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ABSTRACT

Rapid global industrial growth is causing an increase in the generation of large-scale by-products and waste
materials, which can be recycled in the construction industry to decrease both the environmental impact of the
sector and the impact of these waste materials, to ultimately contribute to the circular economy. In the current
study, electric arc furnace stainless steel slag (EAFSS) as a potential precursor in the production of alkali acti-
vated materials (AAMs) is investigated, along and alternatively to the use of ground granulated blast-furnace slag
(GGBFS). Five blended mixtures with different levels (0, 25, 50, 75 and 100 wt %) of EAFSS to replace GGBFS are
activated with an alkaline silicate solution. Partially replacing GGBFS with EAFSS prolongs the dormant period in
reaction and reduces the overall heat release of the paste mixtures. This results in a positive effect on fresh-state
properties, increasing and prolonging workability and mixture setting times. A general decrease in strength is
seen with EAFSS inclusion, although satisfactory compressive and flexural strength values of more than 85 and 9
MPa, respectively, were obtained at 28 days with up to 50% replacement of GGBFS by EAFSS. Most of the
crystalline phases present within EAFSS do not participate notably in alkali-activation, other than merwinite
which slowly dissolves and reacts to form a weak binder phase. The chromium present in the EAFSS is contained
in a stable spinel phase; this element does not appear to be mobile in leaching tests.

1. Introduction

metallurgical processes [9,10], including stainless steel production.
Stainless steel slags are generated in considerable volumes, up to about

Alkali activation technology is now a serious pathway to signifi-
cantly reduce carbon emissions of the construction sector [1,2], and
involves mixing an activator and a solid precursor together to form a
hardened cementitious system. The requirements for the precursor
materials are different and less stringent than in conventional cements
[3,4]. The versatility of alkali activation technology stems from the di-
versity of precursor materials that can be alkali activated, the most
impactful of which with regard to sustainability and circular economy
aspects include slags that are generated as by-products from large scale
metallurgical processes, including but not limited to blast furnaces
[5-8].

Alkali activation may also provide a fundamental route for the
immobilisation of heavy metal-containing wastes originating from
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300-400 kg of slags for each tonne of stainless steel produced [11,12],
and are classified according to which type of furnace generates them,
because this influences the properties, composition, and mineralogy of
the slags. Cooling conditions and post-processing are also important in
defining the characteristics of slags in alkali-activation. Traditional
methods of steelmaking use a blast-furnace to obtain molten pig iron
from iron ore. Ground granulated blast furnace slag (GGBFS) is the
comminuted product of rapidly quenched blast-furnace slag separated
from molten pig iron. GGBFS is one of the most common supplementary
cementitious materials (SCMs) due to its consistent chemical composi-
tion and predominantly amorphous structure. Molten pig iron is then
transformed into crude steel in a basic oxygen furnace, the by-product of
which is basic oxygen furnace slag (BOFS). BOFS has a more variable
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Table 1
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Chemical composition of solid precursors detected by X-ray fluorescence spectroscopy.

Solid precursor Chemical composition (%)

Si0, CaO Al,O3 Fe,03

MgO SO3 K»0 MnO Cry03 Others

GGBFS 31.1 40.9 13.7 0.4
EAFSS 28.0 44.2 6.3 2.0

9.2 2.3 0.7 0.3 - 1.4
4.4 0.5 0.1 2.6 9.9 2.0

chemical composition depending on the specific steelmaking plant,
predominantly consisting of stable crystalline phases that lower its
overall reactivity in alkali-activation compared to GGBFS. BOFS is pri-
marily used as a cement aggregate. Alternative steel production from
scrap sources using an electric arc furnace produces electric arc furnace
stainless steel slag (EAFSS) that has similar characteristics are BOFS.

The increasing demand for GGBFS as a SCM in blends with Portland
cement has provided further impetus to explore other waste products,
specifically from the steelmaking industry, as potential AAMs [11]. The
usage of various waste products from each step of the steelmaking
process of different alloy types allows for further increases in sustain-
ability and scientific research in both steelmaking and construction in-
dustries. However, the inconsistency in waste compositions [13,14] and
the presence of heavy metals are major limitations to the valorisation of
steel slags; the leaching of toxic chromium compounds contained in
stainless steel slags has been noted as being of particular concern
[15-17]. Global stainless steel slag production is reported to have been
around 52 million tonnes in 2019, with EAFSS being a substantial
fraction of this output [13]. EAFSS has been successfully used as an
aggregate in cement-based materials [18,19], for road pavements [20],
and as a non-conventional SCM or filler material for Portland cement
(PC) [21-23]. EAFSS, when used as an SCM, has been reported to modify
fresh properties such as paste rheology and setting time [21,22,24],
albeit with reduced mechanical properties arising from the low reac-
tivity of the EAFSS [25].

Numerous studies have indicated a limited reactivity of both EAFSS
and BOFS when used as SCMs. In the case of EAFSS, long setting times
were observed even at low replacement levels, leading to decreased
compressive strength in blends with typical filler behaviour [26]. A
comparison with BOFS as cement replacements reveals that EAFSS ex-
hibits lower reactivity and inferior mechanical properties [26]. Rojas
and Sanchez de Rojas [27] concluded that due to its low reactivity,
crystalline structure, and stable nature, EAFSS should not be utilised as
an active component in cement blends.

Recent advancements in alkali-activation of EAFSS have shown more
promising results. It has been demonstrated that EAFSS can be effec-
tively activated with NaOH, but satisfactory mechanical properties are
only achieved when blended with fly ash [28]. By utilising a highly
concentrated solution of potassium silicate, a compressive strength of
40 MPa can be attained after 90 days [29]. However, the success of the
activation process heavily relies on the initial characteristics of the
EAFSS. If no cementitious phases or amorphous content is present, the
most suitable application for EAFSS would be as a filler or aggregate [30,
31].

