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Iron-silicate slags, originating from metallurgical industry, are upon alkali-activation precursors for synthesis of
inorganic polymer binders, which can be used in construction. The slag’s rheology is important for certain
construction applications, which is for alkali-activated Fe-rich slag suspensions (AAS) still largely unmapped. To
identify the contribution of the activator and of an early formed binder to the rheology, the activator SiO/NaO
molar ratio and HyO content was modified. The flow behaviour of AAS was compared with an activator alone,
and a quartz suspension to reveal the effect of the slag particles on the rheology and its degree of activation.

Raising SiO3/Nay0 molar ratio resulted in a higher yield stress and elasticity, explained by the increase of silicate
complexes, while decreasing SiO/NaO molar ratio resulted in more monomers. AAS exhibited a yield stress
fluid-like behaviour conform to the Herschel-Bulkley model and driven by the strong physical interaction be-

tween the slag particles.

1. Introduction

Pyrometallurgical production of non-ferrous metals is accompanied
by the generation of substantial volumes of Fe-rich slags. From these
slags, consisting of mainly Fe»O3, SiO3 and Al,Os3, an inorganic polymer
(IP) binder can be formed after alkali-activation. This IP binder can be
suitable for building materials, which can be more environmental
friendly compared to ordinary Portland cement (OPC) based binders.
The choice of the activating solution plays a major role in the slag
activation potential [1]. Once the slag particles are introduced to an
activating solution, which is in most cases an alkali-silicate solution, the
particles are partially dissolved, and once a saturation threshold is
reached, polymerization of Fe, Al, Si, and Na species can take place
[2-4] and an amorphous densely crosslinked IP binder is formed. The
microstructure, reactivity, and mechanical performances of IPs have
been investigated in a number of studies [1,5,6], but the rheological
properties, prior to the formation of an IP binder, have not. However, the
rheology of a slag-based suspension before polymerising is important, in
particular for any flow-related application in construction, such
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self-levelling. Further, the effect of the alkali-silicate chemistry and the
slag particle interaction potential on the rheological behaviour of a slag
suspension is not investigated so far. In order to increase the slag val-
orisation potential towards IPs, the rheology of alkali-activated slag
suspensions needs to be investigated.

According to existing literature, a liquid geopolymer paste, similar to
IPs, can be identified before hardening as a suspension that consists of
three phases: the alkali-silicate solution, the early formed binder, and
the undissolved fraction of the precursor particles [7,8]. These three
phases contribute to the viscosity and yielding behaviour of the fresh
paste [9]. The yielding and viscosity are primarily controlled by the HyO
amount [10-15] and the SiO5 to NayO ratio in the activating solution
[16]. Furthermore, the ionic concentration of the activator, the particle
interaction potential (Van der Waals, electrostatic and steric forces), the
particle surface potential, the particle shape, and the grading of the
precursor particles influences viscosity and yield stress as well [11,17,
18]. The yield strain depends on the suspension composition and is
different for an IP paste [1] compared to an ordinary Portland cement
(OPC) based paste [19]. However, there are generally different
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procedures described in literature that deliver different values for the
onset stress of flow, resulting in no clear definition on yield stress [13,
20].

The rheological behaviour of binder systems other than IP pastes has
been studied extensively, but those results cannot be directly translated
to IP pastes as the precursor chemistry can differ significantly, and thus
it is important to investigate and understand their specific rheological
properties. An OPC based suspension is reported to exhibit a viscoelastic
behaviour [11,12] with shear thinning characteristics [21]. Suspensions
from blended cements are more closely related to IP pastes and exhibit a
lower yield stress when a higher slag to cement ratio is used [22].
Depending on the slag, the rheological behaviour of the suspension can
be described using constitutive models that incorporate yield stress.
Na-silicate activated ground granulated blast furnace slag has a lower
yield stress in comparison to an OPC based paste, but can be described
by the Herschel-Bulkley model, while the OPC based pastes can be
described by a Bingham model [16]. The Herschel-Bulkley model,
however, is better suited to predict the behaviour of fly ash geopolymers
[23]. Favier et al. (2013) mention that a metakaolin-based geopolymer
paste shows no flocculation and does not exhibit a yield stress. They
concluded that such a geopolymer paste exhibits a Newtonian behav-
iour, controlled by the high viscosity of the sodium silicate solution [21].
However, other studies have shown that silicates in the activating so-
lution can have a physical effect on the particles, increasing the yield
stress and enhancing the observed shear thinning [24]. The contribution
of the Newtonian alkali-silicate solution to the viscosity and yielding
properties can be related to its molecular structure and the HoO volume
fraction [21]. The aforementioned literature indicates that the acti-
vating solution chemistry, in combination with the choice of the solid
precursor, plays an important role in the rheological properties.

This paper addresses the gap in understanding the rheological
behaviour of an alkali-activated Fe-rich slag suspension and to which
extend the slag, activating solution or a possible early formed binder
contributes to the rheological behaviour. The physical effect of different
activating solution chemistries on the slag suspension is investigated by
both oscillatory and rotational rheology. Oscillatory rheology provides
insights into the viscoelastic properties via the storage modulus G’ and
loss modulus G” at specific frequencies and strains, where G’ is a mea-
sure for the elastic part and G” is related to the viscous contribution of
the suspension [11]. The yield strain or linear strain amplitude was
determined for each paste by strain amplitude sweeps at fixed fre-
quencies. Angular frequency sweeps, at a constant strain amplitude in
the linear viscoelastic (LVE) regime, were performed to investigate the
extent of structural organization in the suspension from the elastic
response of the suspension at higher frequencies. Steady rotational
measurements provide insights into viscosity and stress changes as a
function of time or flow rate. Shear rate sweeps provided information on
the yield stress and shear thinning. A comparative study with an inert
quartz suspension is performed to identify the significance of the
attractive interparticle forces and interaction between the slag particles.
Based on the obtained rotational data, the rheological behaviour of the
paste or suspension was linked to and fitted by the corresponding
constitutive model.

