Materials & Design 223 (2022) 111183

journal homepage: www.elsevier.com/locate/matdes

materials

Contents lists available at ScienceDirect

Materials & Design

Effect of natural and calcined halloysite clay minerals as low-cost

additives on the performance of 3D-printed alkali-activated materials e

Mehdi Chougan?, Seyed Hamidreza Ghaffar *"*, Behzad Nematollahi ¢, Pawel Sikora ¢, Tobias Dorn ¢,
Dietmar Stephan ¢, Abdulrahman Albar?, Mazen ] Al-Kheetan "

2 Department of Civil and Environmental Engineering, Brunel University London, Uxbridge UB8 3PH, United Kingdom

b Applied Science Research Center, Applied Science Private University, Jordan

¢ Department of Civil and Structural Engineering, The University of Sheffield, Sheffield S1 3JD, United Kingdom

d Faculty of Civil and Environmental Engineering, West Pomeranian University of Technology in Szczecin, Al. Piastow 50, 70-311 Szczecin, Poland
€ Department of Building Materials and Construction Chemistry, Technische Universitdt Berlin, Gustav-Meyer-Allee 25, 13355 Berlin, Germany
fCivil and Environmental Engineering Department, College of Engineering, Mutah University, P.O. Box 7, Mutah, Karak, Jordan

& Materials Science and Energy Lab, MSEL, Mutah University, P.0. Box 7, Mutah, Karak, Jordan

HIGHLIGHTS

« Natural and calcined Halloysite clay
additives were characterised.

« Halloysite clay additives were
incorporated to modify AAMs’
printing properties.

« Enhanced compatibility of calcined
Halloysite clay additives in the AAMs
was verified.

« Buildability and mechanical
properties were improved in CH-
modified AAMs.

ARTICLE INFO

Article history:

Received 22 June 2022

Revised 26 August 2022

Accepted 19 September 2022
Available online 20 September 2022

Keywords:
Alkali-activated materials
Halloysite clay mineral
Mechanical properties
Shape retention

3D printing

* Corresponding author.

GRAPHICAL ABSTRACT

Alkali-activated mixture

L)

Halloysite clay mineral

Natural Calcined

Mechanical performance of
printed samples

—

8

40%

5 2 8

Flexural strength (MPa]
8

Compressive strength [MPa]

= NH-15 — CH-1.5 B
Buildability evaluation

ABSTRACT

This study investigates the effects of natural and calcined halloysite clay minerals (“NH” and “CH”,
respectively) on the performance of 3D printed alkali-activated materials (AAMs). Halloysite clay miner-
als are selected as they are low-cost and abundantly available. At first, different characterisation tech-
niques were employed to characterise the NH and CH additives. Mechanical performance, extrusion
window, and shape stability of several AAM formulations containing various dosages (0.5 wt% to 5 wt
%) of the NH and CH additives were evaluated. The best-performing mixtures in terms of fresh and hard-
ened properties namely, NH-1.5 and CH-1.5 mixtures (containing 1.5 wt% of NH and CH additives, respec-
tively) were then selected for 3D printing. The results showed that the CH-1.5 mixture exhibited
enhanced shape stability, buildability, and mechanical properties as compared to the control mixture.
The flexural and compressive strengths of 3D printed CH-1.5 samples were 88% and 40%, respectively
higher than those of the printed control samples. Using the CH-1.5 mixture, a twisted column with an
intricate shape was printed to verify the suitability of the developed CH-modified AAM for the
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construction of complex structures. This study establishes the use of halloysite clay minerals as low-cost
additives for enhancing the mechanical properties and printing performance of AAMs.
Crown Copyright © 2022 Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Concrete is the most used material on the earth [1]. The produc-
tion of Ordinary Portland Cement (OPC), the main ingredient to
make concrete, is a high-energy-consuming process with substan-
tial CO, emissions, accounting for around 7% of annual CO, emis-
sions [2]. With climate change and global warming emerging in
recent years, a crucial need for some immediate actions to mitigate
greenhouse gas emissions through cement manufacturing plants
became essential [3]. Since the 1970 s, alkali-activated materials
(AAMs) synthesised by a reaction between alkali activator and alu-
minosilicate source materials employing industrial products and
by-products (e.g., fly ash, metakaolin, silica fume, and slag) have
piqued public interest as a promising eco-friendly alternative to
OPC [4,5].