This study aims to investigate the use of EAFSS as a potential pre-
cursor replacement for AAMs, or as a filler material, to reduce the
amount of GGBFS required by these mixtures. The fresh, microstruc-
tural, and mechanical properties are characterised, along with leach-
ability tests to check the stability of heavy metals in the AAM.

Only limited studies on EAFSS as a partial replacement of known
precursors exist, none of which to the authors knowledge report data
with replacement levels up to 75 wt%, while achieving high-
performance binders. The investigation of EAFSS is necessary as the
future of the steelmaking industry transitions to be more reliant on
reusing scrap metal, which may completely replace conventional steel
manufacture in the future, therefore limiting the supply and availability
of current alkali-activation precursors. This work provides a framework
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Fig. 1. Particle size distributions of solid precursors used in this study.

for the characterisation and utilisation of alternative metallurgical
wastes as high concentration replacements in alkali-activation
technology.

It is important to highlight that the present study is part of a broader
investigation focused on the use of EAFSS as solid precursors for the
production of alkali activated concrete. As such, beyond the findings
reported in this article, the authors plan to conduct further research to
evaluate the durability and mechanical properties of the resulting alkali
activated concrete with EAFSS.

2. Materials and methods
2.1. GGBFS and EAFSS characterisation

In this study, the precursors GGBFS (type ecoscem), with density p =
2.89 g/cm®, provided by Ecocem, and EAFSS (type Fillinox 3000, air
cooled, subsequently crushed and sieved <100 pm) with p = 3.25 g/cm?,
provided by Orbix, were used to produce AAMs. The X-ray fluorescence
spectroscopy (XRF) results identifying the chemical compositions of the
solid precursors are given in Table 1. Apart from the inclusion of Cry0O3
in EAFSS, the main distinction between the two precursors is the
disparity in concentration of AlyO3, MgO, and SOs. The particle size
distributions of the precursor materials are shown in Fig. 1. The GGBFS
has dgg, dsp and djo values of 23.5, 8.0 and 1.4 pm, respectively,
compared to 15.6, 3.0 and 0.8 pm respectively for EAFSS. Inspection of
the particle morphology via SEM (Fig. 2) shows that the GGBFS particles
are more angular, whilst EAFSS particles are more regular with partially
rounded edges.

The X-ray diffraction (XRD) patterns of the solid precursors are dis-
played in Fig. 3. The GGBFS pattern does not show any crystalline peaks.
A broad amorphous hump between 25 and 35° 26 is recognizable. Phase
identification of the crystalline phases in the EAFSS XRD pattern indi-
cate the presence of melilite (specifically, dkermanite with partial
aluminium substitution, CapMgg 9Alg 2Si1 9O7, PDF# 04-014-4688), and
merwinite (CasMg(SiO4)2, PDF# 01-086-6219) as the main mineral
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Fig. 2. Morphology of solid precursors by SEM: (a) GGBFS and (b) EAFSS.

A A - Al-akermanite Ca,Mg,, Al (,Si; (O
M - merwinite Ca;Mg(Si0,),;

Cr - Cr-rich spinel (Fe, Al, Mg)Cr,0,;
W - wollastonite CaSiOy;

C - calcite CaCO;; L - lime CaO
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Fig. 3. XRD patterns of GGBFS and EAFSS.
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Fig. 4. FTIR spectra of precursors GGBFS and EAFSS.

phases. Less intense peaks corresponding to a mixed spinel phase (Fe,
Mg, ADCry04 (PDF# 04-016-2691), calcite (CaCOs, PDF# 01-086-
4272), a minor amount of wollastonite (CaSiO3, PDF# 00-027-0088),
and traces of free lime (CaO, PDF# 00-037-1497), were identified.
The amorphous phase fraction contained in EAFSS is negligible.

The Fourier-transform infrared (FTIR) spectra of the raw materials
are presented in Fig. 4. The GGBFS spectrum shows two main absorption

bands at ~1000-900 cm ™! and at ~500 cm ™! corresponding to Si-O-T
(T = Si, Al) asymmetric stretching vibrations and Si-O asymmetric
bending vibrations, respectively [32]. The broadness of these peaks is
indicative of the highly amorphous structure consisting predominantly
of silicates.

The EAFSS spectrum similarly exhibits these two main bands, at
~1000-900 cm ! and at ~500 cm_l, corroborating that silicates (cal-
cium silicates with Mg and Al) are the most abundant phases, as seen in
the XRD in Fig. 3. Besides these bands, several well defined and sharp
peaks are detected for the crystalline phases present. Peaks at 1425
em™!, 875 cm™!, 713 em ™! are attributed to calcite, specifically the G-O
asymmetric stretching vibration and C-O out-of-plane and in-plane
bending [33]. The bands at 638 cm~! and the shoulder at 500 cm ™!
are due to the Cr(III)-O vibration characteristic of the spinel phase (Fe,
Mg, Al)Crp04 [34]. The remnant peaks at 1018 cm™L, 973 em™!, 938
em™!, 855 em ™! and 587 ecm™! are associated with the presence of
crystalline dkermanite, merwinite, and wollastonite [35].

A backscattered electron (BSE) image of a large EAFSS particle with
distinct greyscale contrast is shown in Fig. 5. From the energy dispersive
X-ray (EDX) elemental map, distinct regions of Cr are observable, which
overlap with Mg, Al, and Fe. No Si and Ca are detected within these Cr-
rich regions. Primary crystalline phases identified via XRD, 8kermanite,
and merwinite, have element compositions that include Ca, Si, Mg, and
Al, as seen in the bulk of the particle. The calcium silicates 8kermanite,
merwinite, and wollastonite are known to have low reactivity in alkaline
media [36]. Cr containing spinel phases have also been reported in
literature, with the Cr occupying the B-site in the spinel AB,O4 with an
oxidation state of +3. Strong octahedral Cr-O bonding present in the
spinel structure is very resistant towards oxidation to the toxic hex-
avalent state (Cr(VI)) and resistant to dissolution [15]. The leaching of
chromium sometimes poses a serious problem for the utilisation of
EAFSS in binding materials.

