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To properly control the reaction kinetics and fresh properties evolution in conventional alkali-activated materials
(AAMs), a conceptual design of two-stream AAMs has been proposed in this study. This is achieved by dividing
the solid and liquid components in AAMs, including blast furnace slag (BFS) and electric arc furnace slag (EFS)
precursors, as well as aqueous sodium hydroxide and silicate activators into two separate streams A and B, where
a very limited reactivity is expected in individual streams to ensure sufficient workability retention. Moreover, a
final-stage intermixing is required to combine individual stream mixtures and trigger the major activation re-
action. Fresh and hardened properties of combined mixtures were checked at different stages. The microstructure
and reaction products were investigated to understand the strength development. Low dynamic rheological
parameters and good workability retention have been detected in all individual stream mixtures, accompanied
by limited exothermic heat flows after the initial dissolution confirmed by calorimetry tests. Further, Portland
cement (PC) is partially blended into stream A to alter the early stiffening process in combined mixtures and meet
various setting demands after intermixing. However, this might lead to a reduction in mechanical properties,
associated with the formation of porous microstructures and an increase in the Ca/Si ratio in reaction products.
Eventually, the conceptual design is validated in different scenarios including self-compacting and 3D-printing

concrete applications.

1. Introduction

Due to the global climate change, the CO, emission induced by the
cement industry has attracted great attention in recent years [1]. Great
efforts have been made to develop new generations of alternative
binding materials, aiming to mitigate the environmental impact of
producing Portland cement (PC) [2,3]. Alkali-activated materials
(AAMs) have been developed as a class of green alternative binders [4,
5], which may provide nearly equivalent performance compared to PC
[6-8]. The alkali-activation reaction takes place between solid alumi-
nosilicate precursors and liquid alkaline activators [9]. After the initial
wetting of precursors, various ionic species are dissolved into the pore
solution to assemble amorphous reaction products through polymeri-
zation [10].

By using highly amorphous precursors such as ground granulated
blast furnace slag (BFS) and metakaolin, rapid workability loss and short
setting time have been frequently reported, in particular when sodium
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hydroxide and silicate are applied as the activator [11-13]. Such rapid
setting has brought great challenges on the delivery and operation of
AAMs during the fresh stage [14]. On the other hand, the inclusion of
less reactive precursors [15,16] or activators with lower alkalinity (such
as carbonate and sulfate activators [17-19]) might lead to a much
delayed setting and strength development, which is also unfavored in
practical applications. Various chemical admixtures have been devel-
oped, for use in combination with PC materials, as effective tools to alter
the fresh properties and stiffening process, as among which super-
plasticizers (SPs), retarders, and accelerators [16]. However, many of
the existing chemical admixtures developed for PC materials become
much less effective in combination with AAMs due to the interaction
with the aggressive alkaline environment [11,20,21]. Nevertheless,
several types of retarding chemicals (e.g. phosphoric salts [22], organic
acids [23,24], borax [25], as well as nano zinc oxide and zinc nitrate
[26,27]) have been reported effective in decelerating the initial setting
of AAMs. However, AAMs blended with retarders may exhibit
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less-satisfying early strength development [28], as a consequence of the
long induction-stage reactions when using silicate activators [29].
Accordingly, an effective methodology to properly control the rheology
and hardening process of fresh AAMs is still lacking, which significantly
obstructs large-scale practical applications.

Moreover, the conventional cement industry has shown increasing
demand of blending blast furnace slag (BFS) as supplementary cemen-
titious materials in more recent years [30]. As the mainstream precursor
on the market, the competitive application of BFS in PC mixtures has
brought impetus of exploring other by-products as potential resources to
produce AAMs, especially from the steel industry [31]. Compared to the
conventional blast furnace technology, the electric arc furnace is
currently more widely applied to produce steel out of scrap, as the steel
industry is stepping from new steel-making into a recycling system
[32-34]. It has been reported that the annual production of electric arc
furnace slag (EFS) reached 18 million tons in Europe [35]. EFS has been
applied as a supplementary material in the construction sector, such as
aggregate in road, asphalt pavement, and concrete structures since the
early 20th century [36,37]. As EFS is rich in aluminum and silica in
composition, more recent studies have explored the possibility of using
EFS as a substitute material in PC [34,38] and AAM binders [33,39,40].
Considering the low reactivity nature of EFS [41], it was applied as a
secondary precursor in this study to produce AAMs, which will be
further explained in section 2.

For these purposes, the concept of ‘two-stream AAMs’ has been
proposed in this study. By making use of BFS and EFS as precursors, solid
and liquid components in AAMs were divided into two separate streams,
which were combined with a final-stage intermixing before casting, to
achieve workability retention. By varying the mix design, fresh and
hardened properties of individual streams and combined mixtures were
checked at different stages. The microstructure and reaction products
were investigated to understand the strength development. Finally, the
two-stream AAMs were further validated with self-compacting and 3D-
printing concrete applications.

2. Two-stream AAMs

To avoid the rapid dissolution and setting as a consequence of the
contact between highly amorphous precursors and alkaline activators,
the conventional AAMs are fitted into a two-stream system. The key
components predominating the early activation reaction progress are
divided into two separate streams to ensure a sufficient open time in
practical applications.