The recent developments in the production of AAMs with high
mechanical and durability characteristics have fulfilled the
increasing demands in the building industry. The AAMs’ character-
istics, adjustable setting time and rheological properties make
them an ideal feedstock for new emerging construction techniques
such as 3D printing [6]. However, the application of AAMs in 3D
printing is still very limited as compared to OPC. To enhance the
performance of 3D printed AAM, several rheology modifiers and
reinforcing additives, including polypropylene (PP) fibres [7,8],
polyvinyl alcohol (PVA) fibres [9], attapulgite nano-clay particles
[10], and graphene-based materials (GBM) [11], have been studied.
However, such additives are costly. Thus, the search for low-cost
additives that can enhance the performance of 3D printed AAMs
becomes critical.

The introduction of nano additives could enhance the thixotro-
pic behaviour of AAM mixtures by improving the contact forces,
colloidal interactions, and hydrodynamic force between AAM'’s
principal components [12-14]. The promising impact of nano-
clay additives on the printing quality of AAMs has to be associated
with their high aspect ratio, which makes nano-clays highly effec-
tive. Panda et al. reported that incorporating 0.5 wt% attapulgite
nano-clay in the AAM increased thixotropic behaviour and 3D
printing performance. However, 17% reduction in compressive
strength was observed compared to the control sample [15]. Sim-
ilar trends have been also reported in some of the authors’ previous
works, in which the incorporation of 1 wt% attapulgite nano-clay
significantly improved the fresh properties of AAM composites
[9]. It should be noted that attapulgite nano-clay has been mainly
used as a rheology modifying agent.

This study, for the first time, investigates the use of halloysite
clay minerals, as both reinforcing and rheology modifying addi-
tives, on the performance of 3D printed AAMs. Halloysite clay min-
erals are selected as they are low cost and abundantly available
compared to other additives [16,17]. This category of aluminosili-
cate materials belongs to the kaolin group of minerals with the
chemical formulation of Al,Si,05(OH)4-2H,0. The structure of hal-
loysite clay minerals is composed of 1:1 stacked layers built from
tetrahedral (Si) and octahedral (Al) sheets. The layers are linked
through hydrogen bonding formed between the oxygen atoms of
the tetrahedral sheet and the inner surface OH groups of the octa-
hedral sheet [18,19]. The presence, or former presence, of inter-
layer water, distinguishes halloysite from other minerals in the
kaolin group [20]. There are several variations in the morphology
of halloysite clay minerals, which most commonly include either

halloysite tubules or plates. This structure facilitates the ability
to activate both the surface tetrahedral and octahedral sheets.

This study investigates natural and calcined halloysite clay min-
erals with dosages between 0.5 wt-% and 5 wt-% in the AAMs. The
mixtures were characterised by shape retention, mechanical and
microstructural tests, and open time for extrusion. The best per-
forming mixtures were then printed, and the mechanical and
buildability properties were assessed and compared to the control
AAM composite (with no halloysites clay mineral). The aim is to
select the best performing dosage of halloysite clay minerals and
examine their mechanical and rheology strengthening functional-
ity. To the best of the authors’ knowledge, no study on the imple-
mentation of halloysite clay additives in 3D printable AAMs has
previously been carried out.

