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Kurzfassung

Durch die Herstellung von herkdbmmlichem Portlandzement-Klinker werden weltweit hohe
CO3- Emissionen verursacht. Auf der Suche nach umweltfreundlichen Baumaterialien stellt
die Verwendung von alkalisch aktivierten Materialien (AAMs) eine vielversprechende
Alternative dar. Diese Masterarbeit untersucht die Materialentwicklung von Huttensand
(GBFS) und Metakaolin (MK)- basierten AAMs fir 3D-Druckanwendungen. Zudem
beschaftigt sich diese Masterarbeit mit der modglichen Verwendung von
Spritzbetonbeschleuniger (ACC) in alkalisch aktivierten Systemen. Dazu wurde die
Zusammensetzung von Metakaolin, Huttensand und K-Wasserglas als Aktivator plus
weiteren Additiven und Ol sowie Spritzbeton Beschleuniger auf Basis von Na-Aluminat
systematisch variiert. Zu den getesteten Parametern zahlen rheologische Eigenschaften
(Mini-Slump-Test, FlieRverhalten), mechanische Eigenschaften (Zug- und Druckfestigkeit),
Abbindezeit Pumpbarkeit und Druckbarkeit. Die Ergebnisse zeigen, dass die Wahl der
Materialien einen signifikanten Einfluss auf den Abbindeprozess und damit auf die
Verarbeitbarkeit und Druckbarkeit hat. Zudem wiesen in dieser Studie entwickelte
Mischungen hdhere Druckfestigkeiten (>52 N/mm? nach 7 Tagen Aushartezeit) als fir den
3D-Druck verwendetes Referenzmaterial (Baumit PrintCret 230), auf. Die Ergebnisse der
Warmeentwicklungsmessungen sowie der Abbindezeit zeigen, dass die Verwendung einer
Beschleunigerdosierung von 3 % kurzere Abbindezeiten und eine beschleunigte
Frihfestigkeitsentwicklung ermdglicht. Der 3D-Druck der entwickelten Mischungen wurde
erfolgreich getestet und zeigte, dass die Optimierung der FlieRfahigkeit und Viskositat
entscheidend fur die Druckqualitat ist. Diese Arbeit stellt Zusammenhange zwischen
Reaktionsverhalten, Materialperformance und Zusammensetzung her. Dies induziert, dass
optimierte Zusammensetzungen nicht nur die Festigkeit erhéhen, sondern auch
Mdglichkeiten bieten, die Eigenschaften fur bestimmte Anforderungen anzupassen. Diese
Studie liefert neue Erkenntnisse zur Entwicklung nachhaltiger Baumaterialien und
unterstreicht das Potenzial von schlackenbasierten AAMs fur nachhaltige Anwendungen in

der Bauindustrie.



Abstract

Compared to the production of conventional Portland cement clinker, which is responsible
for a significant share of global anthropogenic CO, emissions, the use of alkali-activated
materials (AAMs) offers a potentially lower-carbon binder alternative. This Master’s thesis
investigates the use of granulated blast furnace slag (GBFS) and Metakaolin (MK) based
AAMs for 3D printing applications. A systematic variation of mixture composition including
metakaolin, GBFS various additives, oil, as well as varying dosages of shotcrete accelerator
was investigated, to optimise rheology, mechanical performance, pumpability and
printability. Parameters tested included rheological properties (mini-slump test, flow
behaviour), mechanical properties (tensile and compressive strength), setting time,
pumpability and printability. The basic concept is illustrated in the Graphical abstract below.
The GBFS/MK based AAMs developed in this thesis showed a compressive strength of >52
N/mm? after 7 days and exceeded a commercial reference material (Baumit PrintCret 230).
The results from heat development measurements as well as the setting time, indicate that
the use of an ACC dosage of 3% enables shorter setting times and increases reaction rate.
The 3D printing of the developed mixtures was successfully tested, showing that a balance
between flowability and viscosity is critical for print quality. Furthermore, results show that
the choice of raw materials and additives has a significant effect on the reaction kinetics and
structural build-up and consequently on processability. This suggests that optimised
compositions not only increase strength but also enable tailoring of material properties for
specific construction applications. These findings indicate that properly designed, slag-
based AAMs can achieve rapid strength development and suitable fresh state behaviour for
additive manufacturing. This study establishes relationships between composition, reaction
behaviour and performance to provide new insights into the development of sustainable
building materials and highlights the potential of AAMs for applications in the construction

industry.
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Glossar

activator

alkali activation

L/d

precursor

w/s

Alkaline material in liquid or solid form such as sodium or potassium

hydroxides and silicates

chemical process in which aluminosilicate materials react with alkaline

activators to form binding phases
aspect ratio, length-to-diameter ratio of fibres

Fine powder materials with high content of aluminosilicate and/ or

calcium e.g. metakaolin, blast furnace slag, coal fly ash

water-to-solid ratio



1 RESEARCH QUESTION AND GOALS

The main goal of this thesis is to investigate and optimize the properties of alkali-activated

materials (AAMs), focusing on the influence of composition on mechanical properties and

suitability for 3D printing. To achieve that, existing recipes were adapted and new ones

developed. In addition, these recipes were optimized according to their determination in

rheological properties, print and pumpability, as well as strength development. This thesis

aims to answer the subsequent questions:

How can GBFS/MK-based AAM formulations be designed and optimised to meet the
specific requirements of 3D printing, particularly in terms of printability and

mechanical performance?

Which compositional parameters (e.g. binder composition, activator chemistry, and
additive dosage) govern the rheological behaviour and setting kinetics of AAMs

relevant to additive manufacturing?

What factors influence the interlayer bonding and structural integrity in 3D-printed
AAM elements?

How does the chemical modification (mix design, additives such as oil, etc.) of the
mixture design and processing parameters affect the workability and fresh-state
stability of AAMs?

Are shotcrete accelerators suitable for the use in 3D printed AAMs, and how do they

influence reaction kinetics, setting behaviour and mechanical performance?



2 INTRODUCTION

2.1 Background and Motivation

The growing world population and the associated high demand for infrastructure
development leads to increasing consumption of construction materials, particularly ordinary
Portland cement (OPC). Since the production of OPC requires energy-intensive processes
such as clinker firing and raw material calcination, it generates large amounts of CO,
emissions, accounting for approximately 8 % of total CO, emissions worldwide [1], [2]. In
addition to CO, emissions, construction and industrial waste are a growing problem. Despite
recycling efforts, a large proportion still ends up in landfills. According to [3], construction
and demolition (C&D) activities account for approximately 38 % of all waste generated in the
EU, corresponding to around 845 million tonnes per year. A significant fraction of this
consists of mineral-based materials such as concrete, bricks, and ceramics, with concrete
alone estimated to generate more than 50 % of total C&D waste [3]. Consequently, the
cement industry is under rising pressure to improve its carbon footprint, which makes the
search for OPC alternatives and research in this area a priority [4], [5]. The Euroslag/ FEhS
assessment for 2023 indicates a total of 35.8 million tonnes of steel slag for the EU + UK,
including 19.9 million tonnes of blast furnace slag (BFS) and 15.9 million tonnes of
steelworks slag (SWS)[6]. The use of such industrial by-products in cement production
prevented the extraction of 44 million tonnes of natural rock across Europe in 2022 and
avoided approximately 12 million tonnes of CO, emissions [6]. These amounts highlight the
urgent need for sustainable solutions and circular approaches in the construction sector,
particularly through the reuse and valorisation of mineral residues and the replacement of

CO,-intensive materials such as OPC.