As shown in Fig. 1, the concept of ‘two-stream AAMs’ is developed by
re-distributing solid and liquid components in AAMs into different
streams. In specific, stream A is designed to introduce the primary
(highly reactive) aluminosilicate source into the system, where the solid
precursor particles are dispersed in water with a very limited dissolution
rate [42]. It has been proven that the conventional SPs, developed for PC

Primary precursor +
water + SP

Secondary. precursor +
coneentrated activator
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materials, become much less effective in combination with AAMs due to
the alkaline media [20]. By using water as the dispersant, it remains
possible to further alter the fluidity of stream A with a few types of SPs.
Meanwhile, stream B brings in the alkaline compound, consisting of a
secondary precursor (with low initial reactivity or nearly alkali-inert in
ambient conditions) and concentrated alkaline activators. Due to the
limited reactivity of such precursors at ambient conditions, elevated
temperature or microwave is normally required to promote the reaction
progress and obtain early-stage curing [43]. At ambient conditions, so-
dium silicate activators play a similar role as SPs to disperse the solid
particles at early stages [44,45], improving the fluidity in stream B. In
each individual stream, the chemical reaction progresses very limited,
whereas the major activation reaction begins only if the individual
streams are in contact and intermixed with each other (Fig. 1). The
conceptual design proposed will be validated with the in-house devel-
oped twin-pipe pumping system [46], where two individual mixtures
could be intermixed with a helical static mixer integrated at the end of
the pump before extrusion.

3. Experimental method
3.1. Materials

In this study, BFS and EFS were applied as precursors to prepare the
mixtures in separate streams. BFS was provided by Ecocem Benelux B.V.,
with a density of 2890 kg/m®. EFS was provided by Orbix N.V., having a
density of 3250 kg/m®. In addition, PC CEM I 52.5 N was applied to
partially replace BFS and further modify the early stiffening process in
the combined two-stream AAMs.

The morphology of BFS, EFS, and PC was visualized with a scanning
electron microscope (SEM), as shown in Fig. 2. Angular particles with
irregular shapes were observed in all samples. The chemical composi-
tion of BFS, EFS, and PC was determined by X-ray fluorescence (XRF)
and loss on ignition (LOI) as illustrated in Table 1. In view of the heavy
metal content, the potential leaching of applying EFS to produce AAMs
has been discussed in a previous study [47]. The particle size distribu-
tion determined by laser diffraction is shown in Fig. 3. The mineralogical
composition of the raw materials, detected by X-ray diffraction (XRD), is
presented in Fig. 4. The mineral phase compositions of raw materials
determined by quantitative XRD analysis (explained in detail in section
3.3.1) are summarized in Table 2. It should be noted that crystalline
phases were hardly detected in BFS apart from the zincite, and thereby it
was considered amorphous.

Sodium hydroxide and sodium silicate were combined as the acti-
vators in this study. Reagent-grade sodium hydroxide anhydrous pearls
were provided by Brenntag N.V., and the sodium silicate solution (15%
Nay0, 30% SiO,, and 55% water) was provided by PQ Corporation. As a
conventional type of SP, polynaphthalene sulfonate (PNS) was applied
in stream A mixtures to improve the fresh property, which was provided

Two-stream AAMs

Fig. 1. Conceptual design of two-stream AAMs.
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Fig. 2. Morphology of precursors visualized by SEM (a) BFS; (b) EFS; (c) PC.

Table 1
Chemical composition of BFS, EFS, and PC measured by XRF and LOI (mass %).
CaO Si0, AlLO; MgO SO, TiO, K,0 Fe,03 MnO Cr,03 Other LOF*
BFS 40.9 31.1 13.7 9.16 2.31 1.26 0.69 0.40 0.31 - 0.17 0.10
EFS 44.2 28.0 6.3 4.41 0.49 1.64 - 2.04 2.65 9.9 0.37 0.86
PC 66.2 17.6 5.14 0.95 4.71 0.33 0.41 3.85 0.08 0.02 0.71 1.40
Sand 0.09 96.78 2.54 0.10 - - 0.09 0.06 - - 0.34 -

@ LOI measured by TG analysis at 950 °C.
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Fig. 3. Particle size distribution of the BFS, EFS, PC, and sand used in
this study.

by BASF Nederland B.V. (Masterheobuild) with 40% effective solid
content. Purified silica sand (specific gravity 2650 kg/m°, maximum
particle size 2 mm, fineness modulus 2.05) was applied as the aggregate
to prepare the AAM mortars, which was provided by Vandevelde N.V.
The cumulative percentage passing curve of silica sand measured with
sieving analysis is shown in Fig. 3, and the composition of silica sand
determined by XRF test is presented in Table 1.

3.2. Mix design of two-stream AAMs

Details of mixture proportions in each individual stream are shown
in Table 3 (expressed as in total per 100 g of solid precursor). For the
purpose to meet various setting demands in different practical scenarios,
the composition of stream A was varied while stream B was kept con-
stant to achieve the different mixtures investigated in this study. Starting
from Al, stream A is designed to introduce the primary precursor (BFS)
into the AAMs. PNS is applied with a dosage of 0.5% by mass of solid
precursors to reduce the water demand in stream A, which has been

proven with no significant retarding effects on the subsequent activation
reaction [48]. In the meantime, stream B plays the role to bring in
concentrated alkaline activators with the secondary aluminosilicate
source (EFS). Alkaline activators were prepared by dissolving sodium
hydroxide and sodium silicate in tap water 24 h before mixing. How-
ever, the silicate activators may provide a dispersing effect at early ages
to reduce the yield stress in AAM mixtures [45,49], which is unfavorable
in view of 3D-printing applications (section 4.4). Thereby, PC was
blended into stream A (up to 30%) to partially replace the BFS in A2, A3,
and A4, aiming to accelerate the early structural build-up in AAMs [50,
51] after combining individual streams.

An overview of the two-stream AAM mixture proportions is illus-
trated in Table 4. The water to binder (w/b) ratio is fixed at 0.35 in both
streams (Note: binder refers to the sum of precursors and solid activa-
tors). Streams A and B are designed with a volume ratio of 1:1 for
validation (section 4.4).