2.2. Activator solution

To activate the solid precursors, a sodium silicate activator was
produced by combining sodium hydroxide pellets (Sigma-Aldrich,
purity> 98%) with a sodium silicate solution, supplied at 45 wt %
concentration and a molar ratio SiO2/Nay0 (MR) of 2.07 (type CRYSTAL
0112, PQ corporation). The alkali solution was prepared 24 h in
advance, by mixing sodium hydroxide, sodium silicate, and water to
give a molar ratio MR = 1.6 and an activator dose (wt. % of NayO with
respect to solid precursors) of 5.3 wt %.

2.3. Specimen preparation

Solid precursors (GGBFS and EAFSS) were initially dry mixedina 21
capacity Hobart mixer for 60 s to achieve a uniform distribution. Stan-
dard CEN sand according to EN 196-1 [37] was also added and
pre-blended prior to the alkali-activation of mortars. Both precursors
and alkaline solution were mixed for 60 s at low speed (140 rpm), then
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Fig. 5. BSE image of a EAFSS particle with EDS analysis (from top left: Mg, Al, Si, Ca, Cr, and Fe).

Table 2
Mixture proportions of the alkali-activated mixtures.

Mixture  Precursors” (g) Alkaline solution (g)
G E Sodium NaOH Water w/b  Sandin
silicate mortar

samples(g)

100G 560.0 0 160 7.7 117.5 0.32 1535.0
25E 420.0 140.0 160 7.7 117.5 0.32 1535.0
50E 280.0 280.0 160 7.7 117.5 0.32 1535.0
75E 140.0 420.0 160 7.7 117.5 0.32 1535.0
100E 0 560.0 160 7.7 117.5 0.32 1535.0

# G represents GGBFS, and E represents EAFSS.

subsequently for 90 s at high speed (285 rpm) to achieve a homogeneous
mixture. Alkali-activated mixtures were designed with a constant
water/binder (w/b) mass ratio of 0.32, where the binder is defined as
the sum of the solid precursors plus dissolved solids in the activator. Five
slag-based AAMs with varying EAFSS replacement levels (0, 25, 50, 75,
100 wt %) were produced, Table 2.

2.4. Testing programme

2.4.1. Isothermal calorimetry

The heat release throughout the activation process of different alkali-
activated pastes was measured with a TAM Air isothermal calorimeter
(TA Instruments). To prepare the mixtures, 10 g of solid precursors were
weighed and transferred into a glass ampoule. The alkaline solution was
added using a pipette and mixed manually for ~30 s. The ampoule was
sealed and promptly loaded into the calorimeter which immediately
started recording, and this moment is considered the zero in the
resulting graph. The heat evolution of the mixture was recorded for 24 h.
The results are presented on the basis of the heat release per gram of
solid binder, i.e. precursor and solid activators combined.

2.4.2. Ultrasonic pulse velocity

The ultrasonic P-wave of the alkali-activated mortars was measured
using a FreshCon system developed at the University of Stuttgart
[38-40] for a period of 24 h. Fresh mortar mixtures were poured into a
400 ml U-shaped plastic container at 20 + 1 °C (RH = 60%) and sealed
to avoid water evaporation. A pulsed signal was transmitted every 3 min
through the fresh mixture by a broadband piezoelectric transmitter. The
resulting signal was received by an ultrasonic receiver and its frequency
spectrum analysed to determine the pulse velocity of the fresh mixture,
from which both the structural evolution and reaction process were
elucidated. The first measurement point in the resulting graph was

recorded about 6 min after adding the alkali solution to the dry
precursors.

2.4.3. Mini-slump test and setting time

A slump cone with a height of 40 mm, top internal diameter of 38
mm, and bottom internal diameter of 60 mm, was used to determine the
workability of the fresh paste as a function of time. For each measure-
ment, the paste mixture was re-mixed manually for 60 s prior to being
filled into the slump cone that was placed flat on marked paper. The
slump cone was gradually filled, then slowly lifted (<1 cm/s) [41]. The
flow spread value was taken as the mean of the slump diameter
measured in two perpendicular directions, recorded at 5, 30, and 60 min
after the start of mixing.

An automatic Vicat apparatus (Matest VICATRONIC, Impact Test
Equipment) was used to determine the initial and final setting times of
the fresh pastes following (as closely as possible for alkali-activated
pastes) the standard testing procedure EN 196-3 [42]. 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 taken as the elapsed time for which the
distance between the needle and the base plate was recorded as 6 + 3
mm, and the final setting time was recorded once a maximum pene-
tration depth of 0.5 mm into the specimen was achieved.

2.4.4. X-ray diffraction

Phase identification and quantification was achieved by analysing X-
ray diffraction (XRD) patterns of solid precursors and hardened paste
products. XRD patterns were obtained using a PANalytical X'Pert’
(PANalytical) diffractometer operating in Bragg-Brentano geometry
with a Cu Ka radiation source, fitted with a PIXcel-Medipix3 detector.
Samples were analysed between the 20 range of 5-60°, using a step size
of 0.02° 26. Phase identification was carried out using ICDD PDF+4
(ICDD) and DIFFRAC.EVA (Bruker) programmes.

2.4.5. Fourier-transform infrared spectroscopy

Specimens were prepared by mixing and grinding 2 mg of precursor
material with 200 mg of KBr. The mixed powder was transferred to a 13
mm pellet die and pressed to form a transparent pellet. Fourier-
transform infrared spectroscopy (FTIR) spectra were collected between
400 and 4000 cm ™%, with a resolution of 0.25 cm ™7, using a PerkinElmer
Frontier FTIR spectrometer (PerkinElmer).