2.2 Alkali-Activated Materials and Geopolymers

Among the emerging alternatives, alkali-activated materials (AAMs) have attracted
considerable attention due to their ability to utilise industrial by-products and mineral waste
streams as precursors [7]. AAMs comprise a broad class of binders produced through the
alkaline activation of aluminosilicate precursors with high amounts of (Al) alumina and (Si)
silicon, such as fly ash, metakaolin, or granulated blast furnace slag (GBFS) [7]. Those
precursors combined with an alkaline activator, which consists of alkali metal silicates and/or

alkali metal hydroxides [8] [9], depending on the Ca- content of the AAMs different gels are



formed. Low Ca-content referring to the term geopolymer (GP) usually based on fly ash or
metakaolin, in which the binding phase is a sodium or potassium aluminosilicate gel (N/K—
A-S—-H) that forms a three-dimensional polymer network of Si—O-Al, with SiOs and AlO,
tetrahedra, cross-linked by oxygen bridges. The gaps in these networks are filled by alkaline
cations (K*, Ca?*, Na*, and HzO"), which counteract the negative charge of AlI**. With higher
amounts of Ca content and corresponding production of a Ca-bearing aluminosilicate
hydrate gel are more likely to form in the alkaline activation process (C-A-S-H) than Al and
alkalis (Na and/or K) [7]. Because of the significant contribution of Ca- bearing hydrate
phases, the materials investigated in this study are more accurately described as MK-GBFS-
based AAMs or Hybrid-AAM (GBFS + Metakaolin, K,SiOs-activated), rather than
conventional geopolymers. These systems combine the reactivity and strength potential of
slag with the environmental benefits of geopolymer chemistry, making them highly promising
for innovative applications such as 3D printing [7], [10]. Produced binders exhibit similar
mechanical and durability characteristics to OPC-based systems. Numerous research
projects focus on the use of MK- alkali activated slag (AAS) based AAMs as sustainable
binders, showing advantages such as high strength and chemical resistance but also facing

challenges related to processing and reactivity [11], [12].

2.3 Additive Manufacturing in Construction

Additive manufacturing (AM) in construction, particularly 3D concrete printing, carries great
potential to revolutionise building processes. By eliminating the need for conventional
formwork, 3D-printing concrete may potentially reduce material by 30-60 %, streamline
supply chains, and lower the environmental impact of transport and logistics [13]. However,
this technology demands customised material properties such as tailored rheology, setting
behaviour, and interlayer adhesion [14], [15]. Conventional AAMs as developed for casting
applications, often do not meet all required criteria of extrusion-based 3D printing from their
intrinsic characteristics. This challenge is intensified by the still limited practical experience
and the lack of standardized design guidelines for MK-GBFS based AAMs in 3D printing.
Currently, research gaps exist regarding the adaptation and evaluation of MK-GBFS based
AAMs specifically for 3D printing applications [7], [11], [16]. However, AAMs exhibit different
properties in both their fresh and hardened states, regarding their diverse material
composition and complexity. This diversity could be leveraged to tailor AAMs to specific
construction techniques, equipment, and operational conditions highlighting their potential

to improve traditional construction [16].



3 MATERIALS

In this section, the source materials, of the experimental part of the thesis are described and
illustrated in detail. In this thesis different types of aluminosilicate raw materials (precursors)
aluminosilicate activators, water, aggregates, and oil were used for paste- and mortar

production. A schematic overview of the used materials is visible below in Figure 1.

primary mix compounds

o

air contrainment
= pe——— A
. metakaolin granulated blast furnace slag rheologic modifer
potassmmwaterglas water L J
L J T
T
SEtaier + water + precursors + additives

secondary mix compounds

aggregates + oil

Figure 1 schematic illustration of the ingredients used for the mixtures in their respective mixing order.
Additives used to adjust the material properties are marked with (A) (created with biorender)



3.1 Aluminosilicate precursors

Precursors used in this study include materials such as metakaolin, granulated blast furnace

slag [17].
Metakaolin

In this thesis two different metakaolin types were used: MetaverO (Mo) [18] and MetaverR

(MRg) [18], [19], their chemical composition and physical properties are visible in Table 1.

Table 1 Metakaolin, chemical composition [wt.%] and physical properties

Type SiO2 A0 Fe203 KO0 CaO MgO Naz0 |Bulk density colour Grain size distribution
Mo 53-54 41-44 <05 <1.0 na. na. na. 2.6 g/cm® white  d50 3.2 ym-d90 15 um
Mr 66-69 26-28 <24 <0.2 <0.8 <0.1 <01 2.6 g/cm®*  reddish d50 15 um-d90 40 pm

Granulated blast furnace slag (GBFS)

GBFS is a conventional by-product from steel and iron industry that has latent hydraulic
activity and is commonly used as supplementary material in cementitious and AAM systems
[20]. The major oxides of GBFS are calcium oxide (CaO), silicon dioxide (SiO2), magnesium
oxide (MgO) and aluminium oxide (Al2O3). In smaller quantites GBFS contains
approximately less than 10% of the following components: iron oxide (FeO), titanium oxide
(TiO.), sulfid(S?), sulfat (SO4*), manganese oxide (MnO), sodium oxide (Na.O) as well as

potassium oxide (K20) [21].

BanahCEM powder

BanahCEM powder[22] was used for the basic mixtures (BR1-BR6, BA1-BA3) based on the
mixtures which were previously developed at TU Graz. BanahCEM is a blend of ground
granulated blast-furnace slag and metakaolin-rich calcined clay the chemical composition of
it is visible in Table 2 [23].

Table 2 BanahCEM powder, chemical composition [wt%]

Type SiO2 AlkO; Fe203 CaO MgO MnO TiOz Na:0 K:0 SOs3 P20s

BanahCEM powder 32.04 2599 2521 778 171 037 317 036 015 022 0.14




3.2 Alkaline activator

In this study two different potassium silicate solutions (potassium waterglass) were used as
activators, their chemical compositions are summarized in the Table 3. For the basic
mixtures a potassium WG (BanahCEM liquid) was used containing a molar ratio of 1.91 SiO/
K20 For the hybrid mixtures a WG with a molar ratio of 1.7 SiO2 / K2O was used.

Table 3 Chemical composition of the used alkaline activators

Type H20 [wt.%] molar ratio SiO2 /K20 mass density [g/cm?]
WG 1.7 55 1.70 1.52
BanahCEM liquid 35 1.91 1.72
3.3 Additives

Rheological modifier

A thixotropic thickening and suspending agent based on attapulgite clay was added to
improve the consistency of the mixture and to modify its rheological behaviour. This modifier

is called attagel and has a density of 2.40 [g/cm?] [26].
Air entrainment

A reactive air entrainment agent based on calcium carbonate and metal compounds was
added to improve the void distribution in the AAM matrix, and thus increase frost-deice salt
resistance, resulting in enhanced durability. This air entrainment is called SikaControl®
AER-200 P and has a bulk density of 1.30 [g/cm?3][27].

3.4 Aggregates

Aggregates are required in mortar production to enhance mechanical stability and improve
the bulk properties of the material. Standard sand with a grain size of 0-2 mm and a mass

density of 2.65 g/cm? [28] was used for the mortar production.

3.5 Oill

Following previous work [23], [29] at TU Graz, vegetable oil was added as a pore size
modifying agent. The oil, utilized for the mixtures, is a conventional heat-treated (175°C)

sunflower seed oil with a mass density of 0.92 kg/m? [23].



3.6 Accelerators (ACC)

Accelerators are used to shorten the setting time of cementitious materials, like shotcrete or
in the 3D printing. In this thesis, experiments with a shotcrete accelerator were conducted
to investigate its suitability for 3D printing alkali-activated geopolymers, and its influence on

material performance. The used shotcrete accelerators are presented below in Table 4 [30].

Table 4 Shotcrete ACC, Chemical composition [wt.%]

Type Al203 Na20 solids

SIKA Sigunit®L22 24 19 43

3.7 Reference material

A functioning reference material was used to evaluate the developed material for 3D printing.
Measured properties were compared with the reference values to determine the differences
in performance. Both cement and accelerator used for the reference material are

summarised in Table 5 (manufacturer data Baumit PrintCrete system).

Table 5 Chemical composition and details of the reference material. *Recommended dosage of added water

. Maximum Tensile Compressive
Density Water Recommended
Type Basis grain size strength strength
[g/cm?] [%] dosage
[mm] [N/mm?] [N/mm?]
Grey cement )
PrintCret ~ ° Typically, 1.9-2.0
with fillersand  ~1.99 14-16* 2 6-10 45-55
. kg/m? fresh mortar
additives
Aluminium ~1.35—- )
AdSpeed 0 (fully 4-8 % of binder
sulfate 1.45 55-65 o ) - -
200 i o liquid) weight
solution (liquid)




4 MIX DESIGN DEVELOPMENT

This section describes the systematic development of the mix design development in the
three stages (section 4.1- 4.3). Different AAM formulations, from initial paste level mixtures

to 3D printable mortars were developed.