2. Materials

Fly ash (FA), complying with BS EN 450-1:2012 and supplied by
Cemex, UK and ground granulated blast furnace slag (GGBS) pro-
vided by Hanson Heidelberg Cement, UK, complying with
EN15167-1, were employed as the aluminosilicate source materi-
als. The chemical composition of the FA and GGBS are presented
in Table 1. Two grades of river sand (0 - 0.5 mm, and 0.5 -
1.0 mm) and quartz sand (0.06 - 0.3 mm) obtained from J. Stod-
dard & Sons Ltd were used as the aggregates. The alkaline activator
was made by mixing 10 mol/l sodium hydroxide solution and
sodium silicate solution with an alkali modulus of 3.23 (8.60 wt-
% Nay0, 27.8 wt-% Si0,, 63.2 wt-% H,0, and 0.4 wt-% Al,03) with
a 1:2 ratio (by mass). The authors’ previous studies provide more
information on materials characterisations, including raw materi-
als’ size distributions [9,11]. The natural halloysite clay material
was obtained from Dunino deposit of weathered basalt (near Leg-
nica, Lower Silesia, Poland), which is the largest halloysite clay
minerals deposit in the world. The halloysite consists of nanotubes
and nanoplatelets [21-24]. Calcined halloysite clay mineral (re-
ferred to as CH) was prepared by heating the natural halloysite clay
minerals (referred to as NH) at 600 °C for 1 h in the electric muffle
furnace FCF 2,5SM (Czylok, Poland). The chemical composition of
the NH and CH additives are also presented in Table 1.

2.1. Characterisations of natural and calcined halloysite clay minerals

Fig. 1 depicts the SEM images of natural and calcined halloysite
platelets, displaying the material’s distinctive flaky texture. The
shape of the flakes was irregular and heterogeneous. As shown in
Fig. 1, it is evidenced that the halloysite platelets are destructed
and broken during calcination process, resulting in the production
of particles with smaller dimensions [25]. BET specific surface area
of the CH sample was measured to be 57.05 m?/g, while the corre-
sponding value for the NH sample was measured to be 67.87 m?/g.
The specific gravity (determined with helium pycnometer) of the
CH sample was measured to be 2.92 g/cm?, while the correspond-
ing value for the NH sample was measured to be 2.78 g/cm’>.

The XRD composition of NH shows typical peaks that belong to
the kaolin group of minerals and high iron oxides content, respon-
sible for the rusty-reddish colour of the material (see Fig. 2 and
Fig. 3). The XRD study of the CH sample (see Fig. 3-b) confirmed
alteration of the material after heating, showing decrement of
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Table 1
Chemical composition of fly ash, GGBS, and halloysite clay minerals (natural and calcined) determined by XRF.
Material Si0, Al;,03 Fe,03 MgO Ca0 Na,0 K>,0 TiO, P,0s5 SO3 MnO
Fly ash 53.30 23.70 8.22 1.40 3.77 1.20 2.46 0.95 1.25 1.00 0.06
GGBS 26.90 9.20 0.42 7.83 48.90 0.21 0.21 0.56 1.10 2.79 0.18
Natural halloysite clay minerals 43.80 28.70 18.90 0.10 1.80 0.20 0.12 2.77 1.24 0.13 0.72
Calcined halloysite clay minerals 44.20 29.90 17.50 0.17 2.08 0.34 0.03 2.66 1.06 0.22 0.24
Fig. 2. Visual appearance of (a) natural halloysite clay minerals (NH) and (b) calcined halloysite clay minerals (CH).
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Fig. 3. Post-processed X-ray diffraction patterns of (a) natural halloysite clay minerals (NH) and (b) calcined halloysite clay minerals (CH).
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the halloysite peaks, which confirms that the material underwent
dehydroxylation [26].

TG analysis shows three mass loss events for the NH sample,
labelled as 1, 2 and 3 in Fig. 4, and two mass losses, labelled as 1
and 3, for the CH sample. Detailed information on the detected
mass losses is presented in Table 2.

Mass loss No. 1 of the NH sample (1.8 wt%) can be attributed to
the evaporation of absorbed water, while mass loss No. 2 (2.4 wt%)
is assigned to the dehydration of the material according to Eq. (1)
[26,27].

Mass loss No. 3 (8.5 wt%) is assigned to the removal of the inter-
layer water of HNT-raw according to Eq. (2).