3.3. Testing program

3.3.1. Investigation on paste levels

The reaction kinetics and reaction products were investigated on
paste fractions, as shown in Tables 3 and 4 by avoiding the sand frac-
tions. Pastes of individual streams (Table 3) were prepared with a
Hobart planetary mixer. The solid precursors were first dry-blended for
60 s. Subsequently, the activator was gradually added in 10 s, and the
fresh paste was mixed at low speed (140 + 5 rpm) and high speed (285
+ 5 rpm) for 90 s, respectively. To prepare the combined two-stream
AAM pastes (Table 4), ready-mixed stream A and stream B mixtures
were blended in the Hobart mixer with the low-speed mode for 10 s to
simulate the intermixing process with the helical static mixer [52].

The exothermic behavior along the reaction progress was detected
with a TAMAIR isothermal calorimeter. For each test, about 14 £ 0.01 g
fresh paste was immediately transferred into a glass ampoule after
mixing, then sealed and loaded into the isothermal channels of the
calorimeter. Quartz sand with a specific heat flow of 0.71 J/(g.K) was
applied as an inert reference. The heat flow was recorded as the differ-
ence between the sample and reference [53]. Results present in this
study are normalized into 1 g of solid binder (including precursor and
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Fig. 4. XRD patterns of raw materials used in this study (1-Zincite (ZnO); 2-Alite (C3S); 3-Belite (C5S); 4-Aluminate (C3A); 5-Ferrite (C4AF); 6-Anhydrite (CaSOy); 7-
Calcite (CaCOs); 8-Akermanite (CapyMg(Siz07); 9-Merwinite (CazMg(SiO4),); 10-Chromite (FeCr,04); 11-Wollastonite (CaSiO3)).

Table 2
Quantitative XRD analysis on the original mineral phases in raw materials.
PC EFS

Alite 55.4 0.0
Belite 13.2 0.0
Aluminate 5.5 0.0
Ferrite 16.1 0.0
Anhydrite 2.7 0.0
Calcite 0.5 8.9
Akermanite 0.0 34.6
Merwinite 0.0 25.3
Chromite 0.0 12.0
Wollastonite 0.0 7.1
Amorphous and poorly crystalline phases 6.6 12.1

solid activators). Due to the thermal disturbance while inserting the
glass ampoule, the heat recorded at the first 30 min was not compared
among different samples. Calorimetry tests were performed twice in this

study to check the repeatability of results.

Combined AAM pastes (Table 4) were cast into molds and sealed
with plastic foils for further tests, and the samples were placed in a
curing chamber (20 + 0.5 °C, 95% relative humidity) until the testing
age. The reaction products in combined AAMs were characterized at 30
min and 28 days after intermixing to interpret the early-stiffening pro-
cess and the strength development by using different mixture pro-
portions. In specific, the activation reaction was arrested by using a
solvent replacement treatment with water and isopropanol [14]. Solid
fractions collected from filtration were vacuum-dried and ground to pass
a 63 pm sieve for characterization, and 10% (by mass) of zincite was
intermixed as an internal standard [54]. Samples were stored in a sealed
bottle inside a vacuum chamber until testing. XRD tests were conducted
using a Bruker D8 Advance diffractometer with Cu-Ka radiation (A =
1.54 A) to characterize the mineralogical phases formed in the reaction
products. For each sample, XRD tests were performed twice to check the
repeatability. XRD patterns were recorded at the range between 10° and
70° with a step size of 0.02°. The Rietveld refinement was performed

Table 3

Mix design of AAMs in individual streams.
Mix Precursor (g) Activator solution (g) PNS (g)" Sand (g) w/b®

BFS PC EFS NaOH Sodium silicate solution Extra water

Al 50 0 0 - - 17.13 0.625 60 0.35
A2 40 10 0 - - 17.13 0.625 60 0.35
A3 30 20 0 - - 17.13 0.625 60 0.35
A4 20 30 0 - - 17.13 0.625 60 0.35
B 0 0 50 2.58 13.33 13.17 - 60 0.35

# Solid content is 0.5% by the mass of precursor.

b Water to binder mass ratio, defined as the total water content in sodium silicate solutions, PNS, and extra water divided by the mass of solid binders (including

precursor and solid activators).

Table 4
Mix design of combined two-stream AAMs — overview.
Mix Precursor (g) Activator solution PNS (8)° w/bd Sand (g)
BFS EFS PC Total NaOH (g) Sodium silicate solution (g) Water (g) Na,O content” Ms”
M1 (A1+B) 50 50 0 100 2.58 13.33 30.30 4% 1 0.625 0.35 120
M2 (A2+B) 40 50 10 100 2.58 13.33 30.30 4% 1 0.625 0.35 120
M3 (A3+B) 30 50 20 100 2.58 13.33 30.30 4% 1 0.625 0.35 120
M4 (A4+B) 20 50 30 100 2.58 13.33 30.30 4% 1 0.625 0.35 120

@ Defined as the equivalent Na,O content in alkaline activators by the mass of precursors.

b Defined as the molar ratio between SiO, and Na,O in alkaline activators.
¢ Solid content is 0.5% by the mass of precursor in stream A.
4 Binder is defined as the sum of solid precursors and activators.
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with Topas software to quantitatively assess the crystalline phases [55,
56].

3.3.2. Investigation on mortar levels

The fresh and hardened properties of individual streams and the
combined mixture were investigated on mortar level. Mortars of indi-
vidual streams were prepared with a Hobart planetary mixer by
following the same protocol indicated in section 3.3.1 including the sand
fractions. Solid precursors and aggregates were dry-blended for 60 s
before introducing the liquid component.