The initial paste-level mixtures (11-13) were prepared to investigate the influence of different
precursors, such as metakaolin and granulated blast furnace slag (GBFS), on workability
and early strength. Based on previous work at TU Graz, mixtures with a GBFS-to-metakaolin
ratio of 3:1 were preselected as the starting point to select potential binder material. The
formulations consisted of metakaolin, GBFS, oil, water, and waterglass. All mixtures were
prepared using a Vortex mixer, according to the procedure described in section 5.2.1. The

mix proportions of the initial paste series (11-13) are presented in the Table 6.

Table 6 Mix proportions of initial paste-level development [wt. %]

Metakaolin waterglass GBFS Oil water
Mix Mo Mg WG 1.7 4500 H20 SUM
1 52.63 - 34.74 - 2.11 10.53 100
12 14.23 - 41.28 42.70 1.78 - 100
13 - 14.55 40.00 43.64 1.82 - 100

4.1 Mortar-level optimization

The optimisation at the mortar level aimed to adjust the rheological behaviour and flow
characteristics of the previously developed 3D-printable, alkali activated pastes. Based on
literature for 3D-printing applications, slump values of 115-200 mm were aimed [31].
Therefore, the influence of water content, aggregate proportion, and rheological modifiers
was systematically investigated. All mortar mixtures (Series 1-3) were prepared using a

Hobart mixer according to the procedure described in Section 5.2.3.



Variation of mix parameters

Three series of mortar mixtures were developed:

o Series 1: Basic formulation with varying rheological modifier dosage (Table 7: BR1—

BRS).

Table 7 Basic formulation mix proportions with varying amounts of rheological modifier [wt.%]

BR1 BR2 BR3 BR4 BR5 BR6
Potassium waterglass 16.83 16.80 16.79 16.77 16.76 16.69
BanahCEM 24.25 2422 24.19 2417 24.15 24.05
Air entrainment
(SikaControl® AER- 0.05 0.05 0.05 0.05 0.05 0.05
200 P)
Oil 4.95 4.94 4.94 4.93 4.93 4.9
Water 6.09 6.09 6.08 6.07 6.07 6.04
rheological modifier

0.49 0.64 0.74 0.83 0.92 1.35
(Attagel)
Aggregate 0/2 47.02 46.95 46.91 46.86 46.82 46.62

o Series 2: Basic formulation with varying aggregate content (Table 8: BA1-BA3).

Table 8 Basic formulation with different aggregate contents modified mix proportions [wt.%]

BA1 BA2 BA3
Potassium waterglass 18.68 16.83 15.31
BanahCEM 26.92 24.25 22.07
Air entrainment (SikaControl® AER-200 P) 0.05 0.05 0.05
Oil 5.49 4.95 4.50
Water 6.76 6.09 5.55
rheological modifier (Attagel) 0.55 0.49 0.45
Aggregate 0/2 41.20 47.02 51.80




e Series 3: MK- GBFS based formulations (HM1-HM7)

Table 9 MK- GBFS based mixtures mix proportions [wt. %] *

HM1 HM2 HM3 HM4 HM5 HM6 HM7

Potassium waterglass 16.02 16.16 16.59 16.93 17.06 17.56 17.56
GBFS 523 1347 20.74 2116 21.32 1874 18.74
Mo 20.51 1347 6.91 7.05 7.11 6.51 3.25
Mr 0.00 0.00 0.00 0.00 0.00 0.00 3.25
Air entrainment (SikaControl® AER-200 P) 0.07 0.07 0.07 0.07 0.07 0.05 0.05
QOil 3.93 2.15 2.21 2.26 2.27 2.58 2.58
water 5.23 5.28 2.76 0.79 0.00 0.00 0.00
rheological modifier ( Attagel) 0.66 0.67 0.69 0.70 0.71 0.52 0.52
Aggregate 0/2 48.07 48.48 49.76 50.78 51.18 49.06 49.06

4.2 Accelerated mixtures
Pastes or mortar

To determine the impact of an acceleration agent, selected mixes were further adjusted by
adding different proportions of a shotcrete accelerating agent (SIKA Sigunit®L22) [30] . The
selection of the mixes was based on mechanical properties and workability parameters to
provide a reasonable overview of the mixes with 3% were chosen and further tested in many
tests. Depending on the test method either paste mixtures or mortar mixtures were used.
Two mixtures HM4, HM7 were prepared using different dosages of accelerator 0%, 3%, 5%,
7% (ACC). All accelerated mixtures (HM4_0%ACC, HM4_3%ACC, HM4_5%ACC,
HM4_7%ACC, HM7, HM7_3%ACC, HM7_5%ACC, HM7_7%ACC) were prepared using an
overhead mixer, according to the procedure described in section 5.2.2. The pastes were

further tested with different methods see (Figure 5).

10



5 METHODS

In this section, the conducted experimental procedures used in this thesis are described and

illustrated.

5.1 Weighing of the ingredients

Prior to the mixing procedure, the ingredients for each mixture were weighed using a
precision scale. The list of ingredients for each mixture is shown in the mix development

section. Typical weighed ingredients are shown in Figure 2 and Figure 3.

premixed
powders

Figure 2 Ingredients for the mixing procedure of the HM7 Figure 3 Weighed ingredients for accelerated
mixture (HM4_3%ACC)

5.2 Mixing

Depending on the requirements, the type (accelerated mixtures, paste or mortar mixtures)
the volume of mixtures and the respective test method, different mixers had to be used. In
addition, the capacity and conditions in the respective laboratories also played a role. This
section describes which mixer was used for which mixture. The different types of mixers are

illustrated in Figure 4.
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vortex Overhead Compulsory mixer DIEM Hobart mixer Drill with paddle
mixer(created mixer Werke
with
biorender)

Figure 4 Different mixers used for mixing procedure

5.2.1 Vortex mixer

The vortex mixer (Velp Scientifica ZX4) [32]was used for the preparation of the initial paste-
level mixtures (11-13) (section 4). For each mixture, 8 samples were produced. All ingredients
were weighed prior to mixing (section 5.1). The dry components were placed in a single
mixing vessel and manually pre-mixed using a spoon. Subsequently, waterglass and water
were added and blended in the vortex mixer at 2400 rpm[32] until a homogeneous
consistency was achieved. After mixing for 90 seconds, the workability of 11-I13 (section
5.3.1) was determined. The samples were poured into small cylindrical plastic moulds with
approximate dimensions of 30 x 30 mm. The samples were compacted on a vibrating table
for 60 seconds to remove entrapped air and sealed immediately with a plastic lid. The
specimens were stored at 20 °C and 95 % relative humidity for 1 and 7 days prior to

compressive strength testing (see 5.3.2).

5.2.2 Overhead mixer

Preliminary tests revealed that the Vortex mixer was not entirely suitable for paste mixtures
containing accelerators (ACC). Thus, an overhead mixer (see figure 7) was used. For each
mixture, the powder components were pre-mixed with a spoon and placed under the stirrer.
Next the waterglass and water were added. To ensure a homogeneous blending process,
the mixing speed was gradually increased to 1000 rpm [33]. After one minute, the mixer was
stopped, and the walls of the vessel were scraped down with a spatula to ensure

12



homogeneous blending. Mixing was then resumed, and after approximately 2.5 minutes, the
oil was added to the mixture. The total mixing time was three minutes. Shortly after the ACC
was added. During this step, the mixing speed was increased to 1500 rpm to ensure
complete dispersion of the accelerator, which had to be mixed rapidly due to its high
reactivity. After mixing, the fresh pastes were poured into 3 cm silicon cube moulds with 27
millilitre (ml) volume. The samples were compacted on a vibration table for 60 seconds and
stored at 95 % relative humidity and 20 °C.

5.2.3 Hobart mixer

The mixing procedure was carried out using a Hobart mixer with a total volume of 4.5
litres[29]. 15 different mortar formulations were prepared (BR1-BR6, BA1-BA3, HM1-HM7)
(see Section 4.1). All ingredients were weighed prior to mixing (section 5.1). The powder
components were pre-mixed with a spoon and placed in the mixing bow! below the Hobart
mixer. Subsequently, waterglass and water were added, and the mixing was started at low
speed. After 30 seconds, the walls of the bowl were scraped down with a spatula to improve
the homogeneity of the materials. Mixing was then continued, and the speed was gradually
increased according to the standard protocol. After approximately 2.5 minutes of mixing,
pre-mixed sand and oil were added to the mixture to ensure a homogeneous consistency.
The fresh mixtures were tested to determine rheological behaviour. For the determination of
the strength development (see section 5.3.2) the fresh mixtures were cast into prism moulds
(40 x 40 x 160 mm?), compacted on a vibrating table for 60 seconds, sealed with a plastic
lid and stored at 20 °C and 95 % relative humidity for 1 or 7 days.

