced to a
steady state with continuing dissolution [60, 62]. The
dormant period is followed by a second exothermic
peak Fig. 3II which can be fundamentally divided
into two segments: acceleration and deceleration. The
heat flow signals in both of these segments can also
be convoluted in blended binders, resulting in sig-
nificant peak broadening due to overlapping contri-
butions from individual precursors and their reaction
products. The acceleration period is associated with
the primary C-A-S5-H undergoing precipitation and
polymerisation to form a gel structure, while the
deceleration period is linked with further gel densi-
fication and hardening, and continues until reaching
the steady state. This second peak is the most intense
in the 100G sample. By comparison, 25C exhibited a
delay of 1.3 h and a 25.7% reduction in maximum
heat flow. Larger GGBFS replacements show a simi-
lar reduction in maximum intensity accompanied by
peak broadening. Sample 100C is the exception,
exhibiting a delay in dissolution, with no evidence of
exothermic activity during the first 3 h. After 34 h,
there are a steep acceleration in the heat release
profile of 100C, forming a broad singular peak with a
maximum after 4.8 h, and a subsequent deceleration
period concluding between 20 and 30 h.

The relatively large peak intensity and delayed
onset time in CS-blended binders suggests a dis-
tinctly different exothermic behaviour due to the
dissolution and reaction of iron species. Samples with
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both GGBFS and CS would be expected to have
combined calorimetry profiles that consist of both the
dissolution and reaction of GGBFS and CS, and any
interaction effects between the two materials. This is
highlighted in the 50C mixtures, showing two
delayed secondary signals with lower intensity than
the 75C mixture, which does not follow the trend
based on the higher GGBFS content mixture. The
reaction peak in the 75C mixture occurs after a
shorter period of time, indicating that CS now dom-
inates the exothermic behaviour, acting to increase
the reaction rate. Both 50C and 50C/15E have con-
voluted signals in which two peaks are distinguish-
able, indicating that more than one type of
exothermic process is taking place. This may be either
a delayed dissolution of CS followed by a more
conventional polycondensation reaction or the for-
mation of two distinct gel structures throughout the
bulk arising from different gel forming species, i.e.
Ca, Si, Al from GGBFS and Fe, Si, Al from CS. The
second peak intensity increases, narrows and appears
earlier in time with further additions of EAFSS. This
behaviour is unusual for low-reactivity precursor
materials and may be explained by the high amount
of activator available for the reaction of CS due to the
limited content of GGBFS in the systems, rapidly
forming gel phases. The subsequent deceleration
period is clearly reduced, resulting in quick reaction
propagation and hardening of the mixtures. Figure 4
shows the total cumulative heat profiles of all
samples.

Two distinct effects can be seen when comparing
the data of the single precursor mixtures (100G and
100C). The 100C mixture evolves the greatest amount
of heat within the first 20 h of reaction followed by a
complete cessation of activity thereafter. The 100G
mixture shows lower heat evolution after 20 h and,
however, continues to react up to the monitored
150 h, resulting in a greater overall magnitude of heat
evolution than the 100C system. Unexpectedly, the
addition of a small amount of GGBFS to a predomi-
nately CS system (75C) results in the suppression of
early-age heat evolution, with continued reactivity
seen at later ages, similar to 100G. This could be
explained by the GGBFS providing the necessary
calcium source for the protracted creation and
improvement of the binding phase present in iron
silicate systems [40]. Further additions of calcium-
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rich material decrease the cumulative rate of heat
released at 150 h, suggesting the existence of an
optimum in the elemental ratios of the precursors.
The inclusion of EAFSS into the mixtures manifests
mainly as a filler-type effect.

Mini-slump test and setting time

Figure 5 illustrates the mini-slump test values
obtained up to 1 h after mixing, and Vicat initial and
final setting time results, for all of the alkali-activated
pastes investigated. As shown in Fig. 5a, the solely
GGBFS-based mixture has the lowest initial slump
flow diameter of 149 mm. All mixtures with CS or
EAFSS replacements achieve a slump diameter
between 153 and 185 mm. Additions of both CS and
EAFSS into GGBFS-based binders have been reported
in previous studies to increase the mixture slump
[25, 63] despite their small particle sizes (Fig. 1a).