2. Material and methods
2.1. Slag precursor and quartz analysis

The slag originated from the recycling and refinement of non-ferrous
metals, such as Pb and Cu waste. The bulk composition of the Fe-rich
slag was analyzed by X-Ray Fluorescence (XRF, PW 2400, Philips).
The chemical composition of the slag is shown in Table 1. The crystalline
composition of the slag was analyzed by X-Ray Diffraction (D2 phaser
XRD, Bruker). The XRD analysis indicated that the slag was 78 wt%
amorphous and consisted of fayalite (18 wt%), hercynite (3 wt%),
magnetite (<1 wt%), and zincite (<1 wt%) minerals. The chemical and
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Table 1

The chemical bulk composition of the Cu-slag expressed in weight percent.
FeO Si0y ZnO Al,03 Na,O Ca0O Others
52.5 26.2 7.7 4.6 2.7 1.2 5.1

mineralogical composition is comparable to previous works [1].

Prior to the rheological measurements, the slag was milled (Attritor
1S, Wiener) to a specific particle size distribution (PSD). A maximum
particle size of 100 um was chosen to be at least one order of magnitude
smaller than the dimension of the gap size between the vane blade and
the cup of the rheological measurement geometry. This avoided any
direct friction between the agglomerated particles and the shearing
geometry. A similar milling procedure was performed for the quartz
powder. After milling, the slag and quartz were sieved with a 415 pm
sieve size and a PSD analysis was performed (Malvern Mastersizer) to
verify that the larger particles were excluded. The Dy, Dsp, and Dgg of
the slag after milling, determined from the laser diffraction PSD ana-
lyses, equalled to 1.3 um, 6.8 pm, and 24 um, respectively. The Do, Dso
and Dgg of the quartz powder is 1.1 um, 11.3 pm and 41.4 pm, respec-
tively. The morphology (angularity, shape) of the quartz particles and
the PSD resemble to the slag particles. The PSD analyses showed that the
maximum particle size was less than 100 pm and therefore suitable for
the rheology measurements.

2.2. Activating solution chemistry

The sodium silicate solutions were prepared at least 24 h prior to the
experiment. NaOH pellets were added to a starting solution (3.3 SiOy/
NayO molar ratio and 61 wt% H»O from Silmaco), to prepare solutions
with SiO5/NayO molar ratios of 1.4, 1.6, 1.8, and 2.0 (1.4-65, 1.6-65,
1.8-65, 2.0-65). Each of these solutions consisted of 65 wt% H,0, and
35 wt% NayO and SiO». Furthermore, solutions were prepared with a
Si05/Nay0 molar ratio of 1.6 and H,0/Nay0 molar ratios of 12.6 (59 wt
% H,0), 16.3 (65 wt% H50), and 20.5 (70 wt% H50) (1.6-59, 1.6-65,
1.6-70). A constant solution to slag mass ratio of 0.4 was used to sub-
sequently produce the slag suspensions (paste). Once the powder was
added to the activator, the suspension was mixed manually, using a
spatula, for 4 min. The quartz suspension was prepared in a similar way
as the slag suspension, in which an activating solution was used with a
Si03/Na0 molar ratio of 1.6 and 65 wt% H0. In order to have a
mixture comparable to the slag suspension with respect to its rheological
behaviour, the volume fraction of quartz was kept the same as the slag
volume fraction (65.2 %). Taking the density differences into account,
with the Fe-rich slag having a density of 3.9 g/cm?, while quartz powder
has a density of 2.65 g/cm®, this resulted in a solution to quartz mass
ratio of 0.59. Demineralised water based quartz and slag suspensions
were also investigated to rule out the effect of the alkali silicate solution
and the slag dissolution on the rheology. These water suspensions were
prepared with the same solids volume fraction (65.2 %).

2.3. Rheology measurements

A stress-controlled rheometer (Discovery HR-3, TA Instruments) was
used with a 4-bladed vane impeller (42 mm high and 28 mm diameter)
in a cup (30.3 mm diameter) at a fixed temperature of 20°C and 50 %
relative humidity. The suspension was loaded in the cup and, prior to
each measurement, a rotational preconditioning step was performed for
200 s at an apparent shear rate of 100 1/s to guarantee similar starting
conditions for each experiment. The rheological experiments were per-
formed with a 20 min rest period after the preconditioning step, to
ensure a full recovery of the suspension. The measurements lasted a
maximum of 1 h after the start of mixing. Frequency and strain sweeps
were performed with oscillatory shearing under controlled strain and
frequency conditions to obtain the suspension storage (G’) and loss (G”)
modulus evolution. During a strain sweep, the strain (y) increased
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stepwise from 0.001 to 10 % with 5 pts/decade at a fixed frequency of 5
rad/s. The critical or linear strain limit was determined as the strain at
which the moduli started to deviate from a constant value. During a
frequency sweep, the frequency was varied stepwise from 100 to 0.1
rad/s with 5 pts/decade under a fixed y of 0.01 %, which is situated in
the prior determined linear regime.

A flow sweep was performed with a stepwise increase iny from 0.01
to 100 1/s. The stress (6) and viscosity (4) data conformed to the
Herschel-Bulkley constitutive models given in Egs. (1) and (2).

o =k"+0o @

p=k""+00/y 2

To fit the model to the data and to obtain the three unknown pa-
rameters, namely, the consistency index k, the flow index n, and the
yield stress 0y, a Sum Squared Error (SSE) method was performed with
the measured and calculated (optimized) data points using the Solver
function in Microsoft Excel.