Mixing and preparation of ACC and reference mixtures

A total of eight mixtures were prepared to evaluate printability, strength development and
setting time of the accelerated systems and the reference system. These included two
developed mixtures HM4 and HM7, each produced with and without ACC, as well as four
reference mixtures containing different dosages of accelerator (ACC: 0%, 4%, 5.5%, and
7%). The mixing procedure described in section 5.2.3. was applied. The only adjustment
was that the accelerator was added shortly after the initial mixing time of 3 minutes. The
addition of ACC was performed quickly and followed by intensive mixing at maximum speed
(= 1500 rpm) for approximately 15 seconds. The fresh mixtures were tested using the Vicat
needle (5.3) to determine setting time and a silicone pump to evaluate printability (see

section 5.4.2). For the determination of the strength development (see section 5.3.2). The
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fresh mixtures were cast into prism moulds (40 x 40 x 160 mm3), compacted on a vibrating
table for 60 seconds, sealed with a plastic lid and stored at 20 °C and 95 % relative humidity
for 7 and 28 days. The results of the different testing methods are presented in section 6

and compared with the reference material in the discussion.

5.2.4 Compulsory mixer

Methods such as pump tests require larger amounts of material; therefore, a high-capacity
compulsory mixer was used for the pumpability trails (Figure 4). Three mixtures, BA1, HV4,
and HM7 were prepared, each with a total volume of 6 litres (I). The liquid components were
added first; followed by the powder materials. After approximately 2.5 minutes the pre-mixed
sand and oil were added and mixing was continued. After mixing, the fresh material was
transferred into a funnel and tested for pumpability using the procedure described in Section
5.4.1. Additionally, small amounts of each AAM mixture were cast into prisms (40 x 40 x
160 mm?3) and cured for seven days at 95 % relative humidity and 20 °C for subsequent

strength testing (see section 5.3.2).

5.2.5 Mixing with a drill

To test the 3D printability of the (HM4, HM7) with a 3D-printer, a drill with attached paddle
was used to mix the weighed ingredients. The premixed powder components and the liquid
ingredients were added in the bucket and then mixed with the drill. After about 2.5 minutes,
the premixed sand and oil were added to the mixture. The mixing continued until the mixture
seemed homogeneous. Afterwards, the mixture was filled into a tank to evaluate

extrudability and printability (section 5.4.3).
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5.3 Methods for characterization of the physiochemical behaviour of the

mixtures

In Figure 5 below the experimental test methods for physiochemical behaviour and the

corresponding samples for each mixture are summarized and illustrated.
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Figure 5 Schematic illustration of experimental test methods for physiochemical behaviour and
the corresponding samples for each mixture (created with biorender)
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5.3.1 Workability and Rheology

To evaluate the workability and rheological behaviour of the mixtures, the following tests

were conducted.

Optical analysis of mixing behaviour and workability

For the initial paste level mixtures(l1-13) the workability was determined visually.
Slump test

To investigate the mixtures flowability and workability as well as the rheological parameters,
a set of slump tests with 16 different recipes have been conducted according to ONORM
EN 1015-3 [34].

Therefore, different samples were carried out based on the following formulations:
e Basic formulation with varying amounts of rheological modifier (BR1- BR6)
¢ Basic formulation with different amounts of aggregates (BA1- BA3)

e Hybrid mixtures with basic mixture and GBFS based mixtures (HM1- HM7)

The mixtures (Mortar-level optimization 4.1) were previously mixed with a Hobart mixer (see
section 5.2.3) and then filled in a Hdgermann cone (@ 100 mm x 60 mm). After pulling the
cone upwards and allowing the material to flow unreservedly, visible in Figure 6, the
diameters were measured, using a measuring tape or a vernier caliper, as shown in (Figure

6). To get more insight in the behaviour of the material and gain knowledge about the

beginning of the setting time and the initial setting time, a Vicat needle test was conducted.

Figure 6 Slump test ONORM EN 1015-3: removing of the Hagermann cone (1) and Figure 7 Vicat
before the measurement (2), Slump test of a mortar mixture before (3) and after the needle test
hits (4)
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Vicat Needle test

To determine the time frame for the workability window for possible printing try-outs in the
future, as well as the specific setting behaviours of the mixtures the Vicat needle test (Figure
7) was done on 5 samples (HM4, HM7, HM4_3%ACC, HM7_3%ACC , REF _5.5%ACC)
following ONORM EN196-3:2016 [34]. The fresh material was filled in the hard rubber Vicat
cone, with a diameter of 92 mm and height of 40 mm. Other than in the standard procedure
this test was conducted without the storage of the Vicat ring underwater, instead it was

performed in dry conditions, also the standard stiffness was not determined.

5.3.2 Strength Development

After the curing of the samples at 95% RH and 20°C for a timespan of either 1 or 7 days the
strength development of the mixtures was tested. The results of the strength development
are visible in the Chapter 6. The samples with a prism form of (40 x 40 x 160) mm?® were
tested following ONORM EN — 1015-11 [35] using a hydraulic press from ToniTech.

Tensile strength

The tensile strength was conducted on two prisms per mixture. The tested mixtures are
listed in Figure 8. The setup of the tensile strength is visible in Figure 8 the test is conducted

until failure, resulting in the sample splitting in two halves.
Compressive strength

With the remaining halves of the prisms from the previously done tensile strength test, the
compressive strength was conducted, as shown in Figure 8. Furthermore, accelerated paste
mixtures (HM4 and HM7 with different amounts of ACC) were additionally tested for their

early strength development which was measured after 3h, 6h and 24 hours.

Figure 8 Compressive strength (left) and tensile strength test (right) of BA1
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5.3.3 Reaction kinetics

The heat evolution of the developed paste mixtures was determined using an isothermal
conduction calorimeter (I-Cal 4000 HPC) ( Figure 9,1-4) [32]. To determine the influence of
the accelerator on the reaction kinetics, four samples were prepared: two mixture types
(HM4, HM7) containing 0 % and 3 % accelerator (ACC). The pastes were mixed with an
overhead mixer (5.2.2) and an amount of 50 g of each fresh sample was placed in in a
standard container (~120 ml)[32] for calorimetry( Figure 9, 1). The accelerator was added
by mass to the solid binder mass. The start times of the waterglass and accelerator additions
were recorded to ensure consistent data collection. The calorimeter was running at 20 °C
for 48 h and calibrated before testing. Data were processed using Cal Metrix software(
Figure 9, 4). A small portion of each mixture was also cast into prisms for later strength

testing (see Strength development). Results are presented in Chapter 6.

Figure 9 Set-up for the calorimeter measurement: (1) filling one of samples in the channel, (2) The
isothermal conduction calorimeter, (3) computer running the calorimeter, (4) Calmetrix program for the
analysis
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5.4 Methods to test the pumpability and printability for 3D- printing

In the following Figure 10 below illustrates the experimental test methods for pumpability

and printability and the corresponding samples for each mixture.
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Figure 10 Schematic illustration of the printing test procedure and the corresponding samples for each
mixture (created with biorender)

5.4.1 Pumpability tests

The pumpability of the mixtures was determined through pump tests with a spiral pump (MAI
2PUMP PICTOR-3D) [36] (Figure 10 ). Three mixtures: BA1, HM4, and HM7 with 6 litres (1)
of volume were prepared and mixed with a high-capacity mixer. Following the mixing
procedure described in Chapter 5.2.4. The pump setup was assembled according to Figure
10. After mixing, the fresh material was transferred into a funnel (max. 40 | capacity) and
pumped through a tube to assess its pumpability. A small portion of each mixture was also
cast into prisms for later strength testing (see Strength development). The results of these

try-outs are visible in Chapter 6.
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5.4.2 Small scale printability test

The printability of the AAM mixtures was evaluated through small-scale 3D printing trials
using a silicon pump( Figure 11). Two sets of trials were carried out: four paste mixtures
prepared using the overhead mixer (see Chapter 5.2.2), and six mortar mixtures prepared
using the Hobart mixer (see Chapter 5.2.3). For each trial, approximately 500 ml of fresh
material was placed into a silicon pump and extruded to evaluate printability (Figure 17). In
total, eight samples were tested four reference mixtures with 0 %, 4 %, 5.5% and 7 %
accelerator (ACC), and two AAM formulations HM4 and HM7 with 0% and 3 % ACC. The
trials aimed to determine the number of layers that could be successfully printed immediately
after mixing. Layers were successively extruded to evaluate the buildability and to identify

the maximum number of layers achievable before failure. Results of the printability tests are

presented in Chapter 6.