Al,Si,05(0H),.2H,0 — Al,Si,05(0H), + 2H,0 (1)

AlSi,05(0H), — Al,05.25i05 + 2H,0 2)

For the CH sample, only the mass loss events attributed to the
evaporation of adsorbed water and the removal of interlayer water
(mass losses Nos. 1 and 3 in Fig. 4, respectively) were observed.
This indicates that during calcination at 600 °C for 1 h, NH was
completely dehydrated, while not all the interlayer water was
removed. According to the mass loss ratios of NH and CH attributed
to the removal of interlayer water, about 60 wt-% of the interlayer
water containing halloysite available in the NH sample was dehy-
droxylated during calcination.

The results of surface functional groups on the NH and CH sam-
ples are presented in FTIR spectra in Fig. 5. The bands at 3621 cm™!
and 3694 cm™! reported for NH are typical to all kaolin minerals
and are attributed to the inner hydroxyl groups and the inner-
surface hydroxyl groups, respectively. The band at 3546 cm™! is
attributed to surface-adsorbed water [28]. These bands are absent
in dehydrated halloysite (CH). The signal at 1650 cm™! is attributed
to the bending vibrations of water molecules [21]. The bands in the
range of 1100-400 cm™! are associated with the aluminosilicate
structure of the material and are linked with the vibrations of
the Si—O—Si(Al) bridges [29], while the one at 917 cm™! is attrib-
uted to O-H deformation of inner hydroxyl Al-OH groups [30]. The
CH sample exhibited some apparent differences because of dihy-
droxylation. This phenomenon is attributed to the progressive dis-
ordering of the calcined halloysite at high temperatures [31,32].
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Fig. 4. TG and DTG curves of natural halloysite clay minerals (NH) and calcined
halloysite clay minerals (CH).
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3. Experimental methods
3.1. Mixing procedure and sample preparations

Based on the author’s previous studies [9,11,33], AAMs were
prepared by dry-mixing source materials, aggregates, and clay
additives for 5 min at 350 rpm in a planetary mixer (Kenwood, Ger-
many). After dry mixing, the alkaline solution was gradually added
to the solid ingredients with a constant alkaline solution/ source
material (fly ash + slag) ratio of 0.4 and mixed at 450 rpm for
another 10 min. It should be mentioned that a constant aggregate
to binder ratio of 1.65 was considered in all mix formulations.
Table 3 shows the mixture formulations. Thereupon, AAM mix-
tures were poured into prismatic moulds measuring
40 x 40 x 160 mm3 for cast samples or into the hopper of a 3D
printer for the printing process. Based on the author’s previous
works and other literatures [9,11,34,35], both cast and printed
specimens were immediately heat-cured for 24 h at 60 °C. Follow-
ing that, the samples were kept at an ambient temperature of
20 + 3 °C (air-curing) for additional six days. Fig. 6 illustrates the
experimental framework in this investigation.

3.2. Printing procedure

A gantry 3D printer with a custom-designed auger extruder and
a 20 mm circular-shaped nozzle was employed, similar to the
authors’ previous studies [9,11]. The printing parameters, includ-
ing motion speed and nozzle standoff, were adjusted to 15 mmy/s
and 10 mm, respectively. The printable mix compositions were
first printed in 250 x 200 x 40 mm? rectangular slabs. Then, three
160 x 40 x 40 mm?> prisms for each composition were cut and
extracted to keep the printed and cast samples consistent.

3.3. Materials characterisations

3.3.1. X-ray diffraction

The XRD experiments were performed using an X-ray diffrac-
tometer (Empyrean, PANanlytical) in Bragg-Brentano geometry,
equipped with CuKo X-ray tube. A programmable divergence slit
in the incident beam path, and a programmable anti-scatter slit
in the diffracted beam path were applied (irradiated/observed
length 15.0 mm). One scan was performed during a measurement
time of 1 h in the 2® range from 5° to 65°.

3.3.2. Derivative Thermogravimetry

Derivative Thermogravimetry (TGA/DTG) measurements were
performed using a TG209 F3 Tarsus, Netzsch. During the measure-
ments, 10 mg of natural and calcined halloysite samples were
heated at the 10 K/min rate up to a maximum temperature of
850 °C. The sample chamber was purged with N, during the entire
measurement time. Weight losses in each step were determined by
the tangential method.

