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The construction sector is responsible for significant CO2 emissions, especially due to the production of ordinary
Portland cement (OPC). One option to decrease CO» emissions is to print mortar made from an alternative binder.
A precursor was used consisting of mainly non-ferrous metallurgy Fe-rich slag and a minor amount of OPC (<16
wt%), which forms upon alkali-activation a hybrid binder. A 3D-printable hybrid mortar was developed in a step-
by-step performance-based approach, with a focus on the fulfilment of criteria relevant for 3D printing: shear-
thinning, high yield stress, and stiffness development. The criteria to be met were determined using a

commercially available 3D-printable OPC-mortar. Several raw materials were introduced to develop a hybrid
mortar with a particle packing that positively influenced the pumpability and buildability. The effect of the
precursors and superplasticizer on reactivity was investigated. The final mortar reached the printing criteria,
offering a suitable alternative to 3D-printable OPC-mortars.

1. Introduction

The digitalisation of processes in the construction sector is still
running behind compared to other manufacturing sectors [1-3].
Implementing 3D printing can be a paradigm shift in construction with
respect to digitalisation and has several advantages compared to the
current construction process. 3D printing has the potential to be more
economic and sustainable, as the construction process is faster, the
customization is increased, less waste is generated and the formwork
becomes superfluous [4,5]. The aforementioned advantages are one
aspect when considering 3D printing, but the material to print with is
another important aspect to address. If the material developed for
printing is less sustainable compared to the material used nowadays in
construction, it is less feasible to implement 3D printing in construction.
Literature reports that most 3D-printed structures are printed with a
cement-based mortar. These mortars consist of 55-70 wt% ordinary
Portland cement (OPC) in the binder, the latter is thus considered as the
main precursor [6]. Accelerators, such as calcium sulphoaluminate

cement (CSA) can also be used in OPC mixtures to reach fast setting
times (improving buildability) and high early strength. Due to the
former, CSA is often introduced to the mixture at the print head right
before extrusion. It is reported that up to 7% CSA can be added to the
mixture, although its proportion needs to be properly chosen as the CSA
hydration can result in the formation of expansive phases and voids
[7-9]. Compared to conventional high-performance mortar, 3D-print-
able mortar is reported to contain 20% more OPC, as the binder to
aggregate ratio is higher to obtain a pumpable and extrudable mixture
with an accelerated early strength development [6,10]. Consequently,
the environmental impact of the 3D-printable mortar is significant, as
the production of 1 ton OPC is responsible for about 0.8 ton of CO5 [11,
12]. The CO, impact per m® of 3D-printable mortar is thus higher
compared to a high-performance mortar [6]. This might be compensated
to some extent through volume reduction of the structure as a simplified
structure with optimised geometry can be printed (less
over-engineering) without compromising performances [13]. Several
supplementary cementitious materials (SCMs), such as fly ash (FA),

Abbreviations: NFMS, Non-ferrous metallurgy slag; OPC, Ordinary Portland cement; GGBFS, Ground granulated blast furnace slag; SF, Silica fume; FA, Fly ash
class F; FL, Fine limestone powder; CS, Coarse quartz sand; SP, Superplasticizer; PCE, Polycarboxylate ether; MF, Microfibers; CSA, Calcium sulphoaluminate cement;
L/S, Liquid over all solids mass ratio; L/B, Liquid over binder mass ratio; S/B, Sand over binder mass ratio; E-mod, Dynamic E-modulus; SEM, Secondary electron
microscope; SCM, Supplementary cementitious materials; IP, Inorganic polymer; AAM, Alkali activated material.
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silica fume (SF) and fine limestone (FL), are introduced in 3D-printable
mortars with proportions reported around 40% of the binder to decrease
the OPC content. A further replacement of the OPC by SCMs is limited as
it would compromise the print quality and late age properties [6]. 3D
printable blended cement mortars were developed consisting up to 60%
of calcined clays and fine limestone in the binder [14,15]. A higher
content of calcined clays was not recommended as it would increase the
porosity and decrease the strength of the printed material [15].

The environmental footprint of 3D-printable mortars can be further
reduced when using alkali-activated materials (AAMs), as in these ma-
terials OPC is not used. Limited research is conducted on 3D printing of
AAMs, with most of it performed by Biranchi Panda, who studied alkali-
activated mortar blends of FA and ground granulated blast furnace slag
(GGBEFS) [16-19]. The binder fraction of these mortars comprises FA
class F (75-100 wt%), GGBFS (5-8 wt%) and SF (10-16 wt%), activated
with a potassium or sodium-silicate solution [16-19]. Other researchers
developed AAM:s for 3D printing with a small scale (49 x 40 x 30 cm®)
extrusion printer in which the GGBFS content is higher in the binder
(15-70 wt%) compared to the aforementioned binder formulation [20,
21]. The availability of FA, which is the main binder component in
aforementioned mixtures, is limited in comparison to OPC and is ex-
pected to decrease in future as other energy sources become more
attractive than coal combustion [22,23]. Therefore, other potential
precursors should be investigated, such as Fe-rich slags from the
non-ferrous metallurgical industry, which are currently landfilled or
used in low-value applications. These Fe-rich slags, of which the
chemical composition differs significantly from GGBFS with respect to
the Fe and Ca content, can form after alkali-activation a binder called
inorganic polymer (IP) which is a subset of AAMs [24,25]. An IP can be a
suitable alternative binder to OPC-based binders, in particular with
respect to its mechanical performance [26]. Using Fe-rich slag instead of
OPC can significantly reduce the environmental impact as shown in the
work of Peys et al. [27]; however, IPs require an alkali solution with a
high KOH/NaOH molarity, which is costly and its production process is
associated with a significant environmental footprint [27,28]. Further,
these alkali solutions reduce the effectiveness of organic-based admix-
tures, such as superplasticizers (SPs), due to the change in adsorption
behaviour or the SPs break down as they are not alkali-resistant [29].
This limits the functionality of IP mixtures, in particular when these
mixtures are engineered for high-performance applications, such as 3D
printing.

To overcome the aforementioned challenges of AAMs, a hybrid sys-
tem is suggested. A hybrid system is kind of a compromising technology
between OPC and AAM systems and more functional than AAMs [24].
The precursors of hybrid binders are mainly SCMs or industrial
by-products — mostly GGBFS, metakaolin and FA — and a minor amount
(up to 30 wt% in the binder) of OPC [30,31]. The precursors (apart from
OPC) are not hydrated and therefore an alkali-hydroxide or
alkali-silicate solution [32] is used to enable dissolution of the main
precursor and its participation in the binder formation. When an
aluminosilicate (FA or metakaolin) and OPC blend is activated with a
NaOH solution, a complex system of different binders is formed. The
OPC hydrates to form a C-S-H binder, while the dissolution of the
aluminosilicates results in the formation of a N-A-S-H binder. These
binders coexist and interact with each other to form a C-A-S-H binder at
a later age [33,34].