The general trend in slump values shows an
increase with CS inclusion, when CS is replaced with
EAFSS, as seen for 50C25E. This is a result of the slow
dissolution of CS and low early-stage reactivity, as
corroborated by the isothermal calorimetry data in
Fig. 5 where the first exothermic peak occurs
after ~ 4 h. Early reactivity of EAFSS is even lower
due to the large fraction of unreactive minerals pre-
sent, as shown in Fig. 2. Lower angularity of CS and
EAFSS particles and higher specific density may also
increase the slump diameter, considering the higher
apparent liquid-to-solid volume ratio.

After 30 min, the slump values for 100G and 25C
mixtures are reduced to a near zero-slump condition,
maintaining the cone shape once the mould is
removed, suggesting a high early reactivity. For
replacement levels of 50 and 65% (50C and 50C15E)
the slump loss is less rapid, but these mixes also
reach a zero-slump state at 60 min. For further
replacement (75C, 50C25E and 50C35E) the slump
diameter values remain nearly constant during the
initial 30 min and decrease only slightly after 1 h. The
slump diameter of 100C does not appear to decrease
during the first hour of reaction, indicating very low
early reactivity.

Setting times are reported in Fig. 5b. Sample 100G
begins to set after 60 min and the completely sets
after 70 min, which is considered quick setting. This
can be attributed to the high dosage and alkalinity of
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Figure 5 a Mini-slump test and b setting times results for all alkali-activated pastes based on GGBFS, CS and EAFSS.

the activator solution used in this work. Previous
studies have demonstrated that the type and the
molar ratio of the activator solution are the main
factors that affect the setting time of an alkali-acti-
vated cement [64]. All initial setting times for binary
and ternary mixtures vary between 70 and 200 min,
and final setting times between 85 and 310 min. The
progressive inclusion of CS and EAFSS results in an
increase in the setting time; however, sample 75C has
a similar initial setting time but a longer setting
period than 50C/25E. A divergence in setting period
is also seen for 50C/35E. The 100C mixture is the
exception, with the setting process starting after
340 min (5.7 h) with a relatively short setting period
of 35 min. Overall the setting periods of the binders
here are relatively short, indicating the possibility for
rapid development of hardened material properties
once the point of initial setting has been reached; this
is considered a desirable attribute.

A comparison between setting times and heat
evolution calorimetric profiles for 100G and 100C
mixtures is shown in Fig. 6. It can be seen that the
setting process starts shortly after the beginning of
the deceleration stage of the dissolution peak for
100G. Similarly, for alkali-activated CS the setting
process can be seen to coincide with the single peak
in the calorimetric profile. The acceleration period
may be associated with the delayed dissolution of CS
particles. The setting process starts 1 h after the
beginning of the deceleration stage, indicating that
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Figure 6 Comparison of setting times and heat evolution profiles
for samples 100G and 100C.

dissolution, setting, and gel formation and propaga-
tion take place sequentially.

X-ray diffraction

Figure 7 shows the XRD patterns for 100G, 50C, 50G/
15E and 100C mixtures obtained after 2 and 28 days
of curing.



J Mater Sci (2023) 58:12537-12558
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Figure 7 XRD patterns of alkali-activated pastes based on
GGBFS, CS and EAFSS after 2 and 28 days.

The pattern for alkali-activated GGBFS (100G)
shows distinct diffuse peaks (also called “amorphous
humps”), at 29, 33 and 50° 26, indicative of C-A-S-H
gel formation [65]. The only crystalline feature seen
above the first diffuse peak at ~ 29° 20 is identified
as calcite, which is a common surface carbonation
product. The main time-dependent phase evolution
concerns the degree of C-A-S5-H formation, with a
narrowing of the diffuse peak indicating increased
short range ordering, reflecting a higher degree of
polymerisation of the gel phase [66]. The presence of
hydrotalcite-type phases (HT, approximately Mg,
Aly(CO5)(OH)1,#3H,0 resembling the mineral quin-
tinite, PDF#01-089-0460), which are expected to form
from the dissolution of the large Mg component of
GGBFS [67, 68], are not detected in the XRD patterns
for specimens cured for less than 28 days. The
appearance of a hump at ~ 12° in the 100G specimen
demonstrates low levels of HT formation that can be
detected only at 28 days. The broad peak suggests
only very small (nanoscale) ordered crystallites of
HT-type phases are present [68, 69]. Such slow
growth of ordered HT-type structures is attributed to
the use of high-molar-ratio activators (high Si con-
tent) which readily form concentrated regions of C-
A-S-H-type gels hindering any further mobility of
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Figure 8 FTIR spectra of AAMs based on GGBFS, CS and
EAFSS after 2 days and 28 days.

readily dissolved species, in this case Al, necessary
for HT formation.