The rheology of individual streams was assessed by flow curve tests,
and the results present were taken as the average of two measurements.
Rheological tests were conducted with an Anton Paar 102 rheometer
fitted with a 4-blade vane (radius of 15 mm and height of 40 mm). For
each measurement, the fresh mortar was loaded into a cylindrical cup
(radius of 35 mm and height of 100 mm, with inner ribs of 0.85 mm
thickness to prevent slippage). The rheometer vane was then inserted
into the fresh mortar. Flow curve tests were performed with the protocol
illustrated in Fig. 5. Fresh mortars were first subjected to a pre-shear of
50 rpm for 30 s to reach the reference state and left at rest for 30 s.
Subsequently, a stepwise increasing and decreasing shear was applied,
ranging between 10 and 50 rpm. Each step lasted for 30 s, and the
average torque of the last 10 s was collected to calculate the equilibrium-
state response. It was also confirmed by reaching the equilibrium-state
shear stress for each shear rate increment with a number of trial ex-
periments before the protocol was set. Given the large gap between the
vane edge and the rheometer cup (radius of vane/radius of cup was close
to 0.7), descending parts of the flow curves after applying the plug flow
correction were fitted with the Bingham model to determine the dy-
namic rheological parameters [57,58].

The workability retention in individual streams was characterized by
the flow table test (according to ASTM C1437) over time. The flow table
test was repeated every 30 min in the first 2 h, and a 1-min remixing was
performed on the mortar prior to each measurement [59]. The results
present were derived from the average of two measurements.

Mortars of individual streams were then intermixed with each other
to check the early structural build-up and hardened properties. In spe-
cific, ready-mixed stream A and stream B mixtures were blended in a
Hobart planetary mixer with the low-speed mode for 10 s to simulate the
mixing process with the helical static mixer [52].

The combined mixture was then immediately loaded into a 100 mm?®
cubic mold for the slow penetration test, and the fresh sample was
vibrated for 30 s to remove the air bubbles. Slow penetration tests were
performed with a W + B universal testing machine, where the 3 kN
loading cell was applied and fitted with a steel spherical penetration
front (diameter of 15 mm) [60]. A loading rate of 0.5 mm/min was

wn
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Fig. 5. Shear protocol for flow curve tests in this study.
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applied with a maximum displacement of 25 mm, and the measurement
was recorded when the penetration front was half emerged in the fresh
mortar until 30 min after intermixing. The force against penetration was
converted into the yield stress developed in the material according to Eq.
(1) [61]. For each sample, the slow penetration test was performed twice
to check the repeatability.

F(1)

“37R? M

7o (1)

where: 7¢(t) is the yield stress (Pa), F(t) is the force against penetration
(N), and R is the radius of the spherical penetration front (m).

The compressive strength of hardened mortars was tested at 1, 7, and
28 days according to EN196-1. Immediately after intermixing streams A
and B, the combined mortars were cast into 40 x 40x 160 mm® molds
and vibrated for 30 s to compact and eliminate the entrapped air bub-
bles. Mortars were then covered with a plastic sheet and transferred into
a curing chamber (20 + 0.5 °C with 95% relative humidity). Hardened
mortar prisms were demolded after 24 h and sealed with plastic foils, the
specimens were placed in the curing chamber until the testing age.

Finally, SEM and mercury intrusion porosimetry (MIP) tests were
performed on hardened mortars taken from the combined mixtures to
investigate the microstructure and elaborate the strength development.
Hardened mortars, at the age of 28 days, were split into small pieces and
immersed in isopropanol to stop the activation reaction. The samples
were then filtered (with a 0.45 pm filter paper), and the filtered residue
was vacuum dried (in an oven at 40 °C for about 5 min) to remove the
remaining isopropanol [52]. Mortar samples were epoxy impregnated,
and subjected to grinding and polishing to obtain a smooth surface,
which was then coated with a thin layer of carbon before SEM tests (with
JEOL JSM-7400F) [29]. The backscattered electron (BSE) mode was
applied to visualize the microstructure developed in hardened speci-
mens, accompanied by Energy Dispersive X-ray (EDX) spectroscopy
analysis on the BSE images. MIP tests were conducted with a mercury
intrusion porosimeter (ThermoFischer Scientific Pascal 140 & 440 se-
ries) to study the pore structure, with a maximum pressure of 200 MPa.
The contact angle between the mercury and the specimen surface and
the surface tension were set as 140° and 0.48 N/m, respectively [62].
For each mixture, the MIP test was performed on three replicate samples
to ensure repeatability, and the curve most close to the average of three
measurements is presented.

3.3.3. Validation

The conceptual design of two-stream AAMs was validated for
different practical scenarios with the twin-pipe pumping system [46]. By
using two progressive cavity pumps, ready-mixed individual mixtures A
and B were simultaneously transported to the nozzle. A helical static
mixer with 18 mixing elements was positioned before the end of the
nozzle, and the individual stream mixtures were intermixed while
passing through the static mixer.

The two-stream AAM system was first validated for self-compacting
concrete applications. After extrusion from the twin-pipe nozzle, the
combined AAM mixture was loaded into a V-Funnel to assess the filling
ability and segregation resistance [63]. The discharging time was
measured according to EN 12350-9 and expressed as the average of
three measurements.

As aforementioned that various setting demands can be met by
varying the mix design, the feasibility of applying two-stream AAMs in
concrete 3D printing was also validated. The printing was carried out
using an industrial robot (ABB IRB6650) with six degrees of freedom.
The industrial robot has a payload capacity of 125 kg, capable of
operating within a 3.2 m range, and move in any orientation and tool
alignment [64,65]. A square column of 600 mm side length was printed
using a 25 mm diameter circular nozzle. The horizontal and vertical
printing speed were set as 200 mm/s and 2.22 mm/s, respectively [52].
The printing was continued until a column height of 1 m was achieved.
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The printed column had a layer width of 25 mm and layer height of 10
mm.