3.3.3. Fourier transform infrared spectroscopy

A Fourier transform infrared spectroscopy-Attenuated total
reflectance (FTIR-ATR) using PerkinElmer Spectrum one Spectrom-
eter, UK test was conducted to record the infrared spectra of natu-
ral and calcined halloysite materials and the AAMs. The infrared
spectra were obtained in the range of 4000-550 cm™~! with a reso-
lution of 4 cm~! using an attenuated total reflection instrument
with a 3x bounce diamond crystal at a 45° incidence angle. All
AAM samples were dried and powdered before the measurements,
and the average result of a batch of three samples was reported for
each composition.
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Table 2
Mass losses of the NH and CH samples measured by TGA.
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Sample Mass loss event Onset (°C) Mid (°C) End (°C) Mass Loss (wt.%)
NH 1 30 81 160 1.8
2 160 252 321 2.4
3 321 476 608 8.5
CH 1 30 89 215 1.4
3 316 468 575 3.4
remained at a level that enabled it to be extruded. The extrusion
40+ window was measured by printing a 250 mm long straight-lined
1 filament after the rest time intervals of 5 min until the discontinu-
60__ ity of the printed filament occurred, and the mixture was no longer
0. extrudable.
% 100 4 3.5. Shape retention
{= 4
[$] . . .
€ 120 The unconfined compression test was used in this study to
1 determine the shape retention of fresh AAMs (see Fig. 7). The fresh
1404 mixture was filled into a plastic cylinder of 70 mm diameter and
1 100 mm height and tamped lightly in each test. The plastic cylinder
0 was lifted after two min, and the shape retention of the freestand-
o ing mixtures was monitored using an Instron device coupled with
i L : ; ; L : a 3 KN loadcell. The fresh cylindrical specimen was loaded at the

500 1000 1500 2000 2500 3000 3500 4000
Wavenumber [cm™]

Fig. 5. Fourier transform infrared (FTIR) spectroscopy graph of natural (NH)
halloysite clay minerals and calcined (CH) halloysite clay minerals.

3.3.4. Microstructure analysis

The microstructure of the AAM samples, was investigated using
a Hitachi TM3000 Scanning Electron Microscope (SEM). To analyse
the microstructure of AAM samples, for each composition, a mini-
mum of ten samples with the approximate size of 10 mm? was cut
using the broken portions of samples in the flexural strength test.
The microscope was operated under an accelerating voltage of
15 kV.

3.4. Extrusion window (open time)

The extrusion window test of AAMs was conducted to deter-
mine ideal 3D printing period of each composition. The extrusion
window is defined as the period when fresh AAM’s workability

load rate of 10 mm/min until it reached 30 mm of compaction.
The aforementioned values were determined through a series of
trial and error to determine the strength of fresh AAMs when the
top layer was deposited on top of the first layer. The hopper’s
extrusion force was approximately stimulated by the 10 mm/min
load rate. Instron hydraulic press guarantees the uniform pressure
distribution on top of the fresh mixture. The maximum force after
30 mm of compaction was recorded. These force values were uti-
lised to compare the shape stability for various fresh mixtures.

3.6. Mechanical properties

The mechanical performance of the cast and the printed sam-
ples was evaluated using a 150 kN universal testing machine
(Instron 5960, UK) at a constant loading rate of 1 mm/min, follow-
ing EN 196-1:2016. A three-point bending test on the
160 x 40 x 40 mm prisms with a span distance of 100 mm was
used to determine the flexural strengths. The compressive strength
was measured on the 40 mm cubes utilising the fractured portions
of the specimens in a flexural strength test. The average results
obtained from three samples with the loading direction perpendic-