Concerning the use of Fe-rich slags in hybrid binders, limited
research is conducted to demonstrate that Fe-rich slags actively partic-
ipate in the binder formation and do not simply take on the role of filler
material. Based on the results in the work of Arnout et al. [35], a hybrid
binder formulation of 70 wt% Fe-rich slag from the non-ferrous metal-
lurgical industry, 10 wt% OPC, 8 wt% limestone, 0.3 wt% bassanite, 0.8
wt% SP and a 1.2 M NaOH is suggested. In this hybrid formulation, SPs,
engineered for OPC-based materials, are effective. The effect of the SP is
increased when the hydration product ettringite is formed around the
particles [36]. Ettringite can be formed when a sulphate source, such as
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bassanite, is added [37]. The plasticizing effect is one of the biggest
advantages of hybrids over AAMs, as the SP proportion can easily adjust
the rheological behaviour of the fresh hybrid mixture towards the
desired process/application. These findings demonstrated that a binder
can be formed from Fe-rich slag [38]. An alternative precursor was
employed in the work of Hertel [39] who investigated the possibility of
producing hybrid binders from an Fe-rich slag produced from the ther-
mal modification of bauxite residue (and 8 wt% OPC), activated solely
with the alkalinity of the bauxite residue slurry. Results showed that not
only the OPC but also the modified bauxite residue slag contributed to
the binder formation. The hybrid formulations could be altered,
depending on the slag chemistry, to obtain proper reactivity and
strength development. The identification of the binder was reported to
be challenging in these complex systems [39].

Limited literature was found on incorporating Fe-rich slags in 3D
printable materials. One reference investigated the use of Cu-slag as a
fine aggregate in a cementitious 3D printable mortar [40]. Another
reference reported the possibility to use an iron(calcium)silicate-rich
slag as a precursor in hybrid mortar for 3D printing [41]. In the latter,
the reactivity, strength and shrinkage of different hybrid mortars were
investigated and were compared with a OPC-based 3D printable mortar.
Based on this research, hybrids can be an interesting alternative to
OPC-based 3D-printable mortars as similar late-age properties were
reached, although a 3D-printable hybrid mortar was not developed yet.
To obtain a 3D-printable mixture, the following rheological aspects need
to be taken into account: open time, pumpability, extrudability and
buildability. The open time is considered as the time period in which the
material can be printed, which is related to the hardening or initial
setting time [20]. The initial setting time depends on the reactivity of the
mixture and its structural development in time. Most of the reported
alkali-activated mixtures can only be printed for a short time (+20 min)
due to their fast reactivity [42,43]. Short open times can result in poor
layer bonding and therefore a delayed setting time should be envisaged.
The SP can influence, whether desired or not, the open time as it can
delay the reactivity [44,45].

Next to the open time, the pumpability is another important aspect
and is related to the amount of force or energy applied to the material
defined by the movement of the pump and by the travel distance from
the pump to the extruder. The force applied to the material can result in
stress build-up in the pump, which needs to be as low as possible to avoid
a blockage [46]. To obtain a pumpable mixture, the shear stress and
viscosity must be low at high rotational speed [47], which can be ob-
tained by shear thinning of the material. Researchers measured the fresh
properties of 3D-printable OPC mortars and identified that the viscosity
must be situated between 39 and 21 Pa s and the yield stress between 0.6
and 0.27 kPa to obtain a pumpable and extrudable mixture [10,48].

During the printing process, one layer is printed on top of the existing
one, without the presence of formwork to support the layers. This suc-
cessive layer build-up results in an increase of mass or force exerted on
the bottom layers. The bottom layers need to be able to support the top
layers without significant deformation. To avoid significant deformation
or collapse of the structure, defined as buildability, the printed layer
needs to recover instantly from its shear-thinning behaviour in the pump
and must obtain high yield stress. The fresh mixture needs to form an
initial structure once extruded, which consists of certain strength pref-
erably. This early strength can be achieved by introducing fibres,
nanoparticles or accelerators [49,50]. Paul et al. [17] identified for OPC
and geopolymer-based 3D-printable mortars the slump value, which
must be situated between 1 and 3 mm or 2 and 6% of the total slump
height to reach a certain buildability. The specific stress and viscosity
values that need to be achieved at different shear rates and the early age
strength evolution depend on the type of pump, printer and extruder and
the scale of the structure to be printed [47].

As far as the authors know, no research is reported yet on the
development of a 3D-printable iron(calcium)silicate-rich slag based
hybrid mortar. The work herein aspires to bridge the gap in the
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Table 1 Table 3
The bulk chemistry of the precursors. The specific density and the D;, Dsg and Dgo (um) of each raw material.
Element (wt%) NFMS FA OPC Raw material Dio Dso Dog Specific density (g/cm®)
FeOy total 35-46 7 3 NFMS 1.6 8.4 47.1 3.4
Si0, 20-31 55 20 FA 1.4 12.9 54.2 2.3
CaO 11-21 4 64 OPC 0.9 5.8 16.8 3.1
Al,03 2-7 23 5 FL 1.0 5.7 16.8 2.7
Na,O 0.5-2.5 1 0.2 SF 0.1 0.2 0.5 2.2
MgO 0.5-2.5 2 1.5 Ccs 348.5 544.2 790.2 2.5
SOs3 0.2-1 / 3.4
Other 2-7 2-8 3.2
100 ] —%— SF == -
Table 2 g 1~ OPC ‘f l:
The amorphous and crystalline phases (wt%) of the precursors. S g0 e L A i
(=) S| e T
Phases (wt%) NFMS FA OPC = ] FA / H !
= ] === NFMS J / X H
Amorphous 70-85 90 - = 1 m————CS ¥ {

A = 60+ i 2 T
Spinel 10-20 - - = i i1 -
Wiistite 3-9 - - = 1 Fi% i
Quartz 0.1-1 10 - - ] /7 h
CsS - - 62 3 407 77 !
C.S - - 10 = . I h
CA - - 8 = ] /& ]
C4AF - - 8 £ 20 ‘ s
CS-2H - - 5 s ] /g !
ce - - 3 “ ] AL I

0 LI B 1) ||||#|‘|-'-ﬂ-m'l'nT_v_l_l_ﬂ'lTr|_l_l_l‘rm'r
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literature by developing a new type of binder for printing. The devel-
opment of a printable hybrid mortar from non-ferrous metallurgy slag
(NFMS) can increase the valorisation potential for this type of slag. The
print criteria (pumpability, open time, extrudability and buildability)
are determined by a 3D-printable OPC-based mortar, called benchmark.
From the proposed self-levelling hybrid formulation shown in Ref. [35],
a 3D-printable hybrid mortar is developed in this research. This research
tries to meet the print criteria by introducing SCMs, optimising the
particle packing, varying the amount of SP and introducing microfibers.
The contribution of each raw material to the reactivity and the open
time is identified by assessing the heat flow development and the cor-
relation of the latter with the dynamic E-modulus development. The
pumpability and the structural recovery are investigated by rheological
experiments. The buildability of the fresh mortar is identified and
improved by measuring the early-age dynamic E-modulus development,
the slump height and the maximum compression force. The micro-
structure is investigated using scanning electron microscopy. By map-
ping the chemical composition of the binder the contribution of the
NFMS to the binder formation and the possible formation of different
binder types can be identified.

2. Raw materials

The following precursors were used in the hybrid formulation: CEMI
52.5 R (OPC) from CRH, NFMS from Umicore and fly ash class F (FA)
from Baumineral. The ultrafine materials comprise fine limestone
powder (FL) from Euroment (Betofill) and silica fume (SF) from Elkem
(Microsilica 920). Microscopic fibres (MF) were also introduced in the
mixture as needle-shaped magnesium aluminosilicate clay minerals
(Acti-gel 208, 5-100 pm length) provided by Faber&VanderEndere.
Quartz sand (CS) was used as aggregate and sieved under 1.6 mm. The
chemical bulk composition of NFMS was determined by X-ray fluores-
cence (XRF, spectrometer PW 2400, Philips) and the chemical compo-
sition of FA and OPC were received from the suppliers; all three
compositions are shown in Table 1. The chemical and mineralogical
composition of the NFMS is shown as a range, as requested by the slag
supplier. The FeOy total in Table 1 comprises FeO, Fe;O3 and Fe.