4. Results and discussion
4.1. Properties of individual streams

4.1.1. Reaction kinetics

The normalized heat flow curves of individual streams are presented
in Fig. 6. No apparent heat release was observed in A1 and B up to 48 h
after the initial dissolution peak, indicating a very limited reaction
progress if they are not intermixed. By substituting BFS with PC, the
acceleration peak was observed A2. The acceleration peak gradually
became broader in A3 and A4, which is ascribed to the intensified hy-
dration of PC with a higher PC content in the system. It is noteworthy
that among all mixtures the heat flow after the initial dissolution peak
remained at a relatively low level close to zero at the beginning of 5 h
(enlarged view in Fig. 6). The most intensive acceleration peak was
detected in A4 with 30% PC, and was initiated after around 6 h. Results
further illustrated a limited reaction rate at this stage. It is indicated that
the fresh properties in individual streams could be maintained for a long
term by using two-stream AAMs from the chemical reaction point of
view.

4.1.2. Rheology and workability retention

Descending flow curves after applying plug flow corrections are
plotted in Fig. 7 (a), and it was found that the slope gradually declined
accompanied by a higher intercept with an increased PC content. Dy-
namic rheological parameters of individual streams by fitting the
Bingham model are summarized in Table 5. The maximum yield stress
was detected in A4 with the highest PC content. An increase in BFS
content has led to lower yield stress and higher viscosity in the
dispersing system prepared with water, which is in line with the
knowledge in PC mixtures [66]. Meanwhile, stream B exhibited lower
yield stress and a similar level of viscosity compared to stream A mix-
tures. Results of flow table tests in the first 2 h are shown in Fig. 7 (b).
The maximum flow diameter was detected in Al, and slightly declined
with a higher PC content. It is noteworthy that all mixtures showed a
very limited loss in flow diameter after 2 h, which is in agreement with
the calorimetry results, indicating good workability retention in indi-
vidual streams.

4.2. Properties of combined two-stream AAMs

4.2.1. Reaction kinetics
The normalized heat flow in combined mixtures after intermixing is
presented in Fig. 8. A long induction period was observed in M1, and the
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Fig. 6. Normalized heat flow as a function of time in individual streams.
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onset of the acceleration-stage reaction was detected after 24 h, which is
in parallel with previous findings [67,68]. As shown in Fig. 8, the
acceleration-stage reaction was significantly advanced with the increase
in PC substitution level, accompanied by a more narrow and intensive
acceleration peak. In M4 (with 30% PC), the dissolution and accelera-
tion peaks partially overlapped with each other, and the maximum heat
flow of 1.55 mW/g occurred at 1.2 h, which reveals a very vigorous early
reaction progress in M4.

4.2.2. Early age structural build-up

Results of slow penetration tests are presented in Fig. 9 to reveal the
yield stress evolution in combined mixtures. No apparent build-up was
detected in M1, and it was found that the yield stress maintained close to
0 MPa until the end of the measurement. Instead, the early build-up in
combined mixtures was significantly accelerated with an increased PC
content. By applying 30% PC, approximately 2.5 MPa yield stress has
been developed in M4 after 30 min, which is in parallel with the
intensive early exothermic reactions as shown in Fig. 8. The results have
illustrated an adequate structuration rate for 3D-printing applications
with respect to those reported in previous studies [60,69].

4.2.3. Early reaction products

The XRD patterns of two-stream AAMs at 30 min are presented in
Fig. 10. Crystalline phases originating from EFS (Akermanite, Merwin-
ite, Chromite, and Wollastonite) have been identified in all samples. In
addition, anhydrous phases from PC (Alite, Belite, Aluminate, and
Ferrite) were detected in M2, M3, and M4. Moreover, diffuse humps
located at around 29°, 33°, and 50° 20 were ascribed to the formation of
C-(A)-S-H phases at early stages through the activation reaction [70,71].
Further, quantitative analysis was conducted with the Rietveld method
by using 10% zincite as an internal standard, and the results are shown
in Table 6. It was found that the anhydrous phases from PC gradually
increased with a higher PC content in the system, accompanied by a
slight reduction in the crystalline phases that originated from EFS. In
addition, a trace amount of Portlandite, as a typical reaction product
from PC hydration, has been detected in M2, M3, and M4. It is note-
worthy that other types of PC hydration products were not detected in
the system at 30 min, which suggests the majority of PC was dissolved by
the activator to contribute to the formation of C-(A)-S-H phases. Due to
the amorphous nature of the BFS precursor and C-(A)-S-H reaction
products, it was challenging to understand the phase transition by
quantitative XRD analysis on these phases. Instead, the mass of PC and
EFS were calculated with Eq. (2). As illustrated in Table 6, a consider-
able fraction of PC has been dissolved in the two-stream AAMs up to 30
min, contributing to the accumulation of early reaction products, which
in turn resulted in the stiffness development during the early structur-
ation. Meanwhile, only a limited portion of EFS has been dissolved
during the same period, which reveals the lower reactivity of EFS
compared to PC. The results further illustrate that a higher PC content
has promoted the dissolution of EFS in the system, given a constant EFS
content among all mixtures.

m; —mp

Md = X M(] (2)

m

where m; (g) is the mass of raw materials (PC or EFS) in the XRD sample,
my (g) is the mass of remaining anhydrous phases from PC or EFS in the
XRD sample at 30 min.