Table 3
Mixture formulations of AAM modified with natural (NH) and calcined (CH) halloysite additives.
Sample ID Source materials Activator to source Aggregate (Wt.%) Additive (wt.%) Na,SiO; to
(wt.%) materials NaOH ratio
FA GGBS (r];ﬁ: GGBS) River sand Quartz
0-05 mm 05-1 mm sand NH CH
Control 67 33 0.4 53 36 11 0 0 2:1
NH-0.5 67 33 0.4 53 36 11 0.5 0 2:1
NH-1 67 33 0.4 53 36 11 1 0 2:1
NH-1.5 67 33 0.4 53 36 11 1.5 0 2:1
NH-2 67 33 0.4 53 36 11 2 0 2:1
NH-3 67 33 0.4 53 36 11 3 0 2:1
NH-5 67 33 0.4 53 36 11 5 0 2:1
CH-0.5 67 33 0.4 53 36 11 0 0.5 2:1
CH-1 67 33 0.4 53 36 11 0 1 2:1
CH-1.5 67 33 0.4 53 36 11 0 1.5 2:1
CH-2 67 33 0.4 53 36 11 0 2 2:1
CH-3 67 33 0.4 53 36 11 0 3 2:1
CH-5 67 33 0.4 53 36 11 0 5 2:1
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Fig. 6. Experimental framework and detailed steps for this study.

Fresh mixture

Fig. 7. Experimental setup for shape retention test of the fresh mixture, (a) before loading and (b) after loading.

ular to the printing path is used to calculate compressive and flex-
ural strengths.

3.7. Buildability test

An ad-hoc testing method was employed by printing 15 layers of
selected AAMs in a circular-shaped printing path with a diameter of
150 mm. High-quality footage of the printed samples was recorded
to visually examine the buildability of selected mixtures in terms
of maximum height of printed objects, vertical/radial distortion,
and individual layer deformation. The best performing mixture was

then selected to print a twisted-column (see Fig. 15) to demonstrate
the feasibility of the developed AAM composite to build complex
geometries.

4. Results and discussion

4.1. Mechanical properties of cast samples

Fig. 8 shows the flexural and compressive strengths of AAMs
with 0 to 5 wt-% NH and CH additives after seven days of curing.
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Fig. 8. (a) Flexural and (b) compressive strengths of AAMs modified with natural (NH) and calcined (CH) halloysite. Note the reported results are for cast specimens. The error

bars show * 1.0 Standard Deviation.

As shown in Fig. 8-a, the flexural strength of the samples contain-
ing NH particles was up to about 46% higher than that of the con-
trol mixture. The flexural strength of all CH-modified AAMs
exhibited higher values to the control sample. The highest flexural
strength was registered for the CH-1.5 and CH-5 mixtures with
around 50% improvement in both compositions, compared to the
control sample.

As shown in Fig. 8-b, the incorporation of 1.5 wt%, 2 wt% and
3 wt% of the CH additive (in the CH-1.5, CH-2 and CH-3 mixtures)
displayed 30%, 25%, and 38% enhancements in the compressive
strength of AAMs, respectively compared to that of the control
sample. The compressive strength results (see Fig. 8-b) revealed
that the mean compressive strength of the CH-modified AAMs (ex-
cept the CH-1 mixture) was higher than the NH-modified counter-
parts. It can be argued that for 0.5 wt%, 1 wt%, 1.5 wt% and 2 wt% of
halloysite clay minerals additives the difference in compressive
strength between the CH- and NH-modified AAMs was within
the scatter of the results. It is evidenced that the effect of CH incor-
poration is more significant compared to NH in flexural strength
rather than compressive strength. According to several studies
[36-38], the flaky, elongated, thin, and platy shape of nano-clay
particles provides the crack bridging and blocking effect, prevent-
ing the propagation of microcracks within cementitious compos-
ites and thereby increasing tensile resistivity. As a result, the
crack bridging and crack blocking effects are maximised by the
better dispersion of CH particles compared to NH particles, result-
ing in more significant improvements in the flexural strength of
the CH-modified AAMs compared to their NH-modified counter-
parts. Similar effects on flexural strength has been reported for
instance by Liu et al. [39].