2.4.6. Scanning electron microscopy

Scanning electron microscopy (SEM) images of precursors particles
and hardened paste products were obtain using a SEM type TM3030
(Hitachi) coupled with an energy dispersive spectroscopy (EDS) system
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Table 3
Heavy metal leaching limits (U1 and U2) established by NEN-7345:94 [45].
As Ba Cd Co Cr Cu Hg Mo Ni Pb Sb Se \% Zn
U1l (mg/mz) 40 600 1 25 150 50 0.4 15 50 100 3.5 3 250 200
U2 (mg/m2) 300 45,000 7.5 200 950 350 3 95 350 800 25 20 1500 1500

QUANTAX 70 (Bruker). Powder samples were prepared by placing a
small amount of powder on a carbon dot adhered to a 12.5 mm
aluminium SEM pin stub. Loose powder was removed using compressed
air. Hardened paste fragments were mounted in epoxy resin, left to cure
overnight, and demoulded ready for polishing. Samples were polished
using SiC paper in ascending grits and carbon coated prior to SEM
analysis.

2.4.7. Mercury intrusion porosimetry

Mercury intrusion porosimetry (MIP) was utilised to study the pore
structure of paste specimens after 2 and 28 days of curing. Specimens
were immersed in isopropanol for 24 h to halt reaction, then dried in a
box oven at 35 °C before being vacuum-dried under 0.1 bar absolute
pressure at 20 + 2 °C for 1 week. Both Pascal 140 (low pressure) and
Pascal 440 (high pressure) mercury porosimeters (type Thermo Scien-
tific) were used with a maximum pressure of 200 MPa during mea-
surements to avoid cracking. The contact angle between the mercury
and the solid surface was taken as 130° according to Ref. [43].

2.4.8. Strength properties

The compressive and flexural strengths of the alkali-activated mor-
tars were determined from mortar specimens with dimensions 40 mm x
40 mm x 160 mm, according to EN 1015-11 [44], at 1, 3, 7, and 28 days.
Specimens were kept sealed in a curing chamber (20 + 1 °C; 95%
relative humidity) until the day of testing. The compressive and flexural
strengths for each curing age are reported as the mean value of six
(compressive) or three (flexural) measurements performed on the
mortar specimens.

2.4.9. Leaching test methodology

The leaching of heavy metals was studied following the procedure
described in NEN-7345:94 [45] (tank test), the purpose of which is to
determine the leaching of inorganic components from monolithic ma-
terials as a function of time, over a period of 91 days of immersion in
water. Three cylindrical monoliths were prepared for each composition
with diameter of 10 mm and height of 50 mm. Samples were aged for 28
days in sealed conditions to allow stabilisation, and immersed into
distilled water in a sealed vessel with a liquid/solid volume ratio of 5.
Prior to immersion both bases of the monoliths were sealed with epoxy
resin to avoid their contact with water. Extractions of leachate (with
replacement) occurred after 1 h, 24 h, then 3, 7, 14, 28, 56, and 91 days
in triplicate for each sample. Each leachate was filtered at 0.2 pm, and
sent for ICP analysis.

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

CioV

E==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 monoliths
only.

The cumulative leaching value is then calculated for each component
as:

&= @

for each of the n elements of potential concern, where N is the
number of extractions on time (N = 8 in this case).

121,237 mW/g 0%~ 3 3 n 3
=

14.5h, 1.70 mW/g
18.3 h, 1.07 mW/g
28 h, 0.40 mW/g

Rate of heat evolution (mW/g)
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Fig. 6. Isothermal calorimetry data for samples 100G, 25E, 50E, 75E, and
100E, measured at 20 °C.

The materials are classified as a function of cumulative leaching
value for each leachate in three following categories according to the
limiting concentrations Ul and U2 as shown in Table 3 [45]:

Category 1: &, is lower than Ul for each heavy metal present in the
sample. These materials do not present any environmental restriction in
their use.

Category 2: ¢, is between Ul 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 U1.

Category 3: ¢, is higher than U2 for one or more elements. These
materials have a limited utilisation.



S. Ghorbani et al.

@

4000 T T T

3000

2000

UPV (m/s)

3000

2000

UPV (m/s)

1000

o
S
S

(b)
4000 g

3000

2000

UPV (m/s)
UPV rate (m/sz)

1000

Time (hours)

Fig. 7. Structural evolution of alkali-activated mortars in the first 24 h (a) UPV
curves and (b) five successive UPV curve stages represented by 100G.

Table 3 shows the values of U1 and U2 for selected relevant elements,
according to NEN-7345 [45].

3. Results and discussion
3.1. Isothermal calorimetry

The heat evolution and cumulative heat profiles of the alkali acti-
vation reaction of blended GGBFS and EAFSS systems are displayed
shown in Fig. 6 (a) and (b), respectively.

One possible classification for the heat evolution of AAMs is into five
stages described as: pre-induction or dissolution, induction or dormant,
acceleration, deceleration, and the steady stage [46] similarly to tradi-
tional cement systems, which is usually acceptable for AAMs activated
with sodium silicates. According to this classification we see a first
exothermic peak between 0 and 3 h, identified as a pre-induction peak
and representing the contact wetting of the solid precursors with the
alkaline activator and initial particle dissolution. The formation of pri-
mary C-A-S-H and C-N-A-S-H type gels begins with the deceleration of
the first peak [47,48]. The intensity of this peak is highest for 100G,
decreasing progressively with the addition of EAFSS. For the 100E
sample, the pre-induction peak is barely detectable due to the lack of
reactivity of EAFSS in this system. The main contribution to the
pre-induction peak comes from the ready dissolution of GGBFS particles.