4.3. Hardened properties

4.3.1. Compressive strength development

The 1-, 7-, and 28-day compressive strength of hardened samples are
shown in Fig. 11. It was found in general that the higher the PC content
the lower the strength developed in the hardened mortar. After 28 days,
the compressive strength of M1 reached 45 MPa, whereas a 10%
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Table 5
Dynamic rheological parameters of fresh mortars in individual streams.
Al A2 A3 A4 B
Dynamic yield stress (Pa) 49.6 228.9 266.8 315.3 23.1
Plastic viscosity (Pa-s) 14.8 5.1 3.2 1.5 10.2
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Fig. 8. Normalized heat flow as a function of time in combined two-
stream AAMs.

replacement of BFS with PC led to a 13% strength reduction in M2.
Moreover, it is noteworthy that M1 exhibited the lowest 1-day
compressive strength as compared to those mixtures with PC involved.
This is attributed to the reaction kinetics as presented in Fig. 8. M1 was
still entrapped in the long induction stage to obstruct the early strength
development [67,72,73], whereas the acceleration peaks have almost
ended in the other mixtures up to 24 h.

4.3.2. Long-term reaction products

XRD patterns of two-stream AAM samples at 28 days are shown in
Fig. 12, and the results of quantitative XRD analysis are presented in
Table 7. As the reaction progressed, it was found that the content of
undissolved crystalline phases from EFS and anhydrous phases from PC
further declined in all mixtures. In the meantime, the amorphous con-
tent gradually increased, indicating the accumulation of amorphous
reaction products. This is accompanied by a slight increase in

[\
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Fig. 9. Yield stress as a function of time in combined mixtures defined by slow
penetration test.

Portlandite content in the 28-day samples. In addition, mono-
carboaluminate and hydrotalcite phases have been identified as new
types of reaction products in the system after 28 days. Mono-
carboaluminate is recognized as a typical reaction product from PC
hydration [74], and higher monocarboaluminate content has been
detected in the mixtures with an increase in PC content at 28 days. The
hydrotalcite content declined with a reduction of BFS ratio in the sys-
tem, as it is known as a major long-term reaction product in
silicate-activated slag mixtures [70,72]. Compared to the results pre-
sented in Tables 6, it was found that the majority of the dissolution of PC
took place at the first 30 min to contribute to the early structuration,
while the amorphous C-(A)-S-H phases were characterized as the major
reaction product in the system at this stage. Instead, only a limited
portion of PC was further dissolved between 30 min and 28 days to assist
in the strength development, accompanied by the accumulation of
C-(A)-S-H, portlandite, monocarboaluminate, and hydrotalcite reaction
products. Moreover, EFS content progressively dissolved between 30
min and 28 days, while its dissolution rate is much lower compared to
that of PC.

4.3.3. Microstructure of hardened samples
The microstructure of 28-day two-stream AAM mortars was
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Fig. 10. XRD patterns of two-stream AAMs at 30 min (1-Zincite (ZnO); 2-Alite (C3S); 3-Belite (C2S); 4-Aluminate (C3A); 5-Ferrite (C4AF); 6-Anhydrite (CaSOy,); 7-
Calcite (CaCO3); 8-Akermanite (CapyMg(Siz07); 9-Merwinite (CazMg(SiO4),); 10-Chromite (FeCr,04); 11-Wollastonite (CaSiO3)).

Table 6
Quantitative XRD analysis on the phases formed in two-stream AAMs at 30 min.
M1 M2 M3 M4
Alite 0.0 4.1 9.3 11.6
Belite 0.0 4.6 4.9 5.6
Aluminate 0.0 2.2 1.6 1.7
Ferrite 0.0 1.9 2.8 3.9
Anhydrite 0.0 0.0 0.0 0.0
Calcite 3.6 4.3 4.5 2.8
Akermanite 14.6 13.7 14.0 10.0
Merwinite 10.5 7.0 7.9 5.6
Chromite 3.7 3.5 4.1 3.2
Wollastonite 5.8 5.4 4.7 3.1
Portlandite 0.0 0.8 0.3 1.1
Amorphous and poorly crystalline 61.75 52.47 45.83 51.44
phases
PC dissolved/PC added (g/g) 0/0 8.28/ 15.36/ 22.31/
10 20 30
EFS dissolved/EFS added (g/g) 11.8/ 14.1/ 16.8/50 25.3/50
50 50
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Fig. 11. Compressive strength of combined two-stream AAM mortars (Results
were taken as the average strength of three specimens, the error bar represents
the standard deviation).

visualized through SEM analysis. As presented in Fig. 13, different
phases could be identified in the BSE images. The coarse particles in dark
grey colors represent the aggregates, whereas the smaller light grey

grains refer to the undissolved Ca-rich precursors. The voids between
solid particles are filled with reaction products, and the black regions
indicate the microcracks and pores formed in the hardened samples. It
was observed that some of the precursor grains retained the angular
morphology and were somewhat detached from the matrix (solid rect-
angular in Fig. 13 (b)), which might be ascribed to the less reactive EFS
precursors. On the other hand, some precursor particles were tightly
embedded in the hardened matrix and surrounded by a dense layer of
reaction rim (dashed rectangular in Fig. 13 (b)), referring to the more
reactive PC and BFS particles. Moreover, significant microcracks were
observed in Fig. 13 (a) between solid grains, which might be attributed
to the high amount of drying shrinkage of gel reaction products reported
in silicate-activated slag systems [75,76]. It is noteworthy that the
microcracks in the matrix were considerably mitigated with the increase
in PC content (Fig. 13 (c) and (d)), which is possibly correlated to the
variation in the reaction products (Table 7).