The mineralogical composition of NFMS was analysed by X-ray
diffraction (XRD) in a range of 5°-70° 2 Theta using a D2 Phaser
(Bruker) operating at a voltage of 30 kV and a current of 10 mA. The

Particle diameter (pm)

Fig. 1. The PSD of the raw materials.

crystalline phases and amorphous content were quantified on a blend
composed of NFMS and 10 wt% of the internal standard ZnO, after
milling in a McCrone micronizing mill using hexane (>99% pure) as
milling media and ZrO grinding elements [51]. The amorphous and
crystalline phases obtained by XRD-analysis, are shown in Table 2. In
this research, the chemical formula is written according to the cement
nomenclature, i.e. C= CaO, S = SiO,, A = Al;03, F = Fe503, K = K30, Na
= Nay0, § = SO3, H = H,0, C = COs.

The specific density of the raw materials was measured by a pyc-
nometer according to ASTM-B417-64 and is shown in Table 3. The
specific density is the highest for NFMS, followed by OPC, FL, FA, CS and
SF. The particle size distribution (PSD) of each raw material was
determined by laser diffraction in ethanol (Beckman Coulter LS 13 320).
Table 3 indicates that SF has the smallest Dsg (0.15 pm), followed by FL
(5.7 pm), OPC (5.8 pm), NFMS (8.4 pm), FA (12.9 pm) and CS (544.2
pm). The cumulative PSD of each raw material is plotted in Fig. 1. SF
presents the ultrafine fraction of the raw materials, followed by OPC and
FL, the last two having a similar PSD. The PSD of NFMS and FA are
similar, and both have a slightly wider PSD (larger fraction of coarser
particles) compared to OPC. The CS represents the coarsest material and
a narrow PSD.

3. Methodology
3.1. Benchmark material

A commercially available OPC-based 3D-printable mortar was used
as a benchmark to determine the print criteria that need to be reached.
The exact composition of the benchmark is unknown, and the supplier
cannot be disclosed. However, the mortar probably consists of an opti-
mised particle packing, with varying quantities of OPC (CEM [, 52.5 R),
quartz sand <1 mm, FL, rheology admixtures (organic-based, such as
polycarboxylate ether (PCE) SPs) and polypropylene fibres. The dry
solids were hydrated with a water to solid mass ratio of 0.16.
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The investigated hybrid mix formulations. In bold the parameter that is investigated in each particular mixture.

Raw material (wt% in binder) Basic formulations (B)

3D printing developing formulations (D)

Bl B2SP B3BA B4SP DIFL D2FA D3SF D4CS D5SP D6MF
OPC 19.7 19.6 19.6 19.6 13.8 13.8 13.8 13.8 13.8 13.8
NFMS 80.3 79.6 79.3 79.6 77.7 62.9 55.6 55.5 56.0 55.9
FL / / / / 7.4 7.4 7.4 7.4 7.4 7.4
FA / / / / / 14.7 14.7 14.7 14.7 14.7
SF / / / / / / 7.4 7.4 7.4 7.4
SP + BA / 0.8 1.1 0.8 1.1 1.1 1.1 1.1 0.6 0.6
MF / / / / / / / / / 0.2
L/S 0.17 0.09 0.09 0.09 0.09 0.09 0.09 0.08 0.09 0.09
L/B 0.4 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2
S/B 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.4 1.0 1.0
Bulk density (g/cm®) 2.18 2.44 2.44 2.44 2.43 2.39 2.36 2.38 2.36 2.36

3.2. Particle packing

A self-levelling hybrid mortar, derived from Ref. [35], was used as
the reference mortar or starting mixture (formulation D1FL in Table 4)
and was engineered towards a 3D-printable hybrid mortar. When
combining the correct proportion of each raw material an ideal packing
can be achieved, which can increase the flow of the mixture [52]. An
ideal particle packing selects a specific amount of particles with a certain
size to ensure that all the voids between the larger particles are filled
with smaller particles, a process that can be continued until the smallest
particle size is reached (minimum particle size). In this research, a
continuous particle packing curve was targeted, calculated by the
modified Andreassen model, with a minimum particle size of 0.05 pm
and a maximum particle size of 1000 pm. A g-value is used in the
modified Andreassen model to modify the packing curve gradient, as the
proportion of coarse and fine materials can differ depending on the
intended application. A g-value of 0.27 is typically used for
high-performance concrete, while self-levelling concrete has a q < 0.22
[53]. The particle packing was improved by using a commercial particle
packing software, called EMMA (from Elkem). The proportion of NFMS,
OPC, FL, CS in D1FL was changed, and FA (D2FA) and SF (D3SF) were
introduced into the mixture to improve the particle packing. A sand over
binder ratio of 1 was suggested by the particle packing software and the
sand/binder ratio was similar for all hybrid mixtures, apart from D4CS.
In the latter formulation, the CS was increased to investigate its
contribution to the rheology. When FA and SF were introduced in a
formulation, a proportion of respectively 14.7 and 7.4 wt% had to be
used to obtain a particle packing similar to the desired packing given by
the software. Further, the particle packing software calculated the bulk
density of each formulation (Table 4).

3.2.1. Raw materials and sample preparation

A 1 M KOH solution was used as an activator and was produced by
dissolving KOH pellets (98% purity, Sigma Aldrich) in tap water at least
24 h prior to mixing. Two additives were used to create the plasticizing
effect, a Melflux 4930 F PCE SP from BASF and a 99% pure bassanite
(BA) from Sigma Aldrich. Before the mortar preparation, the SP and BA
were introduced into the alkali solution during mixing within 30 s at low
speed (130 rpm) with a 5 L Hobart. Afterwards, OPC, NFMS, FA, SF and
FL were gradually added during mixing within 1 min and mixed for
another minute at low speed. When fibres were used, the fibres were
introduced during the paste preparation. Finally, the sand was added
during mixing within 1 min and the blend was mixed for another minute
at high speed (220 rpm). The prepared mixture was cast in the mould for
the appropriate test and the aforementioned mixing procedure (total
mixing time 4 min) was applied for all experiments and all formulations
mentioned in Table 4, including the benchmark. The curing conditions
for each sample depended on the test the sample underwent and
therefore the curing is explained in the methodology section of each test.

Particle packing pe laser scattering

.

Reactivity

.

Dynamic E-modulus

1

Yield stress/shear thinning == Rheology

.

Calorimetry

| J|trasound

Slump Slump cone
!
Early age strength p=— Vertical compression

!

Setting time fe—\/jcat

l

Microstructure

e (NANO)SEM

Fig. 2. The stepwise performance-based mix design development approach.