To determine eventual time-dependent structural changes in the
suspension after the precondition, which could affect the rheological
measurements, a time sweep of 1 h was performed, on the suspensions
with a Si03/Nay0 molar ratio of 1.4 and 2.0, and the suspensions with
70 and 59 wt% H50, to measure G’ with a deformation y of 0.01 % and a
frequency of 5 rad/s.

2.4. Fourier transform infrared spectroscopy (ATR-FTIR)

An ALPHA 2 FTIR spectrometer (Bruker) was used to obtain an in-situ
FTIR spectrum at room temperature for each activating solution. Prior to
each test, the background was measured. Each solution was measured at
least twice to determine repeatability. The spectra were analysed in the
reflectance transmission mode with a resolution of 2 cm™!. The analysed

region is situated between 1200 and 800 cm ™.

2.5. Nuclear magnetic resonance (NMR) spectroscopy of 2gi

A Bruker Avance II 600 MHz standard bore NMR spectrometer
equipped with a 5 mm liquid-state BBO probe was used to record 1D 2°Si
NMR spectra. The samples were loaded in borosilicate 5 mm NMR tubes
and measured at room temperature. A one-pulse sequence was imple-
mented using 100 W and 9.0 ps for the length of the pulse, which was
calibrated for n/2 flip angle. Longitudinal relaxation times (T;) were
checked and found to be less than 200 ms due to paramagnetic impu-
rities. This is compatible with the observation of a residual line-width of
25 Hz in the 'H NMR spectra after extensive shimming. 4096 transients
were summed to produce each spectrum in 1h 7min. Exponential
apodization of 5 Hz was applied to all spectra before FFT and phase
correction. Silicon background signals were recorded from the probe
and an empty NMR tube in the same experimental conditions (number of
scans, repetitions, delays etc.) as for the samples. These signals showed
weak but broad silicon lines around the Q4 region, as expected. The
spectra were processed and the background signal was subtracted. No
additional baseline correction was applied. The 2°Si chemical shift scale
was calibrated by spiking the solutions with traces of 3-(Trimethylsilyl)-
propionic-2,2,3,3-d4 acid sodium salt.

2.6. Heat flow measured by calorimetry and solution chemistry by ICP-
OES

The reaction kinetics of each different suspension chemistry were
investigated using an isothermal calorimeter at 20°C (TAM Air, TA In-
struments), right after the manual mixing step. The concentration of
dissolved species in the suspension with as activator a SiO2/Nay0 molar
ratio of 1.4 and 65 wt% H,O were measured by inductively coupled
plasma atomic emission spectroscopy (ICP-OES). The solution extracted
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from the suspension was centrifuged 1 h after mixing for 10 min at 8000
rpm. The centrifuged solution was filtered with a 0.45 pm filter, from
which 150 pl was extracted and diluted with Milli-Q water (ISO 3696).
The activating solution (1.4 SiO3/NayO ratio and 65 wt% H>O solution)
was used for background correction. The concentration of Na, Al, Si, Zn,
Fe species was measured and presented in g/L.

3. Results and discussion
3.1. Alkali silicate solution characterization

The rheological behaviour of the alkali-silicate solution, prior to the
addition of solid particles, shows the behaviour of a simple Newtonian
liquid. The flow sweep test shows (Fig. 1) that the viscosity remains
constant at 0.018 Pa.s for all shear rates and that the stress increases
with a slope of 1 when increasing the shear rate. A viscosity independent
from the shear rate implies that the alkali-silicates are fully dissolved. A
reported possible formation of colloidal Na-Si-O-H complexes on the
order of 0.6 nm size, which can form aggregates of few nm [18], is at
least so small at this concentration that it is not affecting the apparent
Newtonian flow behaviour in Fig. 1.

An ATR-FTIR spectra analysis was performed on the activating so-
lutions to investigate the difference in silicate bond types or molecular
structure [8]. The ATR-FTIR spectra display the relative proportion of
transmission at a specific wavenumber in the silicate bonding region
[25]. The transmission intensity in the silicate bonding region
(1200-800 cm ™) can be correlated to the proportion of tetrahedron
silicon sites containing non bridging oxygens (NBO). The amount of
NBO per silicon site is linked to the structural unit Q", with n varying
from O to 4 and indicating the level of crosslinks in the silicate network
[26-28]. The breadth and intensity of the Si-O-Si band in the 850-1200
cm ™! region is the result of overlapping of each Q" present in the acti-
vating solution [28]. The transmission band around 900-850 em ! s
related to monomeric SiO~ (M") small anion units [29], as shown in
Fig. 2A, and has little variance for different SiO2/NasO molar ratios.
When decreasing the SiO2/Na30 molar ratio, an increase in transmission
intensity is visible in the 950-910 cm™* region, which is related to the
increase of monomer Q° and dimer Q! structural units, which are
tetrahedral silicates with 4 and 3 NBO, respectively [28,29]. In Fig. 2A, a
peak in transmission values is visible for each activating solution in the
1000-960 cm ™! region, which is related to the linear Q! [29]. A decrease
of the Si02/Na0 molar ratio resulted in a shift of the Si-O-Si stretching
band to lower wavenumbers. The latter is related to silicates with an
increased number of NBO sites and corresponds to the increased for-
mation of monomers and dimers in the solution [28]. The Q0 and Q1
FTIR data for the different SiO2/NapO molar ratios is supported by FTIR
data from literature [28,29] and 295i NMR [30].
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Fig. 1. The stress and viscosity of the alkali solution when increasing the
shear rate.
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Fig. 2. The ATR-FTIR transmission spectra from 1200 to 800 cm ™! of the activating solutions with different SiO5/Na,O ratios, indicating the QY3 structural units and
the Si-O-Si stretching band in (A). Fig. 2B shows the ATR-FTIR spectra of the activating solutions with different H,O ratios.