The initial stage of wetting/dissolution of the solid precursors is
followed by an induction or dormant period, characterised by a very
low, but non-zero rate of heat release in which the dissolution process
continues. A second exothermic peak follows the induction period; this
is related to the precipitation, nucleation, and growth of reaction
products during polycondensation. Within this period a large volume of
binding phase, primarily C-A-S-H and C-N-A-S-H type gels, is formed.
100G has an induction period of about 9 h followed by the second
exothermic peak, with a maximum at 12 h. Overall, the 100G sample

Cement and Concrete Composites 143 (2023) 105230

shows an acceleration in heat release and subsequent deceleration
within the space of 30 h.

By increasing the replacement level of EAFSS, the induction period
becomes longer and there is a reduction in the maximum intensity of the
second exothermic peak. This extent of reduction follows a linear rela-
tionship (y = —0.0257x + 2.377 with R? = 0.994) with the GGBFS
replacement level: reductions of 28.3%, 54.8%, and 83% were observed
for 25, 50, and 75 wt% replacements, respectively. This indicates that
the reaction of the EAFSS during the acceleration-deceleration period is
minimal, and with limited influence from any form of filler effect. 100E
mixture has negligible exothermic activity overall.

The cumulative heat is shown in Fig. 6(b). Evaluating the total heat
released after 100 h of reaction there is a non-linear trend of heat
reduction with the GGBFS replacement (12.7, 24.3, and 48% reduction
for 25, 50, and 75 wt% EAFSS, respectively), which indicates that the
EAFSS is actually influencing the reaction in these blends to some extent
after the initial 20-h period of the main exothermic peaks. However,
100E has a minimal cumulative exothermic activity of 8 J/g after 100 h,
which is attributed to the very limited dissolution of particles. These
results suggest the low reactivity of EAFSS when included in a blended
alkali-activated binder, verifying the potential of EAFSS to be used as a
filler material. The cumulative heat release of the blended AAMs from 20
to 100 h may be enhanced by the filler effect of EAFSS which allows a
higher space for hydration products and extent of reaction of the
remaining GGBFS in these binders.

3.2. Ultrasonic pulse velocity

The evolution of the measured UPV of alkali-activated mortars is
presented in Fig. 7. The UPV curve of the AAMs is divided into five
successive stages, as shown in Fig. 7 (b) [49]: (1) initial period of very
low UPV, (2) first acceleration and (3) deceleration stages, followed by
(4) secondary acceleration and (5) deceleration stages. Because the
mechanisms (largely physical/microstructural) that cause these stages
to occur in the UPV curve are in some way parallel to, and in other ways
distinct from the purely chemical that cause the heat release discussed in
section 3.1, the comparison between the two techniques can provide
further insight into the early-age reaction processes that occur in these
cements. A similar trend to that reported by Sun et al. [50] between the
UPV evolution and the exothermic process has been found in this study,
where the heat flow and cumulative heat evolution can be related to the
UPV and UPV rate evolution of the AAMs, respectively.

From Fig. 7 (inset), initial UPV values were measured to be low,
which is recognized as the dormant period. These low UPV values are
related to the attenuation of ultrasonic waves in early age mortars,
induced by interfacial scattering, reflection, and the involvement of air
bubbles [39,51].

As the dissolution of solid precursors continuous to takes place, Ca*
cations and other constituents of the GGBFS are released into the pore
solution, contributing to the formation of primary C-A-S-H binding gels
[52-54] which begin to fill the voids present in the fresh mixture [50].
This accumulation of primary gels causes the ultrasonic wave speed to
increase progressively, in stage (2) in Fig. 7, which corresponds to the
first exotherm (particle wetting, dissolution, and initial gel formation) in
the calorimetry data in Fig. 6(a). Inclusion of EAFSS is seen to delay the
start of the increase in UPV, indicating reduced precursor dissolution
and reactivity compared to GGBFS, in agreement with previous studies
[25,55,56].

With increasing time, the rate of increase of UPV gradually slows as
the reaction approaches the first deceleration stage (stage 3 in Fig. 7,
corresponding to the deceleration from the first calorimetric peak in
Fig. 6 (a). During this stage, the interaction mainly takes place between
the cations dissolved from precursor particles and silicate species pro-
vided by the activator solution [49]. The UPV growth progressively
slowed down, which is associated with a reduction in the dissolution
rates of the precursor particles [47,57].
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Fig. 8. Fresh properties of the AAMs: (a) flow diameter over time of the GGBFS-EAFSS mixtures; (b) initial and final setting time increasing the replacement level

of GGBFS.

A secondary acceleration period is detected at around 6 h (for 100G)
and corresponding relatively closely with the onset of the second
exothermic in Fig. 6(a). This period is characterised by the involvement
of silicate species dissolved from slag particles [49,58] accompanied by
the incorporation of aluminate species to form additional C-(N)-A-S-H.
The UPV values measured at this stage are sufficiently high to be iden-
tified as belonging to a largely-solidified material, and this will be
confirmed by the Vicat test results presented below. The secondary rise
in UPV is suppressed with increasing EAFSS replacement. Overall, the
incorporation of EAFSS retards the structural evolution of the mixtures,
as highlighted by the general reduction in maximum UPV. High EAFSS
contents are noted to reduce the UPV value significantly within the first
24 h.

3.3. Fresh properties — mini slump and setting times

The mini-slump test and setting time results exploring the work-
ability and setting time properties of the tested AAMs are shown in
Fig. 8.

As can be seen in Fig. 8 (a), the initial slump diameter values of the
paste mixtures with EAFSS vary within the range of 162-212 mm (from
an initial cone base diameter of 60 mm), while for the 100G mixture a
lower slump diameter value of 149 mm is obtained. Using EAFSS
replacement increases the initial slump values of fresh mixtures (9%,
17%, 36% and 43% increase for 25%, 50%, 75% and 100% EAFSS,
respectively), despite the higher fineness of the EAFSS. This observation
may be attributed to the less reactive nature of EAFSS, consisting of
stable mineral phases which do not show pronounced early reactivity
[59]. Similar observations have been reported [21,25] where the fresh
properties of AAMs improved with different steel slag additions [25,55,
56,59] due to their limited participation in early hydration reactions.
The larger slump values of the EAFSS fresh mixtures may also be
attributed to its higher specific density (Section 2.1) and less angular
morphology of particles (Fig. 2) compared to GGBFS. Considering that a
constant liquid to solid ratio (by mass) was used to produce the paste
mixture, using EAFSS with a higher density than GGBFS yields a larger
liquid to solid volume ratio of the fresh mixture, and consequently
higher slump values [21].