The chemical composition of interparticle reaction products was
then studied on interparticle matrix regions, and 15 random spots were
selected to perform the EDX analysis. Previous studies have revealed
that the elemental concentration could be affected by the dissolution in
the region adjacent to the precursor grains [76,77]. Thereby, the spots
selected were located at least 5 pm from the surface of the solid grains.
Results of the average atomic ratio obtained by EDX analyses are sum-
marized in Table 8. The highest Ca/Si ratio of 1.46 was detected in M4,
and the Ca/Si ratio gradually declined with a higher BFS content in the
system. It was noticed that a higher Ca/Si ratio in the reaction products
is associated with the strength reduction of hardened samples, which is
possibly attributed to the higher surface area and lower molar volume of
the C-S-H phases due to a decreased Ca/Si ratio [78]. Meanwhile, a
higher PC content also led to the increase in Al/Si and Na/Si ratios as
shown in Table 8. The increase in Al/Si ratio in reaction products could
be correlated to the presence of more Al-containing crystalline phases as
shown in Table 7, as well as a higher degree of Al-uptake in Si tetra-
hedron structures Moreover, the Mg/Al ratio in the reaction products of
M2 (with 10% PC) was about 50% higher compared to that detected in
the reference mixture M1, which further increased in M3 and M4 with a
higher PC content. Mg typically presents in hydrotalcite phases in an
AAM system, with a characteristic Mg/Al ratio of approximately 2. [72,
79,801, which is much higher than the results shown in Table 8.
Regarding the phases identified in the current system (Table 7), it is
possible that the Mg content might be optionally incorporated into the
amorphous binding chains in C-(A)-S-H phases [81] or contributed to
the formation of magnesium-silicate-hydrate (M-S-H) phases [82,83].
Besides, hydrotalcite with much lower Mg/Al has also been reported
[84], depending on the availability of Al sources in the raw material
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Fig. 12. XRD patterns of two-stream AAMs at 28 days (1-Zincite (ZnO); 2-Alite (C3S); 3-Belite (C2S); 4-Aluminate (C3A); 5-Ferrite (C4AF); 6-Anhydrite (CaSOy4); 7-
Calcite (CaCO3); 8-Akermanite (CapsMg(Siz07); 9-Merwinite (CazMg(SiO4),); 10-Chromite (FeCr,04); 11-Wollastonite (CaSiO3); 12-Portlandite (Ca(OH),); 13-Mono-

carboaluminate (CH;,Al1,Ca404); 14-Hydrotalcite (MggAl,CO3(OH),4-4H20)).

Table 7
Quantitative XRD analysis on the phases formed in two-stream AAMs at 28 days.
M1 M2 M3 M4
Alite 0.0 1.3 2.8 2.4
Belite 0.0 1.9 4.3 3.3
Aluminate 0.0 0.8 2.3 1.1
Ferrite 0.0 1.5 1.7 0.5
Anhydrite 0.0 0.0 0.0 0.0
Calcite 6.0 5.3 6.0 5.9
Akermanite 12.0 9.9 11.1 10.1
Merwinite 6.7 1.7 3.0 21
Chromite 3.0 2.4 2.1 0.8
Wollastonite 4.9 4.3 5.0 4.8
Portlandite 0.0 0.8 1.7 1.9
Monocarboaluminate 0.0 1.1 3.4 6.0
Hydrotalcite 1.0 0.1 0.2 0.2
Amorphous and poorly crystalline 66.4 69.0 56.2 60.9
phases
PC dissolved/PC added (g/g) 0/0 8.92/ 16.56/ 26.02/
10 20 30
EFS dissolved/EFS added (g/g) 17.4/ 19.4/ 22.8/50 26.3/50
50 50

[85]. Nevertheless, the EDX beam size should also be considered, which
might be significantly larger compared to the Mg- and Al-containing
phases formed in the matrix at different spots for EDX analyses [86].

It is known that ionic species dissolved from precursors play different
roles in the synthesis of reaction products in AAMs [42]. Al and Si
species are interconnected with each other through polymerization to
assemble the backbone structure, while the alkali and alkali-earth cat-
ions are further incorporated to balance the negative charging sites of Al
and Si tetrahedrons [10,87,88]. The atomic (2Ca+2Mg+K+Na)/Si ratio
was plotted against the Al/Si ratio as presented in Fig. 14. In general, the
reaction products in M1 exhibited better homogeneity in composition,
with the (2Ca+2Mg+K+Na)/Si ratio ranging from 2.5 to 3, and the
Al/Si ratio ranging between 0.2 and 0.4. As suggested by previous re-
searchers [76,89], from the composition point of view, the reaction
products of M1 are assigned to C-(N)-A-S-H types of gels formed in AAMs
(as indicated by the dashed circle in Fig. 14). In contrast, the chemical
composition of reaction products in M4 is apparently more scattered,
which can be correlated to the various complex phases formed in the
system as indicated by the XRD result (Table 7).

Further, it can be seen that the (2Ca+2Mg+K+Na)/Si ratio in reac-
tion products gradually increased with a higher PC content. The results
indicate that the inclusion of PC has promoted the dissolution of mul-
tiple cations and their incorporation in the reaction products. On the

other hand, the Al/Si ratio further deviated from the average value while
a higher PC content is included in the system. Regarding the raw ma-
terial compositions (Table 1), the substitution of BFS with PC has
resulted in a declined availability of Al source in the system. However,
several spots in M2, M3, and M4 were detected with a significantly
higher Al/Si ratio as compared to those of M1. This can be ascribed to
the rapid stiffening process as revealed by the slow penetration test
(Fig. 9). By using high-modulus silicate activators in AAMs, the release
of silicate species from precursors is more delayed compared to Al
species as well as other cations [90,91], referring to the long
induction-stage reactions. As a consequence of the rapid setting of the
mixture, a dense layer of reaction products could be expected to form on
the outer surface of precursors (especially the grains with higher reac-
tivity), obstructing subsequent ion diffusion into the matrix at later ages
[76]. Thereby, Si species with reduced availability are less incorporated
into the reaction products in some regions of the matrix (depending on
the reactivity of adjacent precursor grains), locally resulting in a higher
Al/Si ratio in the matrix.