3.2.2. Performance-based mix design development

The first series of mixtures are hybrid (B) formulations B1, B2SP,
B3BA and B4SP, which are mixtures solely made to determine the
contribution of OPC, NFMS, BA and SP to the reactivity. These mixtures
are based on the work done in Ref. [35] and do not contain any other
raw material apart from the alkaline solution, the aforementioned
components and CS (Table 4). The second series of mixtures comprised
the formulations developed toward 3D printing (D), starting with the
initial self-levelling hybrid mortar (D1FL), which was modified stepwise
to investigate the effect of each new raw material added to the mixture
or by changing the proportion of a certain raw material. First, the effect
of FA (obtaining formulation D2FA) was investigated, next SF (D3SF)
and in mixture D4CS the proportion of CS was modified. In formulation
D5SP the amount of SP was decreased. The final mixture (D6MF) studied
the effect of MF. The investigated parameter for each mixture is indi-
cated in bold in Table 4. The OPC content in the B-formulations was
slightly higher compared to the D-series to ensure that the effect of SP
and BA on the reactivity could be properly investigated. Formulation
DI1FL and the proportions of SP and BA in all mix designs were based on
the mixture developed in Ref. [35]. 0.3 wt% of BA was used and
remained constant for all investigated mixtures. 0.8 and 0.3 wt% of SP
was used depending on the formulation as the amount of SP can affect
the performance significantly. A liquid to binder (L/B) ratio of 0.2 was
used for all hybrid formulations apart from B1. The L/B ratio in B1 had
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Table 5

This table indicates which mix design underwent which test(s).
Methods Hybrid formulation Benchmark

Basic: B- Developed for 3D-printing: D-
1 2SP 3BA 4SP 1FL 2FA 3SF 4CS 5SP 6 MF

Calorimetry v (without CS) /
Ultrasound / v v / v v v / v v v
Rheometer / v v
Slump / v / v v v
Vertical deformation / v v
Vicat / v v
SEM v (without CS) v /

to be increased to 0.4, to ensure a castable mixture, as a SP was not used
in this formulation. The alkalinity of the activator was determined from
preliminary tests which indicated that an alkalinity higher than 1 M
KOH drastically decreased the SP effectiveness. The proportion of CS, FA
and SF for each formulation were suggested by the particle packing
software as explained in chapter 3.2. The sand/binder ratio was similar
for all hybrid mixtures, apart from D4CS. In the latter, the CS was
increased to investigate its contribution to the rheology. The amount of
SP used in D5SP was determined by preliminary scanning, in which the
SP content was gradually decreased until the rheological criteria were
reached. A small amount of MF was introduced in D6MF, of which the
amount was determined from preliminary tests. Only a certain amount
of MF could be used to avoid that the measurement limit of the
rheometer was reached.

This research followed a stepwise performance-based mixture
development approach (Fig. 2), in which first various mixtures were
investigated and when the research evolved, the investigation narrowed
down to the best-developed mixture (D6MF in that case). For each
experiment, the OPC benchmark was measured to identify the criteria or
desired behaviour that needs to be obtained. In this way, a mixture was
developed that performed the best according to the investigated range of
parameters. It is nonetheless acknowledged that this is not the overall
optimal mixture, but resembling as good as possible the properties of the
benchmark. The optimal 3D printing mixture can be developed in future
research through a design of experiments approach or by applying ma-
chine learning models. With the stepwise performance-based mixture
development approach, not all mix designs were investigated with all
methods used in this research, as shown in Table 5. For instance, the B-
formulations were mainly used to investigate the heat flow, the dynamic
E-modulus and the microstructure. The more suitable the mixture
became for 3D printing, the more experiments it underwent. For
instance, the final mixture D6MF was — according to reactivity,
rheology, and slump tests —the most optimised mixture for 3D printing.
Therefore, it underwent additional tests, such as setting time and ver-
tical deformation tests to ensure it reached all print criteria.

Several samples are duplicated in some tests to obtain an idea of the
variability/repeatability of each test. Basically, rheology showed very
low variability, the obtained curves were partially overlapping. Calo-
rimetry and ultrasound data for duplicated samples showed low vari-
ability, apart from the ones that are discussed in the results. Error bars
are not shown in the results as the figures would become unreadable.
Although the variability between the replicates is relatively low, a more
extended dataset of each sample could result in a lower P-value. The
latter indicates whether the samples are statistically different or not.
Nevertheless, the actual obtained results should be sufficient for this
study to reach the main goal, which is the development of a mix design
with properties similar to the benchmark.

3.2.3. Isothermal calorimetry

The reaction kinetics of each paste formulation (Table 5, CS was left
out) were investigated using an isothermal calorimeter at 20 °C (TAM
Air, TA Instruments). Each blend was externally mixed manually for 4

min and introduced in the calorimeter 4 min after mixing. Three du-
plicates were made to determine the repeatability of the mixtures and
showed that the data did not vary more than 10% of the mean value and
thus showed a similar heat flow curve.

3.2.4. Ultrasound tests

The dynamic E-modulus (E-mod) development was measured with
an ultrasonic pulse device according to EN 12504-4 [54]. All formula-
tions from Table 4 were tested, apart from B1, B4SP and D4CS as they
are non-optimised mixtures. D4CS does not follow the desired particle
packing and consists of more CS, which was merely interesting for
rheology. The ultrasonic pulse measurement started from the moment
the fresh material was cast in a cylindric silicone mould, which was
around 4 min after mixing, and lasted up to 48 h. The ultrasonic probes
operated at a frequency of 30 kHz. The device transmitted every 10 s a
sonic pulse (P-wave) that travelled through the sample and was captured
by the receiver. The travel distance of the pulse between the transmitter
and receiver was 40 mm, which is the width of the sample. Depending on
the stiffness of the material, the pulse required a certain travel time
(time delay) to move through the sample. From the travel time, the
velocity v of the compression wave and E-mod were calculated ac-
cording to the Newton-Laplace equation (Eq. (1)), with k-factor 0.876
and density (p) 2.1 g/em® for the benchmark and between 2.2 and 2.4
g/cm? for the hybrid mixtures (bulk densities given in Table 4). The
variability was investigated by reproducing samples B3BA, D2FA, D5SP
and D6MF. The duplicates showed a similar stiffness development.
Certain variability for the duplicates D5SP and D6MF was noticed at
early age (up to 20 h), while at late age (48 h) the values are similar. The
individual E-mod curve for each sample is presented.

Egn =k Vv’ p )

3.2.5. Rheometer

Once the reactivity and E-mod were assessed, the effect of the raw
materials FA, SF and CS, and the amount of SP and MF on the rheological
behaviour were investigated. The investigated mixtures comprised the
benchmark and all hybrid developing formulations (D-series in Table 4).
Samples D2FA, D3SF and D6MF were repeated and the duplicates are
overlapping, indicating insignificant variability. The rheological
behaviour was measured with an Anton Paar rheometer (MCR 52) that
consisted of a building material cell with a two-bladed vane impeller to
investigate the yield stress and shear-thinning behaviour of the mix-
tures. The first rheological measurement started 3 min after mixing in
which a rotational speed of 12 rpm was applied to the mixture for 60 s,
followed by a rotational speed of 0.3 rpm for another 60 s. Afterwards, a
flow sweep test was performed, in which the rotational speed was
increased from 0.01 to 100 rpm and afterwards decreased from 100 to
0.01 rpm with a logarithmic step size. At each rpm increase or decrease,
the rotational speed remained constant for 15 s to obtain accurate stress
and viscosity values.
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Fig. 3. Panel (a) the individual PSD of DI1FL, the used raw materials (in proportion) and the modified Andreassen curve with a g-value of 0.22. Panel (b) the in-
dividual PSD of D5SP, the used raw materials (in proportion) and the modified Andreassen curve with a g-value of 0.27.