An increase of the Si0O3/NazO molar ratio shows a shift to lower
wavenumbers in the 1150-980 cm™! region, which is linked to the Q?
and Q® units, representing trimers and polymerised species. Q? (3R and
4R) units can have linear trimers, tetramers, and cyclic silicate struc-
tures containing 2 NBO and corresponds to the 1070-1030 cm ™! region
[29]. Q3 (3R and 4R) units are situated in the 1120-1030 em ! region
and indicate the presence of extended silicate 3D network rings with
silicates of only one NBO [28,29]. The intensity decrease of Q3 when the
Si02/Nay0 molar ratio decreased [31] can be related to the pH or the
amount of OH™, which can function as a network modifier [32]. Intro-
ducing hydroxide ions can lead to deprotonation reactions that depo-
lymerize the silicates by dissociating the Si-O-Si bonds [28,32].
According to Bass & Turner [29], Q4 units can only occur when the
Si02/Na0 molar ratio is larger than 2.0. Fig. 2B illustrates that the
Si-0-Si stretching band in the 850-1200 cm ™! region becomes broader
when the amount of HyO decreases in the activating solution. A decrease
in Hy0 amount resulted in the presence of more silicates in the solution
and, consequently, a stronger transmittance band is visible in the 985
cm ! range. Fig. 2B shows a shift to lower wavenumbers in the 980-850
em™! region when decreasing the amount of H,O in the solution, indi-
cating a decrease of monomers in the solution. The aforementioned shift
can be explained by the fact that an increase in HoO can result in hy-
drolysis of monomers and, along with the small SiO™ anions, the for-
mation of silanol groups, as shown in Eq. (3) [28].

3

Fig. 2B illustrates that the 1050-1100 cm ™' transmission band does
not show a shift in wavenumbers. The structural Q2 and Q3 units are

SiO~ Na© + H,0 = SiOH® + Na* + OH™

similar for all solutions, indicating that no change in the extended sili-
cate network can be expected.

295i NMR experiments were executed to support the FTIR data and
the spectra are shown in Fig. 3A and B. Different Si-O bond structures
can be identified in the various activating solutions on liquid-state 2°Si
NMR spectra. The assignment of some peaks is still unclear in the
existing literature. Engelhardt et al. identified the main peaks in order to
obtain a general trend [33]. According to their study, the following
peaks can be assigned to a particular Si-O bond: Q° at -72 ppm; Q! at -79
ppm; cyclic trimer Q? at -82 ppm; Q? and three-ringed silicate Q?BR) from
-87 to -91 ppm; four-ringed silicate Q(34R> from -96 to -98 ppm; and Q* at
-108 ppm [34]. All solutions have three distinct groups of peaks around
-72.9, -80.5, and -82.7 ppm. These peaks are identified as the monomer
QC species, the dimer and linear tetramer Q' species, and the cyclic
trimer Q2 species, respectively [29,33]. The relative intensity of these
peaks at higher ppm increased and shifted towards a higher ppm range
when decreasing the SiO2/NaO molar ratio in the activating solution
(Fig. 3A). The peaks situated in the spectra from -87.7 ppm up to -92.0
ppm are identified as the Q2 species and cyclic tetramers Q?Bm. The
peaks from -96 ppm up to -98.6 ppm are identified as tricyclic hexamers
and four ringed silicates Q(34R). No visible Q* species were observed in

accordance with the previous observations for ratios higher than or
equal to 2 [35]. The relative intensity of these peaks increases gradually
with increasing SiO2/Na0 molar ratio (Fig. 3A). This increase indicates
that less silica monomers, dimers, and trimers, and more silica tetramers
and hexamers are present in the solution when increasing the SiOs/-
NayO molar ratio, which agrees with FTIR data. In Fig. 3B, however, the
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Fig. 3. The NMR pattern of the activating solutions with different SiO,/Na,O molar ratios in (A) and different water ratios in (B).
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lowest water percentage in the activating solution has consistently
higher peaks, which is related to the concentration of sodium silicates.
The monomer peak shows a small change in intensity relative to
concentration.

3.2. Effect of an early formed binder

The calorimetry results show that a heat flow peak is generated when
the liquid is introduced to the powder. This peak can be explained as the
heat released by wetting and dissolution of the particles. Once the par-
ticles are wet, the heat flow decreases to a value lower than 1 mW/gg|ag.
After this decrease, no major heat flow increase was measured for any
suspension during the one hour measurement, apart from the one made
with a 1.4 SiO3/Nay0 ratio and 65 wt% HyO solution, which shows a
steady increase in heat flow (Fig. 4A). The time sweeps show an increase
of the elastic modulus G’ (Fig. 4B) in all suspensions, 10 min after the
end of the mixing. This increase is the result of the suspension recovering
from mixing and the conditioning shear step and the formation of a
stable structure. After another 10 min of modulus increase, the G’ value
remains constant for the remainder of the 1 h measurement time win-
dow, indicating that no further structural changes take place in the
suspension. The calorimetry and modulus time sweep show that during
the 1% h time window post mixing, after 20 minutes no significant
change in the material properties was observed, indicating that no sig-
nificant amount of binder was precipitated that could affect the rheo-
logical behaviour.