Figure 11 Typical set up for try-out with the silicon pump, silicon pump filled with sample

5.4.3 Extrudability and 3D- printability test

The 3D- printability of the mixtures was examined at a try-out with a 3D printer (WASP 40100
LDM)[37], [38]. This application setup was conducted following the established protocols for
clay extrusion and 3D-printing [38].The purpose of this set up was to test how and if the
material was printable with a 3D-printer, the typical set up is visible in Figure 12. Two
mixtures HM4, and HM7 were prepared. Prior to the 3D printable test, the mixtures were
mixed using a drill with paddle attachment (5.2.5 ) and then filled in the aluminium tank.
Before printing, the extrudability of the mixture was tested shortly, as shown in Figure 13. It

was checked to ensure that the mixture did not leak and was extrudable. Extrudability is a
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requirement for printing. After the extrudability test was tested the pressure parameters were
adapted, according to the needs of each mixture[38]. The results of these try-outs are visible
in Chapter 6. The results of this try out are visible in section 6.2.3. After the printing try-out

test runs, the samples were covered with foil to prevent drying out.

Figure 12 Typical set up for try-out with the 3D-printer Figure 13 Extrudability test of HM4
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6 RESULTS AND DISCUSSION

6.1 Physiochemical behaviour of the mixtures

6.1.1 Workability and rheology
Initial paste-level mixtures

The initial paste-level mixtures served to preselect suitable mixtures, which were determined
based on the visual qualitative assessment of workability and mechanical properties( see
6.1.2) These workability tests showed that the pure metakaolin paste system exhibited
insufficient workability, whereas the blended metakaolin- GBFS systems showed

significantly improved the consistency and cohesion of the paste mixture.
Slump test
Basic mortar formulation with varying rheological modifier dosage

The slump test values for the basic formulation with varying rheological modifier dosage
(BR1-BR6), are visible in Figure 14. The basic formulations, with varying rheological modifier
dosage (0.5-1.3 wt.%), revealed that mix designs with high amounts of rheological modifier
showed lower flowability, and a higher thixotropic behaviour compared to the mixtures with
lower dosages. This is consistent with previous studies on AAMs, in which increased
rheological modifiers, reduced initial flow but improved dimensional stability and structural
development [39], [40].
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Figure 14 Slump test results of the basic formulation with varying rheological modifier dosage without and
with hits

Basic mortar formulation with varying aggregate content

The basic mortar formulation with varying aggregate content (41.2 - 51.8%wt.) (BA1-BA3),
the values of their slump test are visible in Figure 15. The flow and spread values of these
mixtures revealed that with increasing aggregate content the flowability decreased.
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Figure 15 Slump test results of the basic formulation with varying aggregate content without and with hits
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MK- GBFS mortar formulations

The following Figure 16 presents the influence of GBFS on slump. The tested mixtures
(HM1-HM3) differ in GBFS and Mo content. The slump results show that flowability
increased with higher amounts of GBFS indicating an optimized workability. Furthermore, it
was observed that the difference between slump without hits and with hits had a significant
effect on the flowability. HM3 with higher GBFS dose showed improvement of workability of
the mortar mixtures especially when slump with hits was conducted. Figure 18 presents the
results of the slump test for the mixture HM3-HM5 with different fluid contents. Both slump
tests, with and without hits show a significant trend with changing fluid content, similar to
figure 17 the values are higher when the test was performed with hits, contributing a positive
effect on thixotropic behavior. Furthermore, the flowability decreased significantly with lower

fluid content.
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Figure 16 Slump test results of MK-GBFS mortar
mixtures with varying GBFS/MK content the effect of
GBFS/MK substitution, measured with and without
hits.

Figure 17 Slump test results of mortar mixtures with
varying fluid content, measured with and without
hits.
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All slump measurement of the mortar mixtures (BR1- BR6, BA1- BA3, HM1- HM7) are
compared in the graph below (Figure 18). In the literature, values of 115-200 mm were
described as pumpable, extrudable, and printable for the application of 3D-printing [31]. The
mixtures (BR5, BR6, HM5) with slump values with hits below 112 mm, exhibited poor flow
and stickiness, while mixtures exceeding 157 mm (HM2, HM3) were overly fluid and
therefore considered unsuitable for pumping and printing. Consequently, mixtures in
between these values were considered as be pumpable. However, as discussed in section
6.2.1, the subsequent pumpability tests indicated that mixtures exceeding 155 mm showed
excessive flowability and were not suitable for stable processing. Subsequently, the practical
upper limit was altered to values below 155 mm. Based on the combined evaluation of fresh-

state behavior, the optimal workability range was estimated to be between 115 and 130 mm.
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Figure 18 Comparison of the slump test in mortar development without and with hits
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Impact of accelerator dosage on the setting time of selected mixes

The behaviour of the setting time of the different accelerated mixtures and corresponding
reference mixtures (HM4, HM7) (HM4_3%ACC, HM7_3%ACC), as well as the reference
material REF_ 5.5%ACC were tested with the Vicat needle. The results are shown for hybrid
mixtures (HM4, HM7), accelerated mixtures (HM4_3%ACC, HM7_3%ACC) and the

reference system (REF_5.5%). Furthermore, they were compared and evaluated.

Below in Figure 19, the Vicat needle test values of MK- GBFS based mixtures that combine
basic and GBFS/MK-based formulations are presented. Both mixtures (HM4, HM7) without
ACC show a continuous decline of penetration depth within 40-100 minutes. For the HM4
mixture the setting time starts earlier and a penetration depth of <5mm is reached after 75-
80 minutes, for the HM7 mixture the hardening is significantly slower, <6mm is reached after
90-95 minutes.

Comparison of setting behaviour of HM4 and HM7 (0 % ACC)
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Figure 19 Vicat needle test of hybrid mixtures combining basic and GBFS/MK-based formulations
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Below in Figure 20, the Vicat needle test values of ACC mixtures (HM7_3%ACC,
HM4_3%ACC) are shown. The ACC mixtures show a continuous decline of penetration
depth within a period of 30- 90 min. A penetration depth of <5mm for HM4_3%ACC was
reached between 55-60min and HM7_3%ACC after 80-85min. Below in Figure 21, the Vicat

needle test values of reference mixtures are given.

Comparison of setting behaviour of HM4 and HM7 with 3 % accelerator
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Figure 20 Vicat needle test of accelerated mixtures
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Reference OPC mixture

For the reference mixture a continuous decline of penetration depth between 40-120 min
occurred. A penetration depth of <6mm for REF_5.5%ACC was reached between 85-90

min. The final setting time was reached after approximately 155 min.

Setting characteristics of the REF mixture with 5.5 % ACC
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Figure 21 Vicat needle test of Reference mixture

Below in Figure 22, the Vicat needle test values of all tested mixtures are given and
compared. The shorter setting time for both ACC mixtures (HM7_3%, HM4_3%) indicates
the influence of ACC in both systems. It is further visible the HM4 system with and without
ACC is shows faster reaction kinetics than the HM7 system. These differences suggest that
the higher GBFS and specific aggregate content lead to faster structural development e.g.
faster hardening. The accelerated mixtures of HM7_3%ACC, and HM4_3%ACC, show
shorter setting times, which indicates the positive effect of the accelerator in respect to
reaction kinetics and corresponding microstructural framework formation. The
(REF_5.5%ACC) mixture required the most time to reach the final setting time although the

initial setting start is similar to the other systems.
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All following measurements, including setting time, strength development, were conducted
using the reference value of 5.5 %ACC, as determined from the small scale printability tests

described in section 5.4.2.