3.2.6. Slump cone test

The slump cone test was used to measure the consistency and yield of
the benchmark, D3SF, D5SP and D6MF and was performed according to
ASTM C143 [55]. The other formulations exhibited self-levelling char-
acteristics and were thus not investigated. The cone has a height of 65
mm, an upper diameter of 40 mm and a lower diameter of 90 mm. The
cone was filled with freshly mixed material and lifted 10 min after
starting mixing. Afterwards, the height difference of the slump was
measured and the slump type was identified. The test was not repeated
and the individual values of each sample is given.

3.2.7. Vertical deformation test

A vertical deformation test, explained in detail in Ref. [56], was
applied to the benchmark and the most promising hybrid mortar D6MF.
The latter was chosen based on the rheology and ultrasound results. By
compressing the sample, the maximum force that the material could
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withstand was identified, which can give insights into the buildability.
The fresh material was cast in a cylindrical mould and tapped several
times to remove entrapped air in the material. The cylindrical mould has
a diameter of 70 mm and height of 140 mm, dimensions according to
ASTM D2166 [57]. Further, each sample was placed in an Instron device
with a 5 kN load head. The mould was carefully removed from the
sample at a specific time (15, 30 and 90 min after mixing) right before
testing and each sample was compressed at a 30 mm/min compression
rate until a vertical displacement of 50 mm was reached. The force (N)
was monitored to identify the peak force, which is the force at which the
material failed. The test was repeated once for each sample and the
average force with standard deviation is given.

3.2.8. Vicat setting time
The setting time was measured for the benchmark and the most
promising mortar D6MF with the Vicatronic automatic Vicat recording
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Fig. 4. (a) the individual heat flow evolution of B1, B2SP, B3BA and B4SP for 120 h and (b) individual cumulative heat flow for the same samples. Panel (c) the
individual heat flow evolution of D1FL, D2FA, D3SF, D5SP, D6MF for 120 h and (d) the induvial 120 h cumulative heat flow for the same samples. The afore-
mentioned samples are pastes, sand was not used for this test.
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Fig. 5. (a) the individual E-mod development of the benchmark, B2SP and B3BA for 48 h long. Panel (b) the individual E-mod of the benchmark, D1FL, D2FA, D3SF,

DA4SP and D6MF for 9 h long and (c) for 48 h long.

apparatus according to EN 196-3 [58]. The mortar was cast in a circular
sample holder and placed in the Vicat device. The Vicat measurement
started 5 min after mixing. At certain pre-set moments the Vicat needle
fell into the mortar with gravitational falling speed. 86 penetration
depths were taken for the benchmark and D6MF in a time period of 8.2
and 5.7 h respectively. The initial and final setting time could be
determined from the evolution in penetration depth results. The test was
not repeated, consequently the individual result of each sample is given.

3.2.9. Scanning electron microscopy

Hybrid paste (without CS) cubes (2 x 2x2 cm3) of each formulation
(Table 5) were produced and cured for 28 days at 20 °C and 65% RH,
from which fragments of cross-sections were embedded in epoxy resin,
polished and coated with a 5 nm Pt layer. The microstructure was
characterized with a Philips XL30 FEG scanning electron microscope
(SEM) and a FEI Nova NanoSEM 450, both operating at 20 kV, at spot
size 5 to obtain high-resolution backscattered electron images. Quali-
tative point analysis was performed with an energy dispersive X-ray
detector to determine the elemental chemistry of certain phases by point
analysis. Elemental mapping was carried out additionally.

3.3. Results and discussion

3.3.1. Particle packing

The PSD of DIFL partially corresponded with the modified
Andreassen curve for self-levelling mixtures in which the g-value is 0.22
and the minimum particle size is 0.7 pm (Fig. 3). 3D-printable mixtures
are situated in the high-performance window and therefore the g-value
was increased to 0.27 and smaller particle sizes (0.05 pm) are desired
[59]. This resulted in a modified Andreassen curve shown in Fig. 3B. A
particle packing of the dry solids (D3SF) similar to the desired packing
curve was obtained when replacing 14.7 wt% of NFMS by FA, 7.4 wt% of
NFMS by SF and by lowering the sand over binder (S/B) mass ratio from
1.7 to 1.0. The decrease in sand resulted in a larger fraction of fine
materials which is necessary to obtain high-performance mortars [60,

61]. SF accommodates the ultrafine fraction (Fig. 3B) of the particle
packing curve. The particle packing curve D1FL in Fig. 3A shows that
particles were absent from 52 to 250 pm, resulting in a ‘gap’ in the curve.
This gap is in Fig. 3B partially covered by introducing FA as it has a
wider PSD (Dgg of 54.2 pm), although a gap between 90 and 200 pm
remains visible. In future, the mixture can be optimised by covering this
gap, for instance, with fine sand that consists of this particular PSD.

3.3.2. Calorimetry

The reactivity of the hybrid binders was assessed by monitoring the
heat flow (Fig. 4) and showed for all investigated samples an initial peak
at the start of the measurement. This peak can be allocated to the heat
generated from the wetting of the particles, early dissolution of the
precursors and the possible formation of initial hydration phases [62].
B1, the most simplified formulation which consists of only NFMS, OPC
and activator, showed a 2nd peak around 10 h post mixing (peak 2
assigned in Fig. 4A), which is likely related to the OPC hydration and
was higher compared to all other investigated mixtures as more acti-
vator was used [63]. A 3rd peak (peak 3 in Fig. 4A), situated 22 h post
mixing, might be related to the NFMS dissolution and its contribution to
the binder formation. In B2SP, SP was added to the formulation and the
amount of water was decreased, resulting in a delayed hydration peak at
66 h and a shoulder at 80 h; the latter is likely related to the slag reaction
(3rd peak). The delay in reactivity might be related to the SP which is
adsorbed on the OPC particles and hydration phases [64-66]. In this
way, further reaction of OPC could be delayed. Samples B3BA and B4SP
showed the presence of an additional reaction peak (peak 4 in Fig. 4A)
which is related to the introduction of BA. This reaction peak might be
allocated to the formation of additional ettringite [67]. The latter is an
important phase, as it prevents the mixture from false setting and pro-
vides a strong positive surface area on which the SP can adsorb [34].
Ettringite probably did not only cover OPC particles but also NFMS
particles. In this way, the surface area on which the SP can adsorb might
be further increased. B3BA generated more heat compared to B2SP
(Fig. 4B) due to the additional reaction peak and the induction
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(dormant) period is prolonged as the main hydration reaction is delayed
[68]. This delay might be explained by the formation of ettringite and a
geochemical barrier covering the OPC and probably NFMS particles
[69]. The ettringite is stable and the reaction with the OPC is hindered as
long as there is a sufficient supply of sulphates. When decreasing the SP
amount (B4SP), the 2nd reaction peak and its shoulder is accelerated
from 75 to 41 h and from 93 to 58 h, respectively, confirming once again
that the amount of SP has a significant effect on the reactivity.