The IPC-OES results from the activating solution and the centrifuged
solution of the suspension with a SiO3/Na0 molar ratio of 1.4 and 65 wt
% Hy0 are shown in Table 2. The activating solution is used as a
reference to the centrifuged solution and shows, as expected, a signifi-
cant concentration of Na and Si. The centrifuged solution still has high
concentrations for Na and Si, i.e. 147.619 and 101.473 g/L, respectively.
The centrifuged solution is coloured yellow, which indicate the presence
of dissolved Fe species (9 g/L). The SiO3/NayO molar ratio of the
centrifuged solution insignificantly increased by 0.05 g/L, in compari-
son to the activating solution. The concentration of Al, Ca, Fe and Zn is
increased compared to the concentration in the activating solution but
insignificant compared to the Na and Si concentrations. The above-
mentioned calorimetry, stiffness and ICP-OES results can imply that no
significant time-dependent structural changes in the suspensions took
place the 1% h post mixing, and thus no significant amount of binder
phases were formed, which could affect the rheological measurements.
Also the ATR-FTIR and 2°Si NMR measurements performed on the
different activating solutions, to investigate the different bond types, are
therefore representative for the suspensions.
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Table 2

The concentration (g/L) of the main dissolved species in the activating solution
(Si02/Nay0 1.4 and 65 wt% H»0) and the centrifuged solution from the sus-
pension made with SiO,/NayO 1.4 and 65 wt% H»0.

g/L Al Ca Fe Zn Na Si
Activating solution 0.12 0.01 0.02 0.01 136.12 89.96
Centrifuged solution 2.05 0.99 9.55 0.93 147.62 101.47

3.3. Identification of the critical yield strain

The evolution of G’ and G” is measured as a function of strain (from
0.001 to 10 %) to assess the deformability and to determine the yield
point of the suspension. As long as G’ and G” are independent of y
(Fig. 5A and B), the suspensions deformation is situated in the (LVE)
response regime [24]. In this regime the suspension structure, likely
related to a flocculation of the particles, is only linearly stretched under
the applied deformation, and has not reached a non-linear response
regime or are not even disrupted [24]. The critical strain limit of the LVE
response regime is in our case determined as the strain at which the G’
value deviated more than 10 % from the linear regime value [13].

As shown in Table 3 and Fig. 5A, the critical strain is independent of
the SiO,/NayO molar ratio at low ratios. A higher critical strain is ob-
tained when using an activating solution with a SiO3/NapO molar ratio
above 1.6. The dependency of moduli and critical strain limit on water
content (Fig. 5B) is less pronounced. The critical strain of the suspen-
sion, which was around 0.01 % (Table 3), was independent of the water
content in the activating solution. The suspension with activator 70 wt%
H0 had a more pronounced G’ decline in the non-linear regime beyond
the critical strain in comparison to the other suspensions, which is
generally understood to result from lowering the solid fraction for sys-
tems with weak forces between the particles [24] and the presence of
silanol groups (Fig. 2B) with weak interactions,. The latter are easily
broken down at larger y. The results indicate that the critical strain is
determined by the activating solution chemistry, while the decrease in
G’ is related to the particle interaction forces, which is weaker when the
water volume fraction is increased.

Fig. 5C and D show the evolution of the maximum stress during an
oscillation cycle with increasing strain amplitude. At low strain ampli-
tudes, the stress increased linearly in a double logarithmic presentation
with a slope of approximately 1. Eventually, at around a strain of ~ 0.8
%, a transition is visible to a stress plateau, or even a maximum, beyond
which the stress declines with strain amplitude. During the initial stress
increase, the suspension responds linearly to the strain and the sus-
pension structure is not yet broken [20]. However, when the stress
reaches the observed maximum, the yield stress is obtained. A further
increase of strain amplitude beyond the yield stress results in disruption
of the suspension structure, with the number of disrupted flocs
increasing with the strain in the constant stress regime. Clearly, the
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Table 3
The critical strain of the LVE regime for each slag suspension made from a
different activating solution.

SiO2/Nay0 ratio 1.6 1.6 1.4 1.6 1.8 2.0
H,0 (wt%) 59 70 65 65 65 65
Critical yield strain (%) 0.010 0.011 0.010 0.010 0.016 0.026

suspension with a 2.0 SiO2/Nay0 molar ratio achieves a higher stress
level before structural breakdown (Fig. 5C), indicating that this sus-
pension is more structurally organized [18]. The presence of more
complex silicate structures in the 2.0 Si03/Na0 molar ratio activating
solution, as shown in Fig. 3A, can result in an increased formation of
colloidal silicate complexes that aggregate to sizes on the order of a few
nanometers, which probably contribute in addition to the direct slag
particle interaction to the G’ and the yield stress of the suspension [18,
36]. It can also be observed that the stress eventually increases again
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beyond the yield stress level with increasing strain at larger strain am-
plitudes, indicating the strain beyond which all structures susceptible to
breakage at the yield stress level are broken. In Fig. 5D, the stress evo-
lution in the linear deformation regime is similar for all water ratios.
However, the suspension with the lowest HyO content of 59 wt% in the
solution reaches a higher yield stress plateau.

3.4. Suspension crosslinking and viscoelastic behaviour of the suspension

To investigate the network structure within the suspension and its
LVE behaviour, frequency sweeps were conducted with angular fre-
quencies from 100 to 0.1 rad/s in the linear regime (y = 0.01 %) [11].
Fig. 6A shows that for all ratios under investigation, G’ is larger than G”
over a wide frequency range (except for some of the lowest frequencies),
indicating solid-like response within the time scale window of the
investigated frequencies. Furthermore, a suspension with a higher
Si02/Nay0 molar ratio developed higher G’ values. This higher G’ can
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be related to a stiffer suspension, which is induced by stronger particle
interactions and an increasing amount of colloidal silicate complexes
from the activator (Fig. 3A), resulting in a more organised and denser
network structure in the suspension [11]. A solution with a low SiOy/-
NayO molar ratio consists mainly of silicate monomers and dimers
(Fig. 3A), which resulted in a lower G’, indicating a less defined network
structure in the suspension. It is also clear from Fig. 6A that for all ratios
at low frequencies a drop in G’ and a cross-over of the G” and G” curves is
observed. This indicates the presence of terminal flow behaviour [24]
and a dominant viscous contribution to the LVE spectrum at these low
frequencies and thus a liquid-like response at long timescales. This
means that the suspension is able to (slowly) flow or creep and to follow
the movement of the vane at low frequencies in order to relax [11].
Consequently, G’ decreases more rapidly at low frequencies and G” gains
importance. The frequency of the cross-over points of G’ and G” for each
sample (which is inverse related to the relaxation time) exhibit a small
shift to lower frequencies when increasing the SiO,/Na,O molar ratio,
indicating an increased relaxation time.