Vicat needle penetration depth over time
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Figure 22 Comparison of the tested mixtures
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6.1.2 Mechanical properties of the mixes

The behaviour of the strength development of a various number of different mixtures was

tested. The results were compared and evaluated in the following chapters below.
Compressive strength
Initial paste-level mixtures

In Figure 23 the strength development of these basic pastes after 1 and 7 days are shown.
In consequence of a slow reaction, poor compaction, and overly soft behaviour, it was not
possible to measure the compressive strength of the mixture |1 after one day. After 7 days
I1 shows a relatively low compressive strength of 12.6 N/mm? indicating that |11 is less
suitable for applications requiring early strength development. However, 12 and I3 show
significantly higher strength values after one day and seven days, suggesting that a blend
of metakaolin Mo or Mg and GBFS as more suitable precursors for early strength
development.
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Figure 23 Compressive strength evolution of initial paste mixes after 1 and 7 days
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Basic formulation with varying rheological modifier dosage

Strength development of BR5, BR6 with different amount of rheological modifier after 1 and
7 days are illustrated in Figure 24. The compressive strength values of BR6, with the highest
amount of rheological modifier, indicate that variations in amount of rheological modifier

influence the early and later strength of the mixture.
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Figure 24 Compressive strength evolution of basic formulation with rheological modifier content wt.%. (0.9-
1.3) after 1 and 7 days

Impact of binder — aggregate ratio on the mechanical mix properties

The evolution of compressive strength of the basic formulations with varying aggregate
content is visible in Figure 25. Both mixtures BA2 and BA3 with higher aggregate content
than BA1, show stepwise increase of compressive strength, indicating that an increase of
aggregate content leads to a higher compressive strength; this might be due to increased
packing density.
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Figure 25 Compressive strength evolution of basic formulation with varying aggregate content
41.2-51.8 [wt. %] after 1 and 7 days

Impact of accelerator on the early strength development of blended MK-GBFS mixes

Early-stage compressive strength of the HM7 mix containing was tested for mixtures

containing 0%, 3%, 5% and 7% accelerator at curing times of 3, 6, and 24 hours is shown

in Figure 26.
_ 25
NE * [T cersshoste
Z 20 8
g
3
&
© 15
o
© o
o) b : 1
o 10 -——— : | : -
o ! ! | ! 1 | 1
o . ' E -
c P : v -

1 1 1 1 1
g° L | L -
< 1 : | : 1 1 :
o HE 1! 1) I
E 0 b i S o
HM7 HM7 3%ACC  HM7 5%ACC  HM7_7%ACC

Figure 26 Early strength of mixtures after 3h 6h and 24h
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As indicated by the measured early strength values of the HM4 and HM7 with different
amounts of ACC (3%, 5%, 7%). HM7 without accelerator shows an increased in strength
within 24 hours, indicating a successful reaction. In HM7_3%ACC, the strength values are
slightly higher after 3 hours, and the strength continues to rise until 24 hours. By contrast
the values of HM7_5%ACC (2.2 N/mm?) and HM7_7%ACC (1.4 N/mm?), after 3 hours are
not higher, but rather at the same level or lower than for HM7 (2.2 N/mm?). This suggests
that the higher dosage of accelerator does not clearly benefit the system, however the
difference is minimal. In Figure 27 the early strength results of the HM4 mixture with different
amounts of ACC (3%, 5%, 7%) are illustrated.
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Figure 27 Early strength of mixtures after 3h 6h and 24h

As shown by the measured strength values, it can be assumed that the addition of
accelerator influences the system. While HM4 without accelerator shows a steady increase
in strength within 24 hours, HM4_3%ACC, exhibits the highest strengths in all three
categories, 3 hours (11.5 N/mm?), 6 hours (23.1 7N/mm?), 24 hours (36.7 N/mm?). This is
particularly evident after 3 hours, which indicates a successful accelerated system. Contrary
to expectations, HM4_5%ACC and HM4_7%ACC do not exceed this, but rather lower
strength values are observed. At 3 hours, 6 hours and after one day, the values of
HM4_5%ACC and HM4_7%ACC are even lower than those of the initial mixture HM4. Since
HM4_5%ACC and HM4_7%ACC had lower strengths than the initial mixture, it can be
assumed that the increased addition of the accelerator has either led to an unbalanced

chemical composition (Na and/or Al overdosage) or a very early and thus not recorded
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overreaction resulting in disturbed microstructure development and consequently lower
strength. It is important to note that the higher dosage of ACC does not necessarily improve
the quality of the mix design. Both mixtures containing 3% ACC (HM4_ 3%ACC, HM7_
3%ACC) showed the highest compressive strength; therefore, further tests were carried out

with 3% ACC, which was considered the optimum ACC dosage.

Compressive strength was tested for mixtures HM7and HM4 at curing time after 7 days.
Both mixtures show similar strengths after 7 days: HM7 with 55.2 N/mm? and HM4 with 55.6

N/mm?. The following graph (Figure 28) shows the strengths of the reference mixture.
Reference mixtures

Compressive strength was tested for the reference mixtures with 0 % 4% and 5.5% ACC
curing time after 7 days in values are visible in Figure 28. This figure shows that the strength
values are influenced by the accelerators. REF (without ACC) has the highest value with
42.6 N/mm?, REF_4%ACC has the lowest value with 37.2 N/mm? and REF_5.5%ACC
reached 40.1 N/mm? after seven days. REF_5.5%ACC is slightly higher than REF_4% but
lower than REF. At REF_7%ACC, it hardened so quickly in the practical test with the silicon
pump (Chapter 6.2.2), that the mixture was not further tested. To compare the developed
(HM7, HM4, BA1) and the reference mixture (REF with different amount of ACC (4%, 5.5%),
they were displayed in the same plot ( Figure 28).
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Figure 28 Compressive strength values of BA1, HM4 HM7 and REF mixtures with and without ACC (0, 4%,
5.5%) after 7d
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The comparison of the reference material with the developed material (BA1, HM7, HM4)
shows that the developed mixtures (HM7, HM4) not only match the performance of the
reference mixture but even achieved superior compressive strength values after 7 days.
BA1 did not meet the required criteria to at least achieve the same strength as the reference

material and was therefore and due to time limitations not further investigated.
Tensile strength
Basic formulation with varying rheological modifier dosage

In Figure 29, the tensile strength development of the basic formulation with varying

rheological modifier dosage of the mixtures BA5, BAG after 1 and 7 days are shown.
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Figure 29 Tensile strength evolution of the basic formulation with varying rheological modifier dosage after 1
and 7 days

Basic formulation with varying aggregate content

Figure 30 demonstrates the strength evolution of these basic mortars BA1, BA2 and BA3
with different amounts of aggregates after 1 and 7 days. It is visible that the mix with the
highest number of aggregates represented by BA3, shows the best result, e.g. highest
strength values.
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Figure 30 Tensile strength evolution of basic formulation with varying aggregate content after 1 and 7 days
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Developed mixtures (HM4, HM7, BA1) vs. the Reference mixtures (REF,
REF_4%ACC, REF5.5%)

In Figure 31 the strength development of the different mixtures after 7 days is presented.
The mixtures HM4 and HM7 show higher values with approximately 7.4 - 8.8 N/mm?
exceeding, the reference mixtures REF, REF_4%ACC and REF_5.5%ACC. The mixture
HM4 has the highest strength development after 7 days with approximately 8.8 N/mm?. The
mixtures REF, REF_4%ACC and REF_5.5%ACC achieved tensile strengths after 7 days
between 5.0 -7.3 N/mm?2. BA1 did not meet the required conditions to at least achieve the
equal strength as the reference material, consequently the mixture BA1 was not further
investigated.
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Figure 31 Tensile strength of BA1, REF with and without ACC and GBFS/MK-based formulations

6.1.3 Heat development

Hybrid mixtures combining basic and GBFS/MK-based formulations (non-accelerated

mixtures) & accelerated mixtures

In this section the results from the calorimeter measurement are shown and discussed. The
cumulative reaction heat development (J/g of binder) as a function of time after mixing for
two AAM systems (HM7 and HM4) each tested with and without an accelerator (0% and
3%), is shown in Figure 32.
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Figure 32 Cumulative heat flow per g of binder in 48h