The heat flow evolution of D1FL, D2FA, D3SF, D5SP and D6MF (all
are without CS) is given in Fig. 4C. D1FL showed the slowest reaction
with the lowest amount of cumulated heat flow over time, followed by
D2FA, in which the 2nd peak and the 3rd peak (peaks 2 and 3 assigned in
Fig. 4C) can be better distinguished and took place at 47 and 64 h,
respectively. The samples presented in Fig. 4C did not show an ettringite
peak, unlike D3BA and D4SP (Fig. 4A), although BA is present in these
mixtures. It might be possible that the ettringite peak merged with the
initial peak due to the accelerated reactivity. The introduction of FA
clearly accelerated the reactivity with 30 h (Fig. 4C). FA is already used
in hybrid binders and its contribution of Si and Al-species to the binder
formation is proven [32,70]. The reactivity is further accelerated when
SF was added (D3SF). SF is, like FA, an SCM and can offer nucleation
sites due to its small particle size (nano size) on which binder can pre-
cipitate [71]. Furthermore, SF likely dissolved partially once introduced
to the alkaline environment as it is a reactive pozzolana [72]. This
partial dissolution can bring more silicates into the solution and
consequently reaching faster the saturation threshold to precipitate
binder. The decrease in SP (D5SP) further accelerated the reactivity and
slightly increased the cumulative heat flow (Fig. 4D). D6MF and D5SP
have overlapping heat flow curves, indicating that MF probably did not
react. The start of the acceleration period of the cement hydration (2nd
peak) for D6MF and D5SP took place at 5 h and reached its maximum at
12 h. The NFMS contribution (3rd peak) took place around 27 h.

3.3.3. Dynamic E-modulus development

The E-mod development is an indication for the stiffness of the
samples during the first 48 h and is presented in Fig. 5. B2SP showed a
slight increase in E-mod at hour 8 (Fig. 5A), which might be related to
the decrease in SP effectiveness. The SP might be consumed or might be
broken down by the increased alkalinity due to the hydration reactions
[73]. SPs are only temporarily effective and once the repulsion and steric
hindrance effect is gone, the possibility of flocculation is increased due
to the attractive interparticle forces. In this case, the material can build
an internally connected structure which decrease the workability,
without necessarily forming a binder. The E-mod accelerated after 25 h
and is likely related to the formation of binder, as it coincided with the
acceleration period of the cement hydration peak (shown in Fig. 4A).
The latter probably increased the interparticle connectivity of the
mortar. B3BA did not show any significant stiffness increase related to
the formation of the binder during the first 48 h, as supported by heat
flow evolution (Fig. 4A), indicating that the formation of ettringite and
the steric hindrance from the SP prolonged the dormant period.

The introduction of FL (D1FL) accelerated the E-mod significantly
(Fig. 5B) as the number of nucleation sites increased [74]. Two accel-
eration steps can be identified from the curve, one at 5 h (1st step in
Fig. 5C), likely related to the decrease in SP effectiveness, and the other
at 30 h (2nd step). The 2nd step, visualised in Fig. 4C, is probably related
to the offset of cement hydration and binder precipitation [62]. The
addition of FA did not accelerate the E-mod, which is not in line with the
heat flow results. Based on the E-mod and heat flow results, it can be
stated that FA contributes solely to the reactivity but not to the stiffness
or connectivity of the mortar.

The introduction of SF (D3SF) did not affect the 1st step, while the
2nd step was accelerated, from 35 to 18 h; the latter coincides with the
cement hydration peak and proves that SF accelerates the binder for-
mation. SF can act as a contact bridge between two particles (precursors
or FL) and increases the packing density (Fig. 3B) in the mixture [53].
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Both aforementioned factors can contribute considerably to the con-
nectivity and might give rise to a gradual increase in E-mod from 2.5 h
onwards. The E-mod at 48 h is twice as high when SF is introduced, 32
GPa versus 15 GPa without SF (D2FA), indicating that SF contributes to
the stiffness of the mortar. The E-mod of D3SF at 48 h is higher
compared to the benchmark, which is not the case at early age as the
E-mod of the benchmark started to increase already after 15 min.
However, such early-age E-mod increase is important for the
buildability.

A decrease in the amount of SP (D5SP) results in an immediate E-mod
increase at the start of the measurement (Fig. 5C). The first 7 h shows a
constant rate in E-mod increase, probably related to the decrease in
workability [75], as more flocs and colloids and less free water is pre-
sent. Further, the cement and NFMS dissolution is not hindered as there
is no excess in SP and the steric hindrance effect from the SP is
decreased. After 7 h, the E-mod gradient of D5SP increased (2nd step in
Fig. 5B), which is likely related to the precipitation of binder phases, as it
coincides with the hydration reaction peak (Fig. 4C). The 2nd step fin-
ishes around 17 h, which coincides with the deceleration period of the
cement hydration peak and thus marks the end of the main binder
precipitation. The E-mod development of D5SP was similar to the
benchmark up to 15 h and started deviating afterwards, in which the
E-mod of D5SP continued to increase (3rd step in Fig. 5C), while the
E-mod of the benchmark decelerated. The steady-state increase of D5SP
is likely related to the NFMS contribution, as this event coincides with
the 3rd reaction peak (shoulder in Fig. 4C). This indicates that the NFMS
did not only react, but also contributed to the stiffness of the mortar. The
E-mod of D3SF at 48 h is evolving towards the E-mod of D5SP, sug-
gesting that the SP effect is worn off at late age. The introduction of MF
resulted in a slight increase in average E-mod during the first 5 h of the
measurement (Fig. 5B) and a much lower variability compared to the
variability between the replicates of D5SP. The curves of D5SP and
D6MF are closely together and their error bars (not shown here for sake
of simplicity) partially overlap, therefore it can be stated that the curves
of the 2 samples are statistically not different. The slight increase in
average E-mod and decrease in standard deviation of D6MF during the
first hours can be related to the interlocking effect of the fibres, which
enhanced the connectivity and stiffness of the fresh material [76]. The
E-mod of D6MF at 48 h is similar to D5SP, indicating that the MF did not
affect late-age stiffness.

3.3.4. Rheology

The viscosity is shown in Fig. 6 and indicates that for D1FL and D2FA
hardly any change in viscosity was observed when the rpm decreased
from 12 to 0.6. The introduction of FA (D2FA) facilitated the flow
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behaviour even more, as for both shear rate regimes a slight decrease in
viscosity (9.1 and 11.9 Pa s) is measured compared to D1FL. The
introduction of SF slightly increased the viscosity in the 12 rpm regime
to 14 Pa s compared to D2FA and showed a stronger recovery to a higher
viscosity value (54 Pa s) in the 0.6 rpm regime. A higher sand to binder
ratio (D4CS) shows an overall increase in viscosity without affecting the
recovery, a behaviour that is not desired for printing. The decrease in SP
(D5SP) increased the viscosity in the 12 rpm regime, from 14 to 90 Pa s
compared to D3SF. When the rpm decreases to 0.6, a significant re-
covery in viscosity is measured up to 1900 Pa s. In this case, the viscosity
recovery curve of D5SP corresponded with the curve of the benchmark
(1950 Pa s). The introduction of microfibers (D6MF) increased the vis-
cosity in the 12 rpm regime to 167 Pa s and shows an instant and sig-
nificant higher recovery behaviour (4400 Pa s) compared to benchmark
and D5SP. Both D5SP and D6MF show a similar recovery behaviour as
the benchmark, indicating that these formulations are suitable for
extrusion.