XRD patterns for 50C show similar trends of calcite
and C-A-S-H gel formation, but the further devel-
opment of these phases is limited after 2 days, and
significant HT is not clearly identified at 28 days.
Identification of the narrow intense peaks, originating
from the inclusion of CS, found satisfactory agree-
ment with references for the minerals fayalite,
ankerite and hematite. It is believed that these crys-
talline phases remain stable and do not contribute to
the formation of binding phases [70, 71]. The ternary
binder 50C/15E, as well as containing the main
minerals of CS, also includes the crystalline phases
present in EAFSS: dkermanite, merwinite and chro-
mite spinel as discussed above, whereas HT is not
identified due to the limited content of GGBEFS in the
mixture. EAFSS phases also have very low reactivity
in alkaline media [25]. Further increasing CS addition
results in a suppression in the intensity of the C-A-5-
H hump, indicating a pronounced effect on the
overall quantity of C-A-S5-H gel formation. This
decrease in C—A-5-H gel formation can be attributed
to the decrease in readily available Ca within the
system, as is noted in the 100C mixture.
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Fourier transform infrared spectroscopy

The FTIR spectra were recorded for all mixtures after
2 and 28 days of curing, as presented in Fig. 8.

The main bands exhibited after alkali activation are
at ~ 3450 cm~! and 1640 cm™!, attributed to O-H
stretching vibrations and H-O-H bending vibrations,
respectively. These bands are characteristic of weakly
adsorbed water molecules captured in remnant bulk
porosity or on the surface of the alkali-activated
samples and can be associated with the presence of
products of hydration, ie. C-A-S-H-type gels
[48, 72]. The peaks at 1489 cm ™' and 1418 cm ™' cor-
respond to the stretching vibration of O=C=0 bonds
of the carbonate group (CO5>") for poorly crystalline
vaterite, aragonite and/or calcite [73, 74]; calcite was
initially present only in EAFSS (Fig. 2c). The
appearance of these bands for partially ordered car-
bonates is due to the reaction between atmospheric
carbon dioxide and the surface of the binders. The
contribution of carbonation is larger at early ages
(2 days of curing), with decreasing band intensity
after 28 days. The suppression of these bands in the
100C sample can be explained by the very low cal-
cium content present, allowing for only limited car-
bonation to occur. The main band located at
1200-800 cm ™' (asymmetric stretching vibrations of
Si-O-T (T = Si, Al, Fe) bonds) is associated with the
degree of polycondensation and resulting formation
of silicate gels [75-77]. This band for the 100G mix-
ture shows a shift to lower wave numbers with
respect to the solid precursors, from 970 cm™' to
966 cm ™" after 2 days and to 955 cm ™" after 28 days.
This trend is reported in the literature to arise from
the increased incorporation of Al species and conse-
quently an increased contribution from Al-O-Si
linkages [66]. This peak becomes distinctively nar-
rower and sharper with increasing the curing time,
which indicates an increasing degree of polycon-
densation [66]. Conversely, all other mixtures show a
shift towards higher wave numbers with respect to
both the precursors, in accordance with the previous
literature on CS behaviour [32, 40, 49, 78]. This is due
to the combined effect of increasing silicate content in
the gel and may also related to the oxidation of iron
present in the CS from Fe*" to Fe** [78, 79].