In a research conducted by Assaedi et al. [40], the samples,
modified with 2 wt% Cloisite 30B exhibited improvements of 20%
and 23% in geopolymer composite’s flexural and compressive
strength, respectively, which agree with the level of enhancement
obtained in mechanical properties of CH-modified composites in
the current study. Several authors [40-42] reported that enhance-
ments in the mechanical properties of nano-clay-modified AAM
composites could be attributed to several reasons. Firstly, nano-
clay incorporation provides more available silica and alumina
sources within mixtures, accelerating the alkali-reaction function.
This results in more activation products and fewer unreacted fly
ash due to the increased AAM’s amorphous content. In addition
to the extra amorphous aluminosilicate supply from the nano-

clay particles, the added nano-clay serve as a seeding site for
AAM, improving the morphology structure and mechanical charac-
teristics [43]. For instance, with the addition of nano-clay into the
fly ash-based geopolymer, Assaedi et al. [40] reported an enhance-
ment in the geopolymerisation reaction. This enhancement was
confirmed by X-ray diffraction (XRD) and Fourier-transform infra-
red spectroscopy (FTIR) assessments, which indicated increased
amorphous substances leading to an improved geopolymeric gel.
Second, the adequate dispersion of nano-clay particles within the
AAM mixture results in a more compact matrix structure due to
decreased porosity [43,44]. However, the structural compaction
of AAMs in the presence of CH has shown to be higher than that
of NH, suggesting the better pore-filling effect of nano clays in
the calcined state. According to a study by Hakamy et al. [25],
the calcination process led to the destruction and breaking of
numerous nano-clay platelets, resulting in the production of
nano-clays with lower dimensions. In this study (see Fig. 1), cal-
cined nano-clays (i.e., CH) with smaller sizes demonstrated a better
pore-filling effect and consequently enhanced the compaction of
composites to a greater extent compared to the samples containing
NH particles. The change of the trend in the flexural and compres-
sive strengths’ results after 2 wt% has to be associated with the
agglomeration of excessive nano-clay particles in the AAMs. When
using a high dosage of nano-clay particles in a geopolymer mix-
ture, the presence of more unreacted particles generates excessive
self-desiccation and cracking in the matrix, compromising the
mechanical performance of hardened samples [45]. Moreover,
agglomerated clay particles can act as defects within the AAM
structure, reducing mechanical performance [46]. As shown in
Fig. 9, the sample modified with 1.5 wt-% NH particles exhibited
a similar morphology to the control sample. In both control and
NH compositions, several unreacted fly ash particles, as well as
micro-cracks, were observed inside the AAM matrix. In contrast,
the morphology of composites modified with 1.5 wt-% CH dis-
played a more compact microstructure but also show unreacted
fly ash. This suggests that the lower dispersion of NH particles
plays a dominant role over alkali-reaction acceleration leading to
the lower mechanical performance of AAMs reinforced with NH
as compared to CH particles.

The FTIR-ATR spectra of the control, NH-1.5 and CH-1.5 mix-
tures are shown in Fig. 10. The absorption peak at 1644 cm™' rep-
resents the free water’s stretching vibrations of H-OH bonds
corresponding to AAMs’ absorbed water [47].The asymmetric
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Fig. 9. Microstructure of the cross section of (a) and (b) Control sample, (c) and (d) NH-1.5 sample, and (e) and (f) CH-1.5 sample after flexural strength test. Note the reported

results are for cast specimens.

stretching of O-C-0 bonds in CO3~ anion groups (the band around
1430 cm™!) describes the carbonation phenomena during the cur-
ing stage of the composite’s alkali-activation process [48]. The low
intensity of this band suggests little carbonation of the composite.
The band at 774 cm~! demonstrates the Al—O amorphous stretch-
ing vibration and O—Si—O vibration of AAMs [49]. The quartz Si—0
bonds (band at 692 cm™!) indicate the insolubility of quartz parti-
cles in the alkali reaction [50]. The peak around 1000 cm™! corre-
sponds to the Si—O—T bonds (T reflects the tetrahedral Al or Si)
within the AAM gel [51]. Halloysite clay incorporation results in
the silica concentration increase in the composite structure, which
is reflected by the slight shift of the peak of the Si—O—T bond from
988 cm™! for the control sample to 1002 cm~! and 1004 cm™! for
the NH-1.5 and CH-1.5, respectively [52]. Additionally, it proves an
increase in the degree of structural alkali-activation. According to
Krél et al. [53], detecting the Si—O—T band’s peak at lower
wavenumbers reveals the increased quantity of aluminium in the
tetrahedral positions, thus diminishing the AAM composite’s
degree of polymerization. This confirms the compressive strength