The evolution in viscosity of D1FL and D2FA is similar (Fig. 7A) and
D2FA has an overall lower viscosity compared to D1FL (supported by the
results in Fig. 6). Both samples show a decrease in viscosity with
increasing rpm until 10 rpm, indicating shear-thinning due to the
breakdown of flocculated particles when shearing [77]. At a shear rate
higher than 10 rpm, the viscosity of D1FL and D2FA increases, a
behaviour which can be identified as shear-thickening [78].
Shear-thickening is undesired for pumping and can be related to the
friction between the particles [79], which can be significant when the
proper particle packing is not achieved [80]. The introduction of SF
(D3SF) changed the gradient of the viscosity curve, as it exhibited a
stronger shear-thinning behaviour compared to D2FA. A stronger
shear-thinning behaviour is desired as it benefits buildability, indicated
as a high viscosity at a low shear rate (from 87 to 342 Pa s) and
pumpability, indicated as low viscosity at a high shear rate (from 20 to
15 Pa s). Further, the shear-thickening behaviour of D3SF is less pro-
nounced compared to D2FA, probably due to the smaller particle size of
SF [81]. The increase in viscosity is related to the ultrafine particles of SF
which can increase the connectivity between particles and consequently
increase the viscosity [82].

Increasing the sand to binder ratio (D4CS) did not change the slope of
the viscosity curve but increased the absolute viscosity, implying that
the buildability is increased at the expense of the pumpability, which is
not desired. Therefore, the sand to binder ratio is kept low, which is in
accordance with the desired particle packing. A decrease in SP (D5SP)
steepens the viscosity curve (Fig. 7B) with viscosity values at low rpm up
to 407 310 Pa s and at high rpm up to 38.5 Pa s, indicating a significant
shear-thinning behaviour. The viscosity curve of D6MF overlaps with
the curve of D5SP, implying that the introduction of MF did not signif-
icantly affect the apparent viscosity. The viscosity values at low rpm of
D5SP and D6MF are comparable to the benchmark. However, at high
rpm, the viscosity of D5SP and D6MF is higher compared to the
benchmark.

The evolution in stress with rotational speed is shown in Fig. 7C and
indicates that the stress difference between D1FL and D2FA is small,
both showing a stress increase with increasing rotational speed. D2FA
exhibited a stress at 100 rpm which is 50% lower compared to D1FL,
indicating that the pumpability is improved. The decrease in stress can
be related to the spherical particles of FA, which likely decreased the
friction between the particles in the mixture compared to the angular
NFMS particles. FA might also have contributed to the repulsion effect
between particles [82]. The introduction of SF (D3SF) changed the
gradient of the stress curve in comparison to D2FA. A higher stress is
obtained at low rpm (from 0.9 to 3.4 Pa) due to the increase of inter-
particle interactions [83], while at 100 rpm, a lower stress (from 1992 to
1544 Pa) is reached. A yield stress could not be determined for D3SF.
Furthermore, increasing the sand to binder ratio resulted in an increase
in stress at high shear rates, due to the increase in friction, but did not
result in the formation of a yield stress. A yield, however, is required for
the buildability.

The absence of yield stress can be related to the amount of SP used in
the formulation. If an excess of SP is present in the mixture, the SP is
absorbed on all positively-charged surfaces from the OPC particles and
hydration phases, preventing flocculation and the formation of yield
stress [84,85]. Therefore, the SP is decreased (D5SP), which resulted in a
significant increase in stress at low rpm from 3.4 to 2013 Pa (Fig. 7D). A
yield stress formed as the number of physical interactions in the fresh
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Fig. 8. The individual slump height (in mm) of benchmark, D3SF, D5SP and
D6MF 15 min after starting mixing.

mortar increases, flocs are formed, and less free water is present in the
mortar. The yield stress slightly increased from 2013 to 2330 Pa when
introducing MF (D6MF). This increase is related to the ultrafine fibres,
which increased the surface area and likely resulted in faster floccula-
tion of particles and stronger network connectivity [86]. Both D5SP and
D6MF showed similar stress at 100 rpm (2711 Pa), indicating that the
fibres did not have a negative effect on the stress at high rpm. This effect
might be related to the alignment of the fibres according to the shear
direction, increasing the thixotropic effect of the mixture [76]. The yield
stress of D5SP and D6MF is similar to the yield stress of the benchmark.
The stress at high rpm, however, is higher compared to all other
investigated hybrid mixtures and the benchmark.

In general, the benchmark viscosity and stress at high rpm are lower
compared to all hybrid mortars, which is likely related to the higher
water content in the benchmark and more OPC on which SP can be
effective. These two factors probably decreased the friction between
particles at high rpm and thus also the stress. Additionally, the SP in
hybrid mixtures is likely less effective on the NFMS particles as the
NFMS probably has a different surface charge compared to OPC. In this
way, there is little steric hindrance between the NFMS particles and the
stress at high rpm is increased. D5SP and D6MF are the most promising
formulations for 3D printing from a rheological point of view with
respect to the pumpability and extrudability despite their relatively high
stress at high rpm.

3.3.5. Slump height, fresh state vertical deformation and setting time

The slump height of the benchmark, D3SF, D5SP and D6MF is pre-
sented in Fig. 8 and shows for the benchmark a height of 44 mm, which
can be classified as a ‘true slump’ [87]. D3SF reached a slump height of
109 mm which can be classified as collapse. This behaviour is typical for
self-levelling mixtures which don’t have yield stress (Fig. 7C). It is
obvious that D3SF would not retain its shape when extruded and
therefore it is not suitable for printing. The slump height is decreased to
29 mm when decreasing the SP amount (D5SP) and can be classified as a
true slump behaviour. This slump value — combined with the fast re-
covery in viscosity (Fig. 6) and the presence of yield stress (Fig. 7C) —
indicates that the shape can be retained once the mixture is extruded.
The introduction of MF (D6MF) resulted in a further decrease in slump
height (15 mm), which is closely situated to a zero-slump behaviour. The
mixture showed negligible deformation.

The vertical deformation test gives the maximum force of loading at
which the structural build-up in the mixture fails and the mixture starts
yielding. The structure build-up indicates the strength of the material in
fresh state defined by physical interactions and early age reactions, thus
prior to hardening. This technique can give insight into the print height
or the number of layers (or force) the bottom layer can withstand before
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Fig. 9. The average maximum force with error bars that D6MF and benchmark
could withstand when applying a vertical compression at 15, 30 and 90 min
after starting mixing.

Table 6

The setting time (in hour) of benchmark and M6MF.
Sample Initial Final Period
Benchmark 3.6 6.5 2.9
D6MF 2.8 3.5 0.7

Table 7
Identified mineral phases from Fig. 10, taking into account
XRD results of Table 2.

Number Identified mineral phase

Quartz

Calcite

CzS

Fe-rich slag particle
Wilstite

Spinel

Cy(AF), C3A or AFm
(K,C)-S-H binder
(K,C)-(A,F)-S-H binder
(K,C)-A-S-H binder

H O 0N U AWM=

(=]

yielding. The vertical deformation of D5SP could not be measured as it
already collapsed when demoulding the sample, implying that the
strength is insufficient. D6MF showed an increase in maximum force
with time, of 11.4, 24.8 and 80.5 N, at respectively 15, 30 and 90 min
(Fig. 9). The addition of MF contributed to the early-age strength of the
material and the evolution of average maximum force of D6MF at 30 and
90 min is similar compared to the benchmark. A two-sample t-test was
conducted to indicate whether the values for DEMF and the benchmark
at 15, 30 and 90 min are different or not. The calculated P-values are
0.592, 0.144 and 0.399 for respectively 15, 30 and 90 min. These P-
values are relatively high and indicate that D6MF and the benchmark
are statistically not different. A more extended dataset of each sample
could lead to lower P-value and potentially to a better indication
whether the results are different or not. However, the goal of this
research was to obtain properties similar to the benchmark. Therefore, it
can be stated that, based on Fig. 9, D6MF follows the same evolution in
maximum force as the benchmark.