For increasing CS replacement (25C, 50C and 75C),
the curing time decreases the magnitude of the band
shift; between 2 and 28 days the gap is reduced from
983 cm~! to 969 cm™! for 25C, from 985 cm™! to
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975 cm ™! for 50C, and from 998 cm™! t0 991 cm ™! for
75C as the incorporation of AI>* or Fe*" into the gel
proceeds. This shift is accompanied by a narrowing/
sharpening of the band for 25C mixture, suggesting a
higher degree of polymerisation in the gel, whilst a
less marked impact can be observed for 50C and 75C
mixtures. For the 50C15E specimen, the Si-O
stretching vibration also moves towards lower wave
numbers (996 cm™! to 989 cm™Y), similarly to 75C,
whereas the stretching band for the 100C mixture has
already reached its final wave number after 2 days of
curing with no apparent shift seen between 2 and
28 days. This suggests a very low rate of ongoing
reaction in 100C, with the broad Si-O stretching band
centred around 1002 cm™', in agreement with the
calorimetric data (Sect. “Isothermal calorimetry”)
highlighting activity before 48 h reaching a steady
state, with no subsequent strength development
noted after the one-day test. The Si-O bending band,
at 500-512 cm ™!, shifts towards lower wave numbers
with respect to the precursors (Fig. 2b) after alkali
activation for all samples, further indicating the AAM
network developing through Al and Fe incorporation
[80].

Scanning electron microscopy

Backscattered electron (BSE) images of alkali-acti-
vated pastes at 2 and 28 days of curing are displayed
in Fig. 9.

Several distinctive microstructural features are
seen in the 100G 2-day sample (Fig. 9a), including
large unreacted and/or partially reacted GGBFS
particles (light grey) surrounded by a heterogeneous
matrix of smaller dissolving GGBFS particles, an
initial binder phase (grey) and darker regions iden-
tified as porosity. The 100G 28-day specimen (Fig. 9b)
consists of a highly homogenous dense matrix
resulting from the further dissolution of small GGBFS
particles and a consequently increased fraction of
binding phase present. Large unreacted GGBFS par-
ticles persist throughout the matrix.

In the 50C 2-day sample (Fig. 9c), we can identify
large GGBFS particles and CS particles (white) sur-
rounded by a heterogeneous matrix. There is a clear
difference in particle size distribution between the
residual GGBFS and CS, linked in part to the high
reactivity of small GGBFS particles in forming the
initial matrix phase. The contribution of the CS seems
to be limited, by comparison of the 2-day and 28-day
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Figure 9 Backscattered
electron images of samples
100G, 50C, 50C/15E and
100C after 2 and 28 days of
curing.
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microstructures. The 50C 28-day microstructure
(Fig. 9d) shows progressive densification, generating
a more compact and homogenous binder with rem-
nant unreacted GGBFS and CS particles. 50C/15E, in
addition to the GGBFS and CS particles, also contains
large residual particles of EAFSS.

The structural evolution and the increase in the
matrix gel fraction are also considerable when com-
paring 50C/15E at 2 and 28 days in Fig. 9e and f;
however, some newly formed macropores are noted
within the binder after 28 days along with some
induced microcracks. Even though the porosity is on
a much larger length scale, beyond the scope of MIP
analysis (see Sect. 1.6), the effect can be attributed to
the high content of stable minerals. The differences
between 2-day and 28-day 100C microstructures
(Fig. 9g and h) appears to be minimal. There exists a
binding phase, albeit much lower in extent than the
specimens with GGBFS, surrounded by unreacted CS
particles. The lack of microstructural evolution
regarding the dissolution of CS particles between 2
and 28 days agrees with all data presented.

Evolutions in the chemical composition of alkali-
activated specimens 100G, 50C and 100C with
increasing curing time from 2 to 28 days as analysed
by SEM-EDX are reported in Fig. 10, along with the
elemental composition of precursors materials,
GGBFS and CS. For each sample, ten EDS points are
selected in homogeneous region of the bulk to be
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Figure 10 Plot of (Al + Fe)/Si vs Ca/Si mass ratios obtained
from EDX analysis of distinctive matrix regions for samples
100G, 50C and 100C after 2 and 28 days, along with precursor
materials, GGBFS and CS.
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representative of the gel. The Ca/Si versus (Al +
Fe)/Si atomic ratio is identified for each point. 100G
after 2 days has Ca/Si ratio in the same range as the
raw GGBFS whilst the Al/Si ratio (Fe ~ 0 in this
sample) is slightly inferior as should be expected
with the initial inclusion of Si from the activator. With
increased curing time, the Ca/Si ratio shifts towards
lower values, caused by the slower dissolution of Si
and delayed incorporation of Si in C-A-S-H gels. For
both curing times the EDX points are quite clustered
together, meaning high consistency in the binder
phase.