At high frequencies, G’ exhibits a plateau value as the vane move-
ment was too fast for the system to relax the stresses via viscous flow.
This elastic plateau can be related to the suspension network density on
alocal scale [37], which seems to be stronger developed for a suspension
with a 2.0 SiOy/NagO molar ratio solution, with a higher number of
colloidal silicate complexes in the activator [36]. However, Fig. 6B il-
lustrates that also a higher amount of HyO in the suspension resulted in a
G’ increase, or a stiffer suspension [38] and more structural developed
network. The latter might be related to the presence silanol groups from
the activating solution (Fig. 2B) or a different surface charge of the slag
particles, leading to a stronger interaction and slag particle floc forma-
tion due a decrease in steric and electrostatic repulsion. However, a
different H,O amount in the solution resulted in no major change to the
silicate complexes (Fig. 3B), which allows to draw the conclusion that
the silanol groups have little effect on the frequency dependency
(Fig. 6B). In order to explain the exact nature of these results, future
research is required. The G’ difference between the different HyO
amounts is not as large as the G’ difference between the SiO;/Nay0O
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molar ratios (Fig. 6A). G” becomes dominant again at low frequencies,
likely caused by increased repulsive forces between the particles, which
is typical for gels with low solid volume fractions that show a terminal
flow regime [11]. To achieve a suspension capable of being self-levelling
at rest conditions, it is important to have G” dominance at low fre-
quencies, which can be obtained by lowering the SiO,/NayO ratio or by
increasing the water amount in the activating solution.

3.5. Flow behaviour

The steady flow behaviour of a suspension at different shear rates,
which is related to processes such as pumping or mixing, is shown in
Fig. 7A and B, where the suspensions were subjected to a stepwise in-
crease in steady state shear rate y. At low shear rates, the stress is
approximately constant and independent of the rate, and the viscosity
decreases in the double logarithmic presentation with a slope of
approximately -1, typical for yield stress fluids, such as concentrated
non-Newtonian suspensions [24]. Similar to the stress plateau with
increasing strain in the LVE data in Fig. 5C and D, the constant yield
stress is the result of the physical interactions between the particles
being broken down at this shear stress level [11]. When y is further
increased beyond a critical rate, the stress response of the broken down
structure eventually rises above the yield stress level approaching a
slope of 1 at the highest apparent rates. In this regime the flowing sus-
pension exhibits a Newtonian-like fluid behaviour with a shear rate in-
dependent viscosity [24,39].

The samples with a higher SiO3/NayO molar ratio exhibit a lower
apparent viscosity when approaching the Newtonian plateau at high
shear rates (Fig. 7A). This is not unexpected, as a higher degree of slag
dissolution with increasing SiO2/NayO molar ratio, results in a lower
solid volume fraction, which leads to lower viscosity at shear rates
regime beyond the yielding regime. An additional reason could be a
reported plasticizing effect of the silicates in the activating solution.
When increasing the SiOp/NayO molar ratio, more colloidal silicate
complexes from the activator diminish the particle interaction via a
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Comparing the absolute stress and viscosity levels in the different flow
regimes, it becomes clear from Fig. 7A that at low shear rates y, a yield
stress was observed for all suspensions, irrespective of the molar ratio
[13]. The level of this yield stress increased when the SiO3/Na0 molar
ratio was increased, and this is different from the trend of the viscosity
level beyond the yielded regime (that dropped with increasing SiOs/-
NayO ratio). The decrease of volume fraction of solids with increasing
Si09/Nay0 ratio (Table 4), result in a lower the viscosity at higher shear
rates and also lead to a lower concentration of structural elements
causing the yield stress. However, since the yield stress is rising, this
indicates that increasing the SiO3/Na2O molar ratios must have led to a
more organised structure by the combination of the increased number of
colloidal silicate complexes and the flocs formed from the slag inter-
particle attractive forces. These become even more visible when the
overall viscosity is decreased due to lower solids volume fractions.
Furthermore, it is interesting to note that this more organised suspension
structure goes along with the occurrence of a double yield with two
distinct stress plateaus at low y, which is in particular visible for the
suspension with highest SiO5/NapO molar ratio, but also slightly visible
for the ratios 1.8 and 1.6. The first yield stress is situated around 5 Pa,
while the second is around 7 Pa for the suspension with a SiO5/NasO
molar ratio of 2.0. This double yield can be related to the suspension
structure, which is likely built up from different interactions, such as
interparticle interactions and the interactions between the colloidal
silicates and the particles, each broken down at a different stress value.
The double yield is shifted to lower y when decreasing the SiO2/NayO
molar ratio, which indicates that the suspension structure is easier to
break down.