As demonstrated in Fig. 8 (a), the 100G and 25E paste mixtures
showed a drastic loss in the slump values after 30 min, approaching a
zero-slump condition (diameter equal to the cone base diameter of 60
mm) at this time due to the intensive early-stage reactions occurring, as
illustrated in previous sections. Using higher contents of EAFSS reduces

the slope of the slump loss curves, highlighting the retardation of early-
stage activation reactions of AAM with increasing EAFSS replacement,
in line with isothermal calorimetry and UPV measurements.

The setting time measurements are shown in Fig 8(b). 100G has the
shortest initial setting time of 60 min, with final setting measured after
70 min, which is to be expected with the type and dosage of activator
used here [60]. Increasing the replacement of GGBFS with EAFSS shows
an increase in the initial setting time, by as much as 200% at 75% EAFSS
content. A setting time of over 2000 min is observed for 100E.

Comparing Figs. 8(b) and 7, it can be identified that the initial setting
times of these specimens appear to correlate quite well with the time at
which a UPV of 2000 m/s is reached for the same mortar. This is
somewhat higher than values that have been reported for Portland
cement-based specimens in the past [39,61]; it remains to be seen
whether such behaviour is broadly characteristic of alkali-activated
materials as the available data sets comparing UPV and Vicat mea-
surements are very limited.

3.4. X-ray diffraction

The XRD patterns of the hardened pastes at 2 and 28 days of curing
are shown in Fig. 9. 100G after 2 days (Fig. 9 (a)) shows only one
crystalline feature which is attributed to calcite (CaCO3) at ~ 29° 26, a
product of atmospheric carbonation. Several distinct diffuse humps are
detected, at ~29, 33, and 50° 20 which are related to the formation of
C-S-H type gel phases. Only at later ages in Fig. 9(b), two minor humps
at ~12° and 56° 20 are attributed to hydrotalcite-group minerals
(approximately Mg4Al5(CO3)(OH)1203H,O PDF #01-089-0460 with
variation in Mg/Al ratio and CO3/OH ratio), resulting from the reaction
of the Mg%" present in GGBFS [62]. The broadness and low intensity of
these peaks suggests the slow formation of nanoscale hydrotalcite-group
crystallites.

When 25 wt% EAFSS is included into the mixture, the crystalline
phases dkermanite (A), merwinite (M), and a spinel phase similar to
chromite (Cr) are detected, attributed to unreacted EAFSS grains. The
formation of C-S-H type gel phases, calcite, and after 28 days,
hydrotalcite-group structures is noted, similar to the case of 100G. A
further increase of EAFSS content in 50E and 75E causes an increase in
intensity of the unreacted crystalline phases, and notably less C-S-H gel
formation. Calcite formation is detected, whereas hydrotalcite does not
appear to be formed from binder blends with 50% or more EAFSS. When
increasing the curing time from 2 to 28 days, an increase in the C-S-H
phase fraction is seen, along with narrowing of the C-S-H humps at
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Fig. 9. XRD patterns of AAMs based on GGBFS and EAFSS at 2 and 28 days of curing.

~29° and ~50°, suggesting an increased short-term ordering of the gel
[63].The XRD pattern of 100E is similar to that of the EAFSS precursor.
C-S-H gel phases do not appear to form, underlining the stability of the
crystalline phases present in EAFSS in alkaline conditions.

3.5. Fourier-transform infrared spectroscopy

Infrared spectra of the AAMs cured for 2 and 28 days are represented
in Fig. 10. All AAMs studied exhibit absorbance bands at ~3445 cm ™,
and 1660 cm™!, which are generally assigned to stretching/bending
vibrations of O-H groups. These specific bands are typical of weakly
bonded water within the structure, which can occur during the forma-
tion of hydration products such as C-S-H type gels. The bands at 1489-
1418 cm ™! are due to C-O stretching vibrations and can be attributed to
atmospheric carbonation products, such as the calcite identified in some
samples by XRD (Fig. 9), and also amorphous calcium carbonates [33].
Calcite is also present in the EAFSS prior to activation (Fig. 3), with
corresponding absorbance bands at 875-713 cm ™! detectable in samples

with high contents of EAFSS, such as 100E and 75E.

The main band at 1200-800 cm™! is attributed to asymmetric
stretching vibrations of Si-O-T bonds (T = tetrahedral Si, Al) [64].
Analysis of this broad band is used to interpret the chain structure of
amorphous gel-type phases present, with a distinct narrowing with
increased curing time indicating a shift in structural ordering of the gel
phase as the polycondensation reaction progresses [63,65]. This reac-
tion also results in a shift of the band towards lower wavenumbers due to
increasing incorporation of tetrahedral aluminium into the silica
network [66]. Both of these behaviours are seen to a varying degree in
all samples, with slight peak shifts and narrowing of the Si-O-T band
with increasing curing time from 2 to 28 days in all samples. It is
interesting to note that the 100E sample, which from phase identifica-
tion of XRD data is believed to be largely unreactive, shows a slight band
shift as evidence of partial gel formation, consistent with the low but
non-zero calorimetric response of this sample also. This is supported by a
relative increase in O-H band intensity from the emergence of hydration
products between 2 and 28 days. Sharp peaks at around 1080-940 cm %,



S. Ghorbani et al.

3445 100E

28 days -

28 day

28 day:
NS
P

3000

Absorbance (a. u.)