EDX points describing 50C have a wider spread in
their distribution, due to the higher complexity of the
system. An increase in both Ca/Si and (Al + Fe)/Si
ratios could be possibly identified. This could be due
to a delayed incorporation of Fe which is slowly
released by CS. 100C shows minimal change in ele-
mental composition with increase curing time. A
minor shift could be identified from raw CS towards
lower values of (Al + Fe)/Si ratio, as the Si from the
activator becomes included in the gel, followed by a
small growth after 28 days, which might be due to
subsequent incorporation of Al and Fe.

Mercury intrusion porosimetry

Figure 11 illustrates the pore size distributions of the
mixtures after 2 and 28 days of curing. The pore sizes
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Figure 11 Differential porosity of alkali-activated specimens
based on GGBFS, CS and EAFSS after 2 and 28 days of curing.
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of alkali-activated mixtures can be classified as fol-
lows: gel pores in the range of 10 to 50 nm, capillary
pores between 50 nm and 10 um, and air voids
(which were the pores visible by SEM in
Sect. “Scanning electron microscopy”) over 10 pm
[81]. The dominant type of porosity appears to be in
the gel pore range for all alkali-activated mixtures.
Almost no capillary pores are detected, except for
sample 50C/15E after 28 days, which exhibits a lim-
ited amount of pores ~ 300 nm in size, and 100C
with a regular distribution of pores between 50 nm
and 1 pm.

The total porosities of the alkali-activated mixtures
calculated from MIP data are given in Table 4. For all
specimens, the total porosity decreases as the curing
age continues. This is indicative of densification of
the specimens through a gradual reduction of gel
pores as new gel phases form [25, 82-84].

The inclusion of CS results in an initial increase in
total porosity after 2 days, as seen for 50C when
compared to 100G. After 28 days, the total porosity of
50C is reduced by more than 50%. The inclusion of
EAFSS appears to be initially beneficial in reducing
initial porosity, most likely due to improved particle
packing from the differences in precursor particle
size distributions [85]. After 28 days the reduction in
total porosity of 50C15E is minimal, this is because
despite the reduction in gel porosity, a new type of
pores has formed in the macropore region, as shown
in Fig. 11, denoting a lower degree of structural
evolution. This is also associated with the increased
content of stable mineral phases in the EAFSS that do
not take part in any pore-filling reaction [24, 25, 82].
Mix 100C has the highest total porosity, and very
little reduction (~ 2%) is obtained with increasing
curing times.

The increase in porosity when replacing GGBFS by
other less-reactive slags may also depend on the

Table 4 Total porosity of alkali-activated pastes, measured by
MIP after 2 and 28 days of curing

Mixture Total porosity (vol. %)

2 days 28 days
100 G 2.55 1.75
50C 5.95 2.80
50C/15E 4.95 4.00
100C 10.90 9.00
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nature of the gel type [86]. Each individual type of
binding gel promotes a distinctive pore structure [87],
specifically the main reaction product of GGBFS is C—-
A-S-H gel, whereas alkali-activated CS forms a low-
calcium iron-rich aluminosilicate gel [32] which may
not be as dense as conventional C-A-S-H gels [88].

Strength properties

Figure 12 shows the compressive and flexural
strengths developed by alkali-activated mortars after
1, 3, 7 and 28 days. Replacing GGBFS with CS and
EAFSS resulted in an overall reduction of compres-
sive and flexural strength, depending on the degree
of replacement. This apparent strength loss is more
noticeable when comparing the 1-day specimens,
with the difference between 100G and 50C being a
reduction by approximately 50%. This effect has been
generally explained in the previous sections by the
limited structural evolution and slower kinetics/re-
activity of CS and EAFSS, compared to GGBFES,
during alkali activation. From the calorimetry data
discussed previously (Fig. 3), the greater release of
heat for the 100G mixture at early ages compared to
CS mixtures suggests a more rapid degree of poly-
condensation and formation of strength-giving pha-
ses, hence the large difference in strength properties.
The difference in mechanical properties between
specimens 100G and 50C becomes minor at later ages,
with only a 9% strength loss in compression and 14%
loss in flexural strength after 28 days of curing even
at the high degree of GGBFS replacement used in
50C, suggesting that binders of comparable quality
can be produced with 50% (or maybe further)
replacement of GGBFS by alternative slags.