The pore structure developed in 28-day mortars were then assessed
with MIP. As shown in Fig. 15 (a), the pores detected could be catego-
rized into (1) small gel pores (below 10 nm), (2) large gel pores (10-100
nm), and (3) capillary pores (around 1 pm) depending on the pore size
[76]. More small gel pores were detected in M1, and the amount of small
gel pores was reduced with a higher content of PC in the system. Instead,
the peak of large gel pores gradually broadened and shifted to the right
when increasing the PC replacement level, indicating the formation of
more larger gel pores in hardened samples. Meanwhile, the peak refer-
ring to the capillary pores located at around 1 pm also intensified with a
higher PC content. The highest cumulative intruded volume was
observed in M4 with 30% PC in the system, which was almost doubled as
compared to M1. Results obtained for the pore structure are in line with
the 28-day strength development. It is indicated that the substitution of
BFS with PC may lead to a more porous microstructure in hardened
samples, declining the mechanical strength. As mentioned in the pre-
vious paragraph, the rapid setting progress may result in fast precipi-
tation of relatively dense layer of reaction products on the precursor
surface to inhibit further ion exchange. This can be analogized to the
dense C-S-H rims observed around the precursor grains in sodium
hydroxide-activated slag mixtures [72]. Thereby, more vacancies and
interparticle voids are formed in the matrix, leading to a porous
microstructure (Fig. 15).
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Fig. 13. BSE images of hardened two-stream AAM mortars at the age of 28 days (a) M1; (b) M2; (c) M3; (d) M4.
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Table 8
Average atomic ratio obtained by EDX analyses at 28 days.
Ca/Si Al/si Na/Si Mg/Al
M1 1.02+ 0.10 0.23 + 0.04 0.44 £0.12 0.41 +0.17
M2 1.12+ 0.14 0.26 + 0.09 0.63 +0.11 0.63 + 0.20
M3 1.26 + 0.18 0.27 + 0.12 0.67 + 0.27 0.69 + 0.32
M4 1.46 + 0.23 0.31 +0.10 1.07 £ 0.31 0.79 + 0.44

4.4. Validation and perspectives

The concept of two-stream AAMs was validated with the twin-pipe
pumping system. As shown in Fig. 16 (a), individual stream mixtures
were prepared separately and further intermixed with the static mixer
before casting. Mixture M1 (obtained after intermixing A1l and B) was
first loaded into the V-Funnel (Fig. 16 (a)), and the result of discharging
time is presented in Table 9. It is indicated that M1 could be regarded as
a self-compacting mixture appropriate for high-fluidity applications.
Moreover, mixture M4 (obtained after intermixing A4 and B) was then
prepared for the 3D-printing application to construct the column
structure (Fig. 16 (b)). The height of the column reached 1 m within 10
min, suggesting M4 is suitable for applications where a high build-up
rate is demanded.

The results presented in this study have illustrated that the concept of
‘two-stream AAMs’ could be adapted into the existing equipment
developed for traditional PC concrete (mixers, pumps, etc.) by simple
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Fig. 14. Atomic (2Ca+2Mg+K+Na)/Si ratio against Al/Si ratio in the reaction
products of two-stream AAMs at the age of 28 days.

refitting. In specific, individual stream mixtures can be prepared and
delivered to the construction site separately with parallel devices, and a
final-stage intermixing is required before casting to trigger the major
activation reaction. Two-stream AAMs may not only resolve the work-
ability issues by using conventional SP and sodium silicate to disperse
solid particles in individual mixtures, but also ensure sufficient open
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Fig. 16. Validation of the two-stream AAM concept (a) Scenario 1: Self-compacting application (with M1); (b) Scenario 2: 3D-Printing application (with M4).

Table 9

V-Funnel discharging time of M1.
Test 1 2 3 Average
Discharging time (s) 9.9 10.1 9.3 9.8

time while delivering to the construction site in practical applications.
From a future perspective, the mix design and volume ratio of separate
streams could be further modified to meet the setting demand after
casting and various engineering properties of hardened AAM concretes.

5. Conclusions

A conceptual design of two-stream alkali-activated materials (AAMs)
has been proposed in the current study to resolve the rheological issues
of AAMs. The solid and liquid components in AAMs are divided into
separate fractions, where a very limited reactivity is expected in indi-
vidual streams. By using the two-stream approach, a much longer

11

workability retention has been achieved compared to conventional
AAMs. The rheology of individual streams could also be modified by
using conventional superplasticizers (SPs) and silicate activators,
respectively. A final-stage intermixing between separate streams is
required to trigger the major activation reaction. The combined two-
stream mixtures were further validated in different practical scenarios
including self-compacting and 3D-printing concrete applications.

Low yield stress and viscosity have been detected in individual
streams for all mixtures. In addition, calorimetry results reveal that the
exothermic reaction after the initial dissolution remained at a relatively
low level for up to 5 h. The workability retention was also confirmed by
the flow table test over time, where no significant loss in workability has
been detected among all mixtures. The self-compacting application was
validated by V-Funnel tests, with an average discharging time of 9.8 s.

Further, Portland cement (PC) was partially blended into the system
to alter the early stiffening process to meet various setting demands. By
replacing 30% blast furnace slag (BFS) with PC, the yield stress devel-
oped in the combined mixture reached 2.5 MPa after 30 min to achieve
rapid structuration. However, an increased PC content on the other hand



Y. Sun et al.

led to a reduced compressive strength in hardened samples at the age of
28 days, which is associated with the formation of more porous micro-
structures and the increase in the Ca/Si ratio in reaction products.
Portlandite and monocarboaluminate have been identified in the reac-
tion products in addition to the conventional C-(A)-S-H and hydrotalcite
phases in typical silicate-activated slag mixtures. Eventually, the
mixture with 30% PC was validated for 3D-printing applications, and a
column of 1 m was constructed within 10 min.
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