100G

150 1000 500

4000 3500 2500 2000

Wavenumber (cm'l)

Fig. 10. FTIR spectra of AAMs based on GGBFS and EAFSS at 2 and 28 days
of curing.

(a) 100G 2 days

1a

3 c¢) S0E 2 days

Cement and Concrete Composites 143 (2023) 105230

assigned to 8kermanite and merwinite, are more diffuse in character
after 28 days, suggesting possible dissolution of calcium magnesium
silicate phases and resulting in a weak amorphous gel. Conversely, the
bands for the spinel phase (chromite) at 637 cm ™! and 500 cm ! remain
sharp at all curing times.

3.6. Scanning electron microscopy

Backscattered-electron (BSE) images were collected for 2 and 28-day
cured 100G, 50E, and 100E samples. Comparison of Fig. 11 (a) and (b)
shows a clear evolution of the 100G binding phase between 2 and 28
days of curing. There is an increase in binding phase present, but also a
homogenous distribution of angular GGBFS particles still visible within
the matrix after 28 days. Sample porosity is also seen to be reduced with
increasing curing time.

In the 50E samples, Fig. 11 (c) and (d), the EAFSS particles can be
identified, as well as GGBFS embedded within the binding phase. Some
large EAFSS particles show internal greyscale contrast, indicating
compositional inhomogeneity. The composition of various EAFSS par-
ticles from point EDS analysis (2-5) are shown in Table 4. The GGBFS
particles show a reaction rim as they dissolve to form the binding phase,
as seen in the 28 day specimen in Fig. 11 (d). The composition of the
reaction rim is noted to be different than that of the bulk gel phase, and
is consistent with previous observations of hydrotalcite-group phases

(b) 100G 28 days

_GGBFS,
¥ particlées

\

R

Fig. 11. Backscattered electron images of AAMs based on GGBFS and EAFSS after 2 and 28 days of curing.
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Compositional EDS analysis of particles of GGBFS and EAFSS labelled 1 to 5 in Fig. 11, where 1 a and b are GGBFS particles; 2 a, b, ¢, and d are spinel phases embedded
in the melilite solid solution; 3 a, b, and ¢ calcium silicates; 4 a and b are merwinite particles; and particle 5 is an iron silicate.

GGBFS particles EAFSS particles

Type 1 Type 2 Type 3 Type 4 Type 5
(wt. %) a b a b c d a b c a b
) 45.5 46.1 45.7 44.8 47.7 45.0 44.0 43.4 44.9 45.0 42.5 38.3
Ca 27.3 24.6 21.3 28.0 23.0 26.0 36.0 32.8 32.6 27.0 34.1 4.1
Si 17.3 16.8 11.9 13.8 14.0 12.4 15.0 15.3 13.8 11.3 14.1 15.1
Al 5.0 4.9 2.9 1.4 2.8 5.1 1.0 2.6 0.7 0.8 0.5 21
Mg 3.5 4.3 3.6 4.3 2.3 3.8 1.7 2.5 5.0 14.1 6.8 0.8
Na 1.2 2.7 1.3 1.1 5.6 0.7 1.8 1.9 1.9 1.1 1.9 4.9
Fe 0.1 0.3 1.3 0.4 0.4 0.2 0 0.1 0 0.5 0.1 34.4
Cr 0 0.1 11.7 5.8 4.6 6.9 0.4 1.3 0.9 0.2 0 0.2
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Fig. 12. Pore structure of the alkali-activated pastes after 2 and 28 days: (a) cumulative pore volume and (b) differential pore volume.
becoming formed specifically in this area of the microstructure of alkali- bl
activated BFS-based binders [67]. No reaction rim is seen around EAFSS Table 5 . . .
. . . . . Total porosity of the paste specimens in the range of 6.5 nm-10 pm.
particles, most likely due to their slower dissolution rate compared to
GGBFS. Mixture Total porosity (%)
The 100E sample after 2 day curing in Fig. 11 forms a highly porous 2 days 28 days
matrix with a weak particle assemblage. Curing for 28 days results in an 100G 255 175
increased binding phase fraction and reduction in matrix porosity, in 50E 8.95 5.35

agreement with the FTIR data (Fig. 10). This confirms that EAFSS in
alkali activation can partially form a binding phase from the dissolution
of either of the constituent merwinite and akermanite phases. Engstrom
et al. [36] have previously reported the favourable dissolution of mer-
winite under alkali activation conditions, and the results presented here
are consistent with those findings.

Energy dispersive spectroscopy (EDS) was used to identify several
types of particles (labelled in Fig. 11) and to determine their composi-
tion, as summarised in Table 4. Particle type 1 is associated with GGBFS,
while various EAFSS particles are distinguished: type 2) the spinel (Mg,
Fe,Al)Cry04 embedded in a melilite solid solution phase; type 3) calcium
silicate particles with low magnesium content, possibly wollastonite or
bredigite (Ca;Mg(SiO4)4, which was not clearly detected in the XRD data
but could be present; type 4) merwinite particles; and type 5) iron sili-
cate particles, also not identified in the XRD patterns so potentially
glassy in nature.

3.7. Mercury intrusion porosimetry

The pore size distributions of 100G and 50E pastes at curing ages of 2
and 28 days, as determined by mercury intrusion porosimetry, are
presented in Fig. 12. As reported in the literature [68,69] the pore
structure of the AAM matrix can be categorised into three regions: (1) air
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voids (>10 pm), (2) capillary pores (50 nm - 10 pm) and (3) gel pores
(10-50 nm). As shown in Fig. 12 (b), the differential pore volume curves
are flattened across the capillary pore region and begin to rise within the
gel pore region, indicating that the gel pores are the dominant pores
within the paste specimen structure. The shapes of the distributions in
Fig. 12(b) show only the 50E mixture having a distinct pore size dis-
tribution within the explored range of the MIP test, with the 100G
sample possibly containing additional pores <6.5 nm that are not pro-
bed by this technique. The total porosities of the alkali-activated pastes
in the range of 6.5 nm-10 pm calculated from the total cumulative pore
volumes are given in Table 5.