Fig. 7B illustrates that both the apparent viscosity and the yield stress
were typically higher for suspensions with a lower amount of HyO in the
activating solution. The double yielding, which can clearly be observed
for the 70 wt% H50 solution, diminishes with decreasing water content.
The viscosity increase (in the regime beyond the yield stress) can be
related to the higher fraction of solids present in the solution, which
generally results in a higher viscosity in suspensions (Table 4) [14]. A
higher solid volume fraction also resulted in the higher yield stress .
Furthermore, the increase in the viscosity level at high rates was more
significant over the range of H,O variations in Fig. 7B in comparison to
the viscosity increase over the SiO3/NayO molar ratio range in Fig. 7A.
The SiO2/Nay0 molar ratio had only a small effect on the flow behaviour
compared to the amount of HO in the activating solution, the latter
controlled the rheology under shear conditions. The viscosity in the
yielded regime is therefore mainly defined by the solids volume fraction
and thus the amount of Hy0, as shown in Fig. 7B. For the yield stress, a
closer inspection of the oscillary data in Fig. 5C and D confirms the
existence of the apparent double yielding observed in Fig. 7C and D,
since both the SiO5/Na;O molar ratio of 2.0 and the 59 wt% H»O so-
lution system exhibit a clear overshoot of the oscillatory stress with
increasing strain in Fig. 5C and D.

To quantify the relevant rheological parameters, the viscosity and
shear stress data was fitted with the Herschel-Bulkley model (Egs. (1)
and (2)). Using the Sum Squared Error (SSE) method, n, k, and yield
stress o¢ values for each suspension were obtained (Table 4). As shown
in Fig. 7C and D, the measured values follow the trend of the fit con-
firming that the suspensions can indeed be described by this constitutive
model. The observed double yielding is obviously not sufficiently

Table 4
The obtained k, n, and o, values calculated from SSE method for the suspension
made from different activating solutions.

H,0 (wt%) 59 70 65 65 65 65
Si0,/Nay0 (molar ratio) 1.6 1.6 1.4 1.6 1.8 2.0
Volume solid / total volume (%) 69.5 61.9 65.3 65.2 65.2 65.1
k 3.93 1.00 1.99 1.20 1.25 0.61
n 0.93 0.74 0.84 0.92 0.89 0.99
Yield stress oo (Pa) 4.91 2.10 2.76 3.31 3.65 5.05
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described with the single yields stress that enters the simple Herschel-
Bulkley model. It was therefore chosen to fit the lower stress plateau
as application relevant yield point at low apparent shear rates, resulting
in a larger deviation of the SSE for the suspension with 70 wt% H30 and
for those with a SiO,/NayO molar ratio of 2.0 and 1.8. The observed
increase in yield stress oy when the H,O amount decreased or SiOy/
Nay0 molar ratio increased correlates with the absolute values given in
Table 4. A comparison to the independently determined yield stress from
the stress plateaus and maxima of the oscillatory measurements in
Fig. 5C and D confirms the obtained values of Table 4. The n values that
define the slope of the viscosity curve at high shear rates are close to 1,
which points to a slight shear thinning of the suspension in the
observable high shear rate range [10] and a Newtonian behavior that is
eventually reached at high shear rates.

3.6. The effect of the slag particles on the rheological behaviour

The aforementioned results described the rheological behaviour of
the slag suspension and the effect of the activating solution chemistry on
the rheology. By comparing the slag alkali-silicate suspension (slag-AS)
with a suspension of inert quartz powder in the alkali-silicate solution
(Qz-AS), an idea can be obtained to know to which extend the slag
particle interaction forces, likely Van der Waals and electrostatic forces
[39], affect the rheological behaviour in addition to the simple effect of
particle volume occupation. The quartz powder is an inert material with
a chemistry that differs significantly from the slag. In this case, the
Qz-AS can have a different and much lower particle interaction potential
compared to the slag-AS, which can result in a different rheological
behaviour.

The strain amplitude sweep of the Qz suspension (Fig. 8A) shows a
LVE regime of G* at low strain amplitudes, until a strain of 0.01 % is
reached. Once this strain is exceeded, a strong decline in G’ is measured,
indicating the absence of strong particle interaction forces. This is in
contrast to the slag-AS, where the slow decline of G’ indicates the
presence of stronger interaction forces. The oscillation stress with strain
amplitude is given in Fig. 8B and shows a more gradual increase in stress
when increasing the strain, in contrast to the stress plateau observed for
the slag-AS (Fig. 6C). The stress at high strain amplitudes is also
significantly lower (0.4 Pa) in Qz-AS compared to the slag suspension (2
Pa). The reason for this difference can be observed from the frequency
sweep in Fig 8C, that shows that G’ is similar to G” over the observed
frequency range and that G’ and G” increase with a similar slope when
increasing the angular frequency. The latter is indicative for a system
close to the onset of flow or jamming point when transitioning from a
fluid to a weak gel (so called critical gel point). Also the absence of a
plateau value of G’ at high frequencies indicates that the Qz-AS has only
a low network density on a local scale, typical for a critical gel of sus-
pended particles. This is in general agreement with the volume fraction
regime for model hard spherical particles, where this transition to a gel
or glassy state is observed around solids volume fractions >40%. This is
in contrast to the results of the slag suspension, which has a G’ that
becomes independent from the frequency at high frequencies, indicating
the presence of a developed network density at local scale that is
stronger than the one expected for a pure particle suspension at this
solids concentration level. This strong difference in network strength
can also be seen from the G” and G” values of the Qz-AS (Fig. 8C), that
are an order of magnitude lower compared to the moduli in the slag-AS
(Fig. 6).