It is interesting to note that between the ternary
samples, 50C/35E has the highest 1-day strength, but
it reaches the lowest 28-day strength. This can be the
result of the high amount of available activator for
GGBFS to promptly and fully react during the early
stages, followed by a deceleration of the reaction,
leading to a lower eventual strength development.
This is in agreement with the calorimetry data, and
the behaviour is typically seen for filler materials of
small particle size as EAFSS which allow high avail-
ability of activator in the system and additional sur-
face area for the nucleation of hydration products at
early ages [89]. Although reaching the lowest
strength values among the blended binders after
28 days, 50C/35E still passes 50 MPa in compression
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Figure 12 Compressive and flexural strength of alkali-activated mortars based on GGBFS, CS and EAFSS after 1, 3, 7 and 28 days.

and 5 MPa in bending, meaning that it has more than
sufficient strength for a wide range of potential
practical applications.

The 100C sample shows a remarkable early-age
compressive strength of over 20 MPa after 1 day,
arising from the formation of strength phases during
the first 24 h. This result agrees with the exothermic
peak developed within 24 h of reaction seen in the
calorimetry data (Fig. 3), which is believed to be due
to both dissolution of the precursors in an activator-
rich environment, and the generation of a binding
phase composed primarily of CaO-FeO,-Al,O3-5i0;
derived from the elements present in the CS. In
contrast to GGBFS-based mixtures, the increase in
strength after 1 day is near-negligible. This is likely
due to the low continuing availability of calcium,
resulting in limited C-S-H/C-A-S-H gel formation
[90]. Similar findings were reported by Siakati et al.
[90], where mixtures at low CaO/FeO molar ratios
exhibited a larger extent of reactivity at early age,
followed by minimal improvements of mechanical
strength over time. Increasing the CaO/FeO ratio was
found to inhibit reactivity at early ages, while further
improving late age properties through the incorpo-
ration of Ca into an iron phyllosilicate-type structure.

All AAMs investigated are consistent with the
compressive strength requirement of the 52.5 N
cement strength class according to EN 197-1, except
for 100C and 50C35E. Previous studies have shown
that alkali activation of CS with NaOH leads to very
low compressive strength values (< 5 MPa) [15, 91].
In contrast, when considering blends of 70 wt. % CS
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with 30 wt. % metakaolin or fly ash activated with a
sodium silicate solution of similar alkali dosage to
that used in the present study, compressive strength
of approximately 30 MPa and 40 MPa were achieved
after 28 days [33]. These findings indicate that
blending CS with GGBFS yields a more efficient
binder, as demonstrated by 75C reaching over
80 MPa after 28 days. Another observation from the
same study [33] was that the compressive strength of
100 wt. % CS fell within the same range of approxi-
mately 30 MPa after 28 days.

Leaching tests

Leaching of heavy metals from monolithic specimens
was evaluated through ICP analysis of leachates, and
the results for samples 100G, 50C and 50C/15E are
presented in Table 5. The leaching values for each
element are calculated following NEN-7345:94 and
each element is categorised as follows: class C1 if the
leaching potential of all hazardous elements is below
the threshold value specified as Ul; class C2 if the
leaching value of one or more hazardous elements
falls between the threshold values specified as Ul
and U2; and class C3 when the leaching of any ele-
ment is above the limit U2. The tests have been per-
formed on paste being part of concrete as a building
product. Because U-references applicable to paste do
not exist, in Table 5 reference is made to U-references
for building products according to NEN-7345.
Sample 100G can be classified as C1 as all of the
leaching values obtained are below the Ul limits,
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Table 5 Results obtained from ICP and calculated following NEN-7345:94 test [59] for samples 100G and 50C, and 50C/50E, and
comparison with limits U1l and U2, where problematic results are underlined

Sample As Ba Cd Co Cr Cu Hg Mo Ni Pb Sb Se \% Zn
(mg/m?)