From the data in Fig. 12 and Table 5, blending EAFSS with the GGBFS
used to produce AAMs significantly increases the cumulative pore vol-
ume of the paste matrix at both ages tested here, yielding a larger total
porosity in the range of 6.5 nm-10 pm.

The porous structure of EAFSS pastes arises from the presence of
stable crystalline phases that do not participate in the formation of pore-
filling gel phases [8,21,25]. The exact nature of the gel type formed in
the matrix is also a factor affecting the pore structure of AAMs [70], as

each individual type of binding gel promotes a unique pore structure
[71].
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Table 6
Results obtained from ICP and calculated following NEN-7345:94 test for samples 100G and 50E, and compared with limit Ul.
As Ba Cd Co Cr Cu Hg Mo Ni Pb Sb Se \% Zn
100G (mg/rnz) <0.5 3.3 <0.1 0.2 <0.2 <0.2 <0.3 <0.2 2.3 <0.5 <0.8 <1.2 0.2 1.1
50E (mg/m2) <0.5 2.1 <0.1 <0.1 <0.2 <0.2 <0.3 13.6 3.3 <0.5 <0.8 <1.2 4.0 1.4
Ul (mg/mz) 40 600 1 25 150 50 0.4 15 50 100 3.5 3 250 200

As seen in Fig. 12, with continued curing, the total cumulative pore
volume of the paste specimens decreases, reflecting the formation of
new gel phases filling remnant pores. This is in agreement with studies
reporting increasing AAM density with curing age [8,21,72,73].

3.8. Strength properties

The compressive and flexural strengths of the alkali-activated mor-
tars after curing for 1, 3, 7, and 28 days are presented in Fig. 13.
Increasing EAFSS replacement results in a reduction in the strength
properties of AAMs, consistent with the differences in microstructural
evolution and binder densification observed in the preceding sections.

This observation also supports the slower structural development
seen in the UPV (Fig. 7) measurements for EAFSS-containing mixtures.
The strength properties of mixtures with up to 50 wt% EAFSS re-
placements are satisfactory for practical applications. The mixtures with
25 wt% and 50 wt% EAFSS showed compressive and flexural strengths
that were no worse than 30% below that of 100G. Therefore, incorpo-
ration of up to 50 wt % EAFSS can be achieved without major losses in
mechanical properties.

3.9. Leaching tests

Table 6 presents the results obtained by ICP analysis of the leachates
collected from monolith immersion tests of 100G and 50E. The results
are calculated according to NEN-7345:94 [45] and enables the materials
to be classified in categories: C1 when the leaching of potentially haz-
ardous elements is less than the limits specified as U1l for each element
respectively, C2 when the leaching is between the levels specified as Ul
and U2, and C3 when leaching of one or more elements is greater than
U2.

All of the values obtained during the leaching tests were below the
Ul classification limits for all elements examined, meaning there is no
environmental restriction in the usage of these binders according to
NEN-7345. Leaching of chromium, which is present in significant
quantities in the EAFSS, is not detected from the 50E specimen. This
confirms the hypothesis that the chromium present in EAFSS is stable in
the solid spinel phase and satisfactorily immobilised within the alkali-
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activated binder. The presence of a reducing environment within the
binders, due to the presence of sulfide from the GGBFS, is also likely to
be beneficial in reducing the leaching of redox-sensitive transition
metals [74]. The most problematic heavy metal resulting from the test
present in EAFSS is molybdenum. The level of 13.6 rng/rn2 is below U1
in the case of 50E, however, it is possible that this element may prove to
be a limiting factor on the use of binders with higher EAFSS replacement
levels if the Ul value is exceeded and a C2 classification becomes
necessary. However, those samples were not able to be tested for
leaching within the scope of the current study.

4. Conclusions

The use of EAFSS in blends with GGBFS for producing alkali acti-
vated slag-based materials has been evaluated via the characterisation of
early hydration and fresh, microstructural, and mechanical properties.
Based on this analysis the following main conclusions are made:

1 Replacing GGBFS with EAFSS significantly affects the reaction ki-
netics, resulting in a significant retarding effect. The dormant period
of the heat evolution curve becomes prolonged with higher EAFSS
replacements, with a suppression in the secondary exothermic peak
after dissolution.

2 The structural formation of the alkali-activated mortars is retarded
with increasing EAFSS replacements.

3 EAFSS improved the workability and prolonged the setting time of
AAMs due to its lower reactivity compared to GGBFS.

4 The XRD data indicate that most phases of the EAFSS are stable
(acting more inert) in alkaline systems, however a small fraction of
the EAFSS can react to form a weak binding phase as was observed
through FTIR and SEM.

5 EAFSS blending is found to increase the cumulative pore volume of
AAMs within the range of 6.5 nm-10 pm, resulting in a more porous
structure with coarser pore sizes.

6 EAFSS replacement gives a general reduction in strength properties,
although mortars with up to 50 wt % EAFSS exhibit a satisfactory
compressive strength after 28 days of 85 MPa, and corresponding
flexural strength of 9.5 MPa. This shows that the AAMs produced in
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this study fall under the strength class of 52.5 N according to EN 197-
1.

Leaching tests highlight this GGBFS/EAFSS binder system to be
suitable for the immobilisation of heavy metals present within the
precursors. All heavy metals detected are well below the U1l limit,
meaning that the usage of these binders do not present any envi-
ronmental restriction (classified as C1). No chromium was detected
in the leachates.

Overall, the findings reported in this work can be broadened by
caling the present formulations to concrete and evaluating the

durability and mechanical properties, but also with the comparison to
other types of EAFSS.
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