During the measurement, all four curves exhibit a continuous heat increase, representing
the ongoing alkali-activation reaction processes of the samples. Both accelerated mixtures
HM4_3%ACC and HM7_3%ACC exhibit higher cumulative heat release compared to the
non-accelerated samples (HM4 and HM7). This might indicate a stronger and faster early
and overall reaction due to the acceleration process. Within the non-accelerated samples,
HM7 shows higher reaction heat release than HM4, signalling that mixture HM7 is inherently
more reactive under the given curing conditions. The accelerated sample HM7_3% reaches
the highest cumulative heat development after 48h (123J/g) of all mixtures, exceeding both
HM4 (118J/g) and the non-accelerated mixtures HM7 (115.5J/g), HM4 (104J/g). This data
indicates that the HM7 system shows slightly higher total reactivity than the HM4 system,
and that the use of an accelerator significantly enhances the early alkali-activation reaction
in both AAM formulations. In addition, the cumulative heat flow, the thermal power in relation
to the solid ratio (W/g binder) was plotted to further determine the differences in reactivity of
the mixtures. Therefore, in the following Figure 33 the graph for the thermal power with W/g

binder for all four mixtures in 48h are presented.
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Figure 33 Thermal power with W/g binder (solids) for the timespan of 48h

The previous graph Figure 34 illustrates that all mixtures exhibited the highest thermal output
in the first five hours after mixing. Therefore, in Figure 34 and Figure 35 provide a detailed
look into this specific time period. An initial exothermal peak (Peak 1) occurred within the
first 30 minutes for all samples, representing the rapid dissolution and early gel formation
phase. In the first phase of alkali activation processes, the particles react quickly with the
alkaline solution. This results in intense exothermic processes that often cannot be
accurately recorded by the calorimeter, as the device is sensitive to rapid reaction changes
and has technical limitations[41]. The first peak was significantly higher for the accelerated
mixtures HM4_3%ACC (yellow) and HM7_3%ACC (blue) than for the non-accelerated HM4
(green) and HM7 (red) indicating that the accelerator increased reaction kinetics. After
approximately 35— 40 minutes, the heat flow declined significantly for all mixtures. A
secondary, smaller peak (Peak 2) appeared only in the non-accelerated mixtures (HM4,

HM7), while it was absent in the accelerated ones. The accelerated mixtures (HM4_3%ACC,
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HM7_3%ACC) released most of their heat during the early reaction phase, after which the

heat flow rapidly decreased and remained low for the rest of the measurement. However,

the non-accelerated mixtures showed a slower reaction pattern with a secondary increase

in thermal power, suggesting further condensation processes. The significant first peak and

suppression of the secondary peak

in accelerated mixtures HM4_3%ACC and

HM7_3%ACC are consistent with other calorimetric profiles of accelerator-modified GBFS

systems, in which an early rapid reaction consumes most of the reaction potential [42], [43].
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Figure 34 Thermal power with W/g binder for the timeframe of 5h for HM7 and HM7_3%ACC
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Figure 35 Thermal power with W/g binder for the timeframe of 5h for HM4 and HM4_3%ACC

The non-accelerated mixtures (HM4, HM7) indicate a lasting reaction activity and a
controlled heat release, suggesting a stable alkali activation process. The first peak in the
reaction for MK- rich systems describes the dissolution and the second the gelation and
framework formation[44]. The secondary more pronounced peak of HM4 compared to HM7
is due to the higher Metakaolin content, which benefits an aluminosilicate dissolution and
further polymerisation. In systems with GBFS and MK the secondary production of heat can
emerge from reaction products of C-(N/K)-A-S-H. In HM7 the slightly higher the GBFS
content and silica availability, indicating faster Ca- dominated reactions and partially
overlapping of dissolution and precipitation stages leading to a less distinct second peak
[44]. The results of the measurements of the accelerated mixtures indicate an acceleration
effect on HM4_3%ACC and HM7_3%ACC, which is observable in the form of a higher first
peak and repressed lower second peak, but that does not mean that the acceleration is a

requirement for processing. Hence, the accelerator influences the timing of the heat release,
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it is indicated that the reaction kinetics are affected by the usage of the ACC. The effects on

pumpability and printability are discussed in the next section.

6.2 Pumpability and printability of the mixtures

In this chapter the results of the pumpability printability of the tested mixtures are presented

and compared.

6.2.1 Pumpability
Performance of the basic formulation with varying aggregate content (BA1)

Mixture BA1 could be pumped and extruded continuously, demonstrating adequate
pumpability. However, during the layer-build-up process, the material exhibited excessive
flowability and insufficient structural stiffness (Figure 36). As a result, the deposited layers
deformed and slid laterally, preventing stable stacking. This indicates a lack of buildability,
which is considered a key requirement for extrusion-based 3D printing. BA1 showed strong
adhesion to the wooden substrate, resulting in difficulties when removing printed elements.
Therefore, a thin layer of oil was applied, on the substrate plate for the following try outs, as

a release agent.
Performance with MK-GBFS based formulations HM4 and HM7

Both mixtures (HM4 and HM7) were extrudable and enabled stable stacking of at least three
layers under the tested print conditions (Figure 36). It was noted that the usage of a different
mixer (Compulsory Mixer), as well as the vibrant tool, added to the funnel, prevented the
mixtures from getting stuck. This led to slightly increased flowability of the mixtures during
the pumping process. Due to the limited produced sample volume, further evaluation of

maximum build height was not possible within this try-out.
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Figure 36 Mixture BA1 (left) showed high flowability, and insufficient structural stiffness, HM7 (middle) and
HM4 (right) were extrudable and enable stable stacking of at least three layers under the tested print
conditions.

6.2.2 Printing trials with a silicon pump

Performance of hybrid mixtures with GBFS/MK-based formulations HM4 and HM7 with
and without ACC

The hybrid mixtures with GBFS (HM4 and HM7) were successfully extruded through the
silicone pump. The results are summarized in Table 10, HM4 enabled the construction of
nine stable layers without visible deformation. HM7 showed comparable printability,
although lateral deformation occurred from the 6™ layer onward, followed by a collapse
during the 9" layer. Due to the limited testing setup, experiments could only be conducted
in paste form, meaning that aggregates were not included in the mixtures, therefore a slightly
excessive fluidity was exhibited for HM7_3%ACC. It is assumed that, under improved
experimental conditions or after an extended resting period, the mixture would reach the
desired viscosity. In contrast, the HM4_3%ACC mixture demonstrated good stability,
allowing for the successful application of up to eleven layers. In contrast when mixture
HM7_3%ACC as a mortar mixture was tested as a mortar mixture, a build-up of up to 9
layers was possible, but from the 7" layer on a lateral deformation was visible, followed by
a collapse during the 9" layer. The HM4_3%ACC as a mortar showed a good stability and

a build up to eleven layers was possible.
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Performance of Reference mixtures

Table 10 Printability results of small-scale pump trials

ACC content Maximum
Mixture ACC type [%] number of Observation
o stable layers
HM4 - 0 9 Good buildability; no collapse up to 9" layer
i th .
HM7 _ 0 8 Layer deformation ftLom 6" layer; collapse at
ot layer
HM4_3%ACC SIKA . _— th
(paste) SiguniteL22 3 11 Good buildability; no collapse up to 11t layer
HM7_3%ACC SIKA 3 ) As paste to fluid for printing; no layer
(paste) Sigunit®L22 formation possible
SIKA Good buildability; no collapse up to 11th
0,
HM4_3%ACC  giguniteL22 3 " layer
SIKA Layer deformation from 7t layer; collapse at
o, ’
HM7_3%ACC Sigunit®L22 3 9 9" layer
AdSpeed Too fluid for printing; no layer formation
REF 0 - :
200 possible
REF_4%ACC Adggged 4 3 Collapse during 41" layer
REF_5.5%ACC Adggged 55 5 5 possible layers, collapse after 51" layer
REF_7%ACC AdSpeed 7 ) Rapid stiffening: pump plockage prevented
200 extrusion

The reference mixture without accelerator (0% ACC) was highly fluid after its extrusion
through the silicon pump and was consequently not printable. Hence, the manufacturer
recommended dosage of ACC was between 4-7% ACC (manufacturer data Baumit
PrintCrete system), mixtures with 4 % , 5.5% and 7% were invested. The mixture with 4%
ACC allowed stacking of three stable layers before a collapse occurred during the fourth.
The mixture containing 5.5% ACC enabled the deposition of five layers before deformation
and a collapse occurred it yielded the best results within the manufacturer’s range, was
therefore chosen as the reference for comparison. The REF with 7% ACC stiffened too
rapidly and caused a pump blockage, preventing any layer formation. Hence, the mixture
was considered unprintable in the small test pump, it was not further invested. Compared to

the reference system, the hybrid mixtures HM4 and HM7 exhibited superior buildability
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under the same simplified test conditions. This suggests that the incorporation of GBFS
enhances the early structural stability required for extrusion-based layer formation. These
results (summarized in Table 10) underline the very narrow process window in extrusion-
based AAM mixtures between too fluid and too stiff and highlight the importance of aligning

material formulation with the specific pumping and deposition system used.