100G <05 33 <0.1 02 <02 <02 <03 <02 23 <05 <08 <12 02 1.1
50C <05 08 <01 13 07 57.6 <03 1206 2.7 <05 <08 <12 04 109.4
50C/1SE <05 03 <01 14 07 62.2 <03 1311 42 <05 <08 <12 15 89.3
Ul 40 600 1 25 150 50 0.4 15 50 100 3.5 3 250 200
U2 300 45,000 7.5 200 950 350 3 95 350 800 25 20 1500 1500

meaning that there are no environmental restrictions
in the usage of this mixture according to NEN-7345.
However, both samples 50C and 50C/15E, containing
50 wt.% CS, have two problematic elements: Cu
which in both cases falls into class C2 and Mo which
is above the U2 limit and thus places the material into
C3, meaning that these binders can have only limited
utilisation as construction materials. From previous
studies [92] we can deduce that both Cu and Mo are
leaching from CS only. Comparing the two binders it
can be observed that a higher amount of hazardous
elements is immobilised for higher contents of
GGBFS, e.g. sample 50G over 50G/15E. It is possible
to assume that a modest reduction of CS content in a
mixture, in favour of GGBFS, would generate a bin-
der which complies with the standard values by
falling within classes C1 or C2. This is also due to the
highly reducing environment provided by the sul-
phide content in GGBFS, known to be beneficial in
the reduction of leaching of redox-sensitive transition
metals [93]. Note, however, that a different outcome
might be obtained from studies at a concrete level
due to the dilution effect of the aggregates versus
paste only. The results here should thus be consid-
ered with care in this respect.

Conclusions

In this study, the properties of alkali-activated pastes
based on CS and EAFSS as partial and total replace-
ments for GGBFS have been investigated.

The findings show that alkali activation of solely
CS-based and GGBFS-based mixes results in con-
trasting calorimetry profiles. Alkali-activated CS
exhibits a broad intense heat release peak followed by
negligible heat evolution increase, whilst GGBFS-

based samples exhibit dissolution and reaction peaks.
CS addition result in increased dormant periods and
reduced peak intensities. EAFSS acts as a filler,
enhancing activator availability per unit mass and
reducing dormant periods of ternary mixtures. Both
workability and setting times increase with replace-
ment of GGBFS due to the better retention of work-
ability properties promoted by the low early
reactivity and dissolution of CS particles, and the
stability of mineral phases of EAFSS. XRD analysis
reveals that alkali activation of GGBFS generates C-
A-S-H gel, disordered hydrotalcite and calcite,
whilst increasing CS replacements their formation is
reduced and not detectable for 100 wt. % CS paste in
which the calcium content is too low. The crystalline
phases of CS and EAFSS remain stable throughout
alkali activation. FTIR spectra of CS-based samples
indicate shifts that may be related to the oxidation of
Fe>™ to Fe>. All samples show increased incorpora-
tion of AI’" or Fe* over time, except 100% CS which
shows minimal change between 2- and 28-day spec-
tra. SEM analysis reveals matrix densification over
time, except for alkali-activated 100 wt. % CS. Total
porosity initially increases with 50 wt. % CS addition,
but after 28 days, the difference from 100 wt. %
GGBFS-AAM is minimal. Ternary blends with CS
and EAFSS have lower initial porosity than binary
blends due to improved particle packing, but develop
macroporosity after 28 days due to coarse crystalline
phases. Mechanical properties decrease when
replacing GGBFS with CS, but the difference dimin-
ishes with time. After 28 days, compressive and
flexural strength values reach 53 MPa and 5.1 MPa
for a sample based on only 15 wt. % GGBFS in a
ternary blend, and 38 MPa and 4.10 MPa for 100 wt.
% CS, suggesting that CS is a potential alternative
precursor to GGBFS. Leaching tests identify Cu and
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Mo as problematic elements associated with CS use,
potentially limiting GGBFS replacement levels by CS.

Overall, CS can be a suitable precursor in alkali
activation and replacement for GGBFS, whereas
EAFSS has proved to be an adequate filler material.
The proven reactivity of CS in alkali activation, as
seen in this work and other reported studies on CS,
provide a foundation for CS to be utilised as a more
sustainable alternative to traditional binders. This
study considered the fresh, microstructural and
strength properties of CS and ternary binders. Fur-
ther work is required to characterise other important
properties such as durability and late age perfor-
mance, along with additional investigation on the
effects of leaching in mortars and concretes contain-
ing CS. This is necessary to ascertain a maximum CS
inclusion level that avoids significant leaching of Mo
and Cu that would limit the application of CS. The
outcomes of this research may further guide sus-
tainable construction practices.
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