The setting time is measured for D6MF and the benchmark (shown in
Table 6). The initial setting time of D6MF (2.8 h) is 0.8 h earlier
compared to the benchmark (3.6 h). The setting time period of D6MF
(0.7 h) is more than 4 times shorter than the benchmark (2.9 h). The
initial setting time can be related to the open time in which the samples
can be printed. The setting period of D6MF and benchmark is initiated
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Fig. 10. Polished cross-section of B2SP with elemental mapping of (a) Si, (b) Ca, (c) Fe, (d) Al and (e) K. The numbers are identified in Table 7.

halfway through the 1st acceleration step of their E-mod development
(Fig. 5B) and is finished at the end of the 1st step. This acceleration step
is likely related to the formation of a physical connected structure, due
to flocculation, and the possible early-age precipitation of binder, which
took place before the main hydration peak. This implies that the samples
at the final setting time are hardened but their main strength develop-
ment (at the main hydration peak) did not take place yet.

3.3.6. Microstructural analysis

Elemental mapping of Si, Ca, Fe, Al, and K is performed on the
microstructure of B2SP. Formulation B2SP consists of only OPC, NFMS
and SP, and thus enables easier identification of the different phases. The
identification would be more challenging in a hybrid made from several
raw materials (such as D6MF). Fig. 10A shows that some small spots are
only enriched in Si (1 in Fig. 10A), which can be identified as quartz, as
expected from the XRD results (Table 2). Fig. 10C shows various zones
enriched in Ca and poor in Si (2 in Fig. 10B), which can be identified as
calcite due to carbonation. Other areas, which look like particles, are
dominant in only Ca and Si (3 in Fig. 10B), and can be identified as
relicts from OPC, such as C,S, implying that no full hydration took place.
The Fe distribution in Fig. 10C shows that most grains (4 in Fig. 10C) are
rich in Fe. These grains can be considered NFMS. In the NFMS particles,
Fe-rich and Ca- and Si-poor zones (5 in Fig. 10C) are identified, which
can be assigned to wiistite. Some Fe-rich zones are also rich in Al (6 in
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Fig. 10D) and are found as separate grains or as a part of the NFMS.
These zones are identified as spinels. Fig. 10D shows two grains, rich in
Ca and Al, and a minor amount of Fe (7 in Fig. 10D), which can be
identified as ferrite, AFm or C3A phases from OPC.

The K is distributed between the particles and originated from the
activating solution. In all probability, the K is incorporated in the binder
and thus the K-rich zones can be considered predominantly as binder. A
Si, Ca and K-rich zone (8 in Fig. 10E) is identified around the C3S phase,
suggesting that the C3S is partially dissolved and that a (K,C)-S-H binder
is formed around the C3S. The binder between the small NFMS particles,
situated in the centre of Fig. 10E is dominant in K, Si and Fe (9 in
Fig. 10E), suggesting a (K,C)-(A,F)-S-H binder due to the contribution of
Fe and Al from the NFMS. Another zone is identified which is low in Fe
and Ca (10 in Fig. 10E), suggesting the presence of a (K,C)-A-S-H binder.

Based on the phases identified in Fig. 10 and the data from the
chemical point analysis of D6MF (not shown here for the sake of brevity)
it is clear that the binder chemistry is not similar throughout the matrix.
Some binder zones are enriched in Fe, Al or Ca, depending on whether
they are situated close to an NFMS particle (influx of Fe and Al), FA
(influx of Al) or OPC (Ca and/or Al enriched) and a transition from one
zone to the other is identified. The Al is likely incorporated into the
initially formed C-S-H binder [70] to form a (K,C)-A-S-H, while the Fe
probably partially replaced Al [88] to form a (K,C)-(A,F)-S-H binder.
The presence of Fe in the binder shows that the NFMS dissolved,
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Fig. 11. (a) and (b): the microstructure of D6MF taken with SEM at magnification 5000. Panel (c) SEM image at magnification 2000 and (d) at magnification 2500.

contributed to the binder and thus can be considered as a precursor.
The microstructure of D6MF is shown in Fig. 11 and wiistite minerals
can be identified in the NFMS (Fig. 11A), next to calcite particles from
the FL and spinel from the NFMS (Fig. 11B). MF or attapulgite minerals
of around 20 pm in length were also identified in the matrix (Fig. 11C)
and seem not reacted. Next to the NFMS particles, FA is situated
throughout the matrix and consisted of different sizes (Fig. 11A and D).

4. Conclusion

A hybrid mortar formulation for 3D printing is developed in which
the amount of OPC is kept to a minimum and NFMS is used as the main
precursor. The developed hybrid mortar needs to comply with the print
criteria, i.e. shear-thinning, high yield stress, and early-age stiffness
development. These criteria were identified by an OPC-based 3D-print-
able mixture used as benchmark. Several raw materials, such as FA, SF,
FL and CS are introduced in the hybrid mortar with specific proportions.
The main findings of this research are mentioned below.

e The introduction of FA in the hybrid mortar improved the pump-
ability and accelerated the reactivity.

The addition of SF and the decrease in SP improved the shear-
thinning behaviour, led to the formation of yield stress and accel-
erated the reactivity of a hybrid mortar. With these changes in mix
design (D5SP) the evolution in dynamic E-modulus was accelerated
and exceeded the one of the benchmark.

The introduction of MF did not affect the reactivity and the final
developed formulation (D6MF) showed a cement hydration peak at
12 h, followed by a slag reaction peak at 27 h. MF in the hybrid
mortar increased the yield stress without significantly affecting the
pumpability and improved the early-age strength build-up and slump
height in such a way that it reached the criteria.

The proportion of CS, SP and MF are chosen in such a way that the
rheological requirements are reached. The best developed hybrid
mortar for printing is D6MF and its binder is comprised of OPC (13.8
wt%), NFMS (55.9 wt%), FL (7.4 wt%), FA (14.4 wt%), SF (7.4 wt%),
SP (0.3 wt%), BA (0.3 wt%), MF (0.2 wt%) and a 1 M KOH with an
activator to binder ratio of 0.2. The sand to binder ratio is 1.

Three acceleration steps in dynamic E-modulus development were
identified in the hybrid mortar, of which the first one is related to the
build-up of a physically connected structure, the second is related to
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the main hydration and its associated binder formation, and the third
step is related to the NFMS contribution.

o Elemental mapping showed that Fe is situated in the binder. In that
case, it can be concluded that the NFMS is not inert, but dissolved
and contributed to the binder formation.

This research shows that the NFMS contributes to the binder for-
mation and strength development and thus can be considered a pre-
cursor. Based on the results in this study it is possible to develop a mortar
with a low amount of OPC, with fresh state print characteristics similar
to an OPC-based 3D-printable mortar. The development of the 3D-print-
able hybrid mortar from NFMS can increase the valorisation potential of
these slags for construction applications.
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