6.2.3 3D printing test
Performance of hybrid mixtures with MK- GBFS based formulations HM4 and HM7

In Table 11 the adapted printing parameters for each mixture are summarized, as well as
the number of printed layers for each mix are shown. Due to some start delay during the
experiments and the short workability window of the material, a limited number of layers on
top of each other were possible, not presenting the maximum amount of layers possible from
a material property point of view. It was also observed for both mixtures that the material
stretches slightly when it comes out of the nozzle and trails slightly behind, which means
that some layers do not lay exactly on top of each other. The printed layers for each material

are presented in Table 11.

Table 11 Details of the prepared mixtures and their type and amount of accelerator as well as the number of
printed layers

Used amount of amount of number of

MIX pressure [bar] ACC [%] layers Observations
Printing was possible; initial pressure exceeded limit and was
HM4 1.5 0 6 . .
reduced during operation
Higher pressure required, likely due to increased aggregate
HM7 5 0 7 content and partial blockage at the screw conveyor (8 mm

nozzle)
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Figure 37 Printing process of the
HM4 mixture

Figure 38 Printed layers of HM7 (left) and HM4(right)

As this printer did not allow for an in-situ dosing of the accelerator at the nozzle head, the
accelerated mixtures were not tested. The printing test with the developed mixtures HM4
and HM7 was largely successful and provided valuable insights for further possible
optimization. Although the short processing window due to rapid hardening and some delays
at the initial start-up created difficulties, the material proved to be printable. Certain limits
were identified as the for the 8 mm nozzle, the 2 mm aggregates in the mixture were not

ideal. Overall, the 3D- printing try-out was promising, and the results indicate good potential.

6.2.4 Outlook on accelerator use in MK-GBFS based blended mixtures

The viscosity changes during the mixing procedure, the silicon pump test, calorimetric
measurement as well as the results from the setting time measurement, noticeably
demonstrated an accelerating effect for both HM4 and HM7, with 3% ACC. The results of
the strength development of accelerated mixtures HM4 and HM7 with 3% ACC, show just
minor changes, which indicates that the influence of the accelerator on strength
development is limited. Literature of OPC- shotcrete based shotcrete systems show that
higher dosages of ACC might lead to higher early strength, but in some cases also unwanted
effects, higher greater shrinkage, higher porosity and lower durability[45], [46]. For AAMS,
due to the complex formation of AAMs, similar trends were expected. High dosages of ACC
or aluminosilicate could fasten the early kinetics of AAMs but might also have some
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unwanted effect, heterogeneous gel networks, altered porosity or local reaction
inhomogeneities. In this study, the invested MK-GBFS mixtures with 3%ACC showed
accelerated early kinetics, without negatively affecting compressive strength. According to
the manufacturer [30], the optimum ACC dosage is between around 3-4% ACC for
shotcrete, the same amount was therefore tested. Furthermore, MK-GBFS mixtures with
higher quantities of ACC 5%, 7%, were tested, for early strength development 3h-24h, hence
the difference between the results were minimal and therefore no observable negative
effects were visible. While higher dosages of ACC on these mixtures have not been
systematically investigated, literature references from both Shotcrete OPC [45], [46] and
AAM systems[44] imply that overdosing accelerators could lead to unwanted effects,
highlighting the importance of dosage optimization in AAM formulations. During the silicon
pump test, it was also shown that early structural build up for the HM4_3%ACC as well as
HM7_3%ACC was slightly enhanced compared to the non-accelerated mixtures (HM4,
HM7). Nevertheless, the printing trials showed that the non-accelerated mixtures (HM4,
HM?7) already exhibit a narrow workability window for printing. The role of the accelerator
therefore appears less critical for enabling printability, but rather for increasing early
structural build-up and improving robustness against process-related variations. In addition,
a longer opening time (before setting of the mixture starts) for the developed mixtures (HM4,
HM?7) would be beneficial. Considering the earlier setting start of the accelerated mixtures
HM4_3%ACC and HM7_3%ACC, processing might be more challenging. Moreover, to print
with an ACC the laboratory requirements are higher, since a two-component printer is
required which allows the addition of the ACC shortly before extrusion and layer build. With
fast-reacting AAM systems such as those described in this thesis (HM4, HM7) that use a
blended MK-GBFS formulations, there is only limited demand for an accelerator, whereas

this could be relevant for slower AAM systems that use different precursor materials.
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7 CONCLUSION

In this study, mixtures based on granulated blast furnace slag (GBFS) and metakaolin were
adapted to obtain printable AAM formulations. In addition, tests were carried out to
determine whether sodium-aluminate-based shotcrete accelerator can be effectively applied
in alkali activated systems. The results show that the precise adjustment of chemical
composition, either by variations in precursor contents or the addition of additives, are
needed to achieve suitable rheological properties, strength development and reactivity in
the early stages. Rheological tests showed that mixtures with excessive rheology modifier
(attapulgite clay) content had lower flowability and higher thixotropy, while optimal
formulations achieved a spread diameter of 115—130 mm, ensuring good workability without
segregation. The addition of the accelerator had a certain impact on the setting time and
overall reaction kinetics, while only showing limited effects on the mechanical properties of
the materials. The results of the setting time and calorimetry tests indicate the accelerating
effect of the accelerator. The significant differences in the reaction curve and setting times
also showed that the addition of 3% ACC significantly improved the early reaction kinetics
and polymerisation corresponding polycondensation reactions. After seven days, the
developed hybrid mixtures exceeded the compressive strength range of the reference
material (45-55 MPa) and reached up to 68 MPa. In pumpability and printability tests,
GBFS/MK-based hybrid mixtures (HM4 and HM7) enabled stable extrusion and layer
formation up to 9-11 layers, outperforming the reference mixtures, which either remained
too fluid or solidified too quickly, although this could also be related to the limitations of the
tests. Although the addition of the 3% ACC for both developed mixtures (HM4_3%ACC and
HM7_3%ACC) indicated the enhancement of the early reaction kinetics and early strength
development of the mixture, the results show that the acceleration, is not a necessity to
achieve the printability of the developed mixtures (HM4, HM7). But rather, an improved
earlier structural build up. Overall, the results confirm that the developed optimised AAM
compositions can achieve high early strength, controlled rheology and improved printability,
making them a promising more sustainable alternative to conventional cementitious
materials for 3D printing. For further analysis of the material, it is crucial to determine the
limits of printability and characterise the microstructure. In addition, an examination of the
general composition is necessary to ensure a comprehensive understanding of the material

properties.
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Appendix

Calorimeter

The exact weight of the ingredients ( Table 12) the exact time when the waterglass (WG) or

accelerator (ACC) was added were noted for the calorimeter measurement and is visible

below in Table 13.

Table 12 Indeed and ideal weight in [g] of the samples for the IC calorimeter measurement

. Amoun - Fluid Sum
M";‘”’ tof  weight H[US MO[g] MR[g] Ae[g] A29 UBF M0 o WELT 195161 sum  solids
Lot ql @ o ] ) - so
ldeal  179.8  59.9 0 0.6 5.9 0 67 192 1438 0 9055 32529
0%
Indeed 179.81  59.9 0 06 5091 0 671 1921 14386 0  90.66 32534
HM4
ldeal  179.8  59.9 0 0.6 59 0 67 192 1438 75 948 32529
3%
Indeed 179.84 59.94 0 06 595 0 671 1922 14382 755 9495 32543
ldeal 1676 291 291 05 46 0 0 231 157 0 9376 317.24
0%
Indeed 167.6 2912 2913 049 46 0 0 2314 157.3 0 9393 317.46
HM7
ldeal 1676 291 291 05 46 0 0 231 157 7 9776 317.24
3%
Indeed 16757 20.08 29.07 047 46 0 0 2313 15702 749  97.89 317.15

Table 13 Noted time for the addition of WG or ACC

Mixtur  Amount of Date Test start / addition of  Addition of Mass start Mass 50g
e ACC WG ACC [0] label
HM4 0% 020820 13:04 - 50.57 50g
3% 02'(2)‘51'20 14:01 14:07 49.95 50g
HM7 0% oz.gg.zo 14:35 - 49.97 50g
3% 02'2‘5"20 15:12 15:17 50.34 50g
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