The flow sweep results also indicate that the Qz-AS suspension is
close to the jamming transition of a critical gel and show at low rates a
shear thinning behaviour with the viscosity decreasing with a slope
approaching -1 when increasing y (Fig. 8D). This indicates the presence
of a yield stress around 0.7 Pa, which is, however, less pronounced
compared to a slag-AS (Fig. 7). This stress value is an order of magnitude
larger than that of the oscillatory stress in Fig. 8B, (in the regime where a
lower increase with strain was observed) indicating that Fig. 8B showed
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simply the onset of the non-linear deformation regime. A plateau value
of the viscosity of 3 Pa.sisreached atay of 3 1/s. At high y, a slight shear
thickening behavior is measured as expected for a suspension close to
the critical gel point or jamming transition. Generally, at high y, the
stress and viscosity values of the Qz-AS fall in the range of the slag-AS.
This is expected because the volume fraction of the Qz is similar to the
slag, and at high y all formed additionally formed network structures in
the slag-AS are broken down. In principle the stress and viscosity of a
suspension at high y are determined only by the solid volume fraction
(for the same activating solution SiO/NayO ratio and H,O content).
However, the viscosity and stress values at low y of the Qz-AS differ
significantly from values reached in the slag-AS. A yield stress, with a
value of around 5 Pa, that is measured in slag-AS, is not determined in
the Qz-AS, which indicate the absence of the formation of a structural
network in the Qz-AS suspension. As a result the viscosity at low y is
significant lower (30 Pa.s) compared to the slag-AS (ranging from 300 to
800 Pa.s). In general, a slag-AS and a Qz-AS with a similar solid volume
fraction show a different rheological behaviour, which is related to the
physical interaction forces between the particles. The comparative study
shows that a higher yield and viscosity is reached for the slag-AS due to
more interaction forces between the slag particles . These interaction
forces result in a higher network density in the suspension due to the
formation of flocs, probably driven by electrostatic and Van der Waals
forces, which defined the rheological behaviour of the slag-AS.

Any additional impact of the matrix fluid on interactions between the
slag particles on the rheology was identified by comparing the slag-AS
and Qz-AS suspension with flow sweep tests of Qz-H,0 and slag-H»0O
suspensions with the same solids volume fractions. Scaling the total
viscosity with the different matrix viscosities of water and the alkali-
silicate solution respectively, by calculating the relative viscosity,
shows for the same solids volume fractions the relative difference in
influence of the fluid on the viscosity. The relative viscosity was ob-
tained by dividing the viscosity of the suspension with the viscosity of
the liquid phase y; (alkali-silicate solution or only water). The evolution

in relative viscosity with shear rate is shown Fig. 9 and indicates that all
suspensions have a similar relative viscosity at high shear. This is ex-
pected as at these shear rates all suspension structures are broken down
and all suspensions have similar solid and liquid volume fractions. When
decreasing the shear rate, the relative viscosity of the slag-H»0 and slag-
AS increases consistently, a behaviour which was less significant for Qz-
H,0. At low shear rates, the viscosity values of Qz-H3O are unreliable as
sedimentation occurred at these low rates. This effect was not visible for
slag-H,0 as the latter was less susceptible to sedimentation due to its
smaller Dso and Dgg. Additionally, slag particles likely have significant
interaction potential, which might create a stable network that de-
creases the sedimentation rate. Interesting to note is that the relative
viscosity of the slag-H20 at low shear rate is higher compared to the slag-
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H,0) with as liquid water or the 16-65 alkali-silicate solution.
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AS, which might be related to the fact that the complex Na-silicates from
the activating solution can adsorb on the surface of the slag particles,
creating a plasticizing effect. The slag surface charge and the electro-
static layer around the particles can depend on the pH, which is signif-
icantly different when using an alkali-silicate solution instead of water.
This can lead to a different viscosity at low shear rate. The main dif-
ference in Fig. 9 is that slag suspensions have a significantly higher
relative viscosity at low rates compared to the Qz-AS and Qz-HO sus-
pensions, indicating that the slag, due to its interparticle forces, signif-
icantly contributes to the rheological behaviour of the suspension at rest
and at low shear rates.

Additional strain amplitude and frequency sweep experiments were
conducted with the slag-H,O and Qz-H3O suspensions, but not shown
here for the sake of brevity. In Qz-Hy0 suspension, G” is dominant over
G’ and both are small (2 Pa), indicating that no elastic components were
present in Qz-H0. The oscillatory tests of Qz-H20 were also affected by
sedimentation, as G’<G” and due to the absence of a network structure.
This led to poor data quality and the results are therefore not presented
here. Some elastic contribution could still be identified for the slag-HoO
(G’ dominant), indicating that the slag particle interactions can
contribute to a minor extent to elasticity (G’ 100 Pa) even in aqueous
suspension.

4. Conclusion

An Fe-rich slag, originating from the recycling of non-ferrous scrap
metal, is activated by an alkali-silicate solution to produce an inorganic
polymer binder. The flow behaviour of the slag-alkali-silicate suspension
depended on the alkaline solution chemistry, resulting in different flow
behaviour for different Si05/Nay0 molar ratios. The storage modulus G’
at high frequencies is practically independent of the angular frequency,
indicating the presence of an organized structure in each suspension,
likely formed by the attractive forces between the slag particles. When
the Si03/Nay0 molar ratio in the activating solution is increased from
1.4 to 2.0, less hydroxide ions are available to depolymerize the silicate
network. In this case, more crosslinked silicate complexes, which could
form colloids, were present in the activating solutionand improved the
elastic properties of the suspension. The colloidal silicate complexes,
and their interaction with the particles, likely contributed to an
increased yield stress at low apparent shear rates. The rheological data
of the suspension can be fitted with a Herschel-Bulkley model. When the
amount of H»O in the activating solution increased from 59 to 70 wt%, a
slight increase in elastic properties combined with a decrease in the yield
stress level was measured. The presence of silanol groups resulted in a
slight increase of the elasticity of the suspension structure, but could be
easily broken down. During shear, the H,O amount or solid volume
fraction and the slag particle interaction force were the major factors
affecting viscosity and yield stress. A comparative study between a
quartz and a slag-based suspension shows that the slag interaction forces
in the slag suspension contribute significantly to the yield stress. Even
with the absence of any significant time dependent structural changes,
such as chemical reactions, the slag suspension has a strong physical
interaction between the particles which defines the rheological behav-
iour of the suspension. Further research can be performed on the creep-
recovery behaviour and the effect of plasticizers on the rheology in order
to find an applicable plasticizer.
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