improvements of NH-1.5 and CH-1.5 composites compared to the
control mixture (see Fig. 8-b) [29].

4.2. Fresh properties assessment

Due to the direct relationship between the extrusion window
(open time) parameter and other fresh characteristics of AAMs, this
parameter is known as the most applicable and relevant parameter
since it effectively simulates the 3D printing process of fresh AAM
composites. As shown in Fig. 11 and Fig. 12-a, increasing the
dosage of both natural and calcined clay additives decreased the
extrusion window of the AAM mixtures. The extrusion window
of the NH-0.5 and NH-1 mixtures was equal to that of the control
mixture (45 min). However, the extrusion window decreased to
40 min and 30 min for the NH-1.5 and NH-2 mixtures, respectively.
For the CH-modified samples, the extrusion window gradually
decreased from 45 min for the CH-0.5 mixture to 40 min,
30 min, and 15 min for CH-1, CH-1.5, and CH-2 mixtures, respec-
tively. As shown in Fig. 12-a, the NH- and CH-modified mixtures
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Fig. 10. Fourier transform infrared spectra of the control, NH-1.5, and CH-1.5
composites.

Fig. 11. Extrusion window (open time) of AAM mixtures: (a) Control sample, (b)
NH-1.5, and (c) CH-1.5.

containing more than 2 wt% of halloysite clay additives (i.e., the
NH-3, NH-5, CH-3 and CH-5 samples) were not extrudable. The
incorporation of calcined clay additive exhibited a more substan-
tial influence on diminishing the extrusion window when com-
pared to natural clay additives. According to numerous studies
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[15,54,55], cementitious materials’ initial setting time and extru-
sion window (open time) are directly connected. As discussed in
Section 4.2, the results could be associated with the higher
alkali-activation rate of the CH-modified samples compared to
the NH-modified counterparts, which results in a faster initial set-
ting of these mixtures. The study of Allalou et al. [56] also focused
on the effect of calcined halloysite on initial and final setting time
of cementitious composites and they found a descending trend in
the initial and final setting times as dosage of calcined halloysite
increased.

The results of shape retention test are shown in Fig. 12-b. As
said above, the NH-3, NH-5, CH-3 and CH-5 samples were not
extrudable, and thereby were excluded from the shape retention
test. The results suggest that the shape retention capacity of fresh
AAM composites was gradually increased by increasing the dosage
of both natural and calcined halloysite clay additives compared to
the control sample. This is due to the presence of halloysite clay
particles with fine particle size and high specific surface area,
which leads to the higher free water absorption in the fresh mix-
ture. However, for all mixtures modified with calcined halloysite
clay particles, the shape stability is relatively lower than their
counterparts reinforced with natural halloysite clay particles. The
higher shape retention capacity of the NH-modified composites
could be attributed to the existence of hydroxyl (-OH) functional
groups in the NH particles (See Fig. 5). This oxygen content func-
tional group absorbs more free water, which leads to increased
friction between the solid components of the AAM mixture, creat-
ing stiffer mixtures compared to the control sample and the CH-
modified composites.

4.3. Mechanical performance of 3D printed samples

Based on aforementioned mechanical properties test results,
the mixtures containing 1.5 wt-% calcined halloysite (the CH-1.5
mixture) was selected as viable mixture for 3D printing. Fig. 13
shows the flexural and compressive strengths, of conventionally
cast and 3D printed (loading direction is perpendicular to the
printing path) of AAM samples containing 1.5 wt-% calcined and
natural halloysite clay along with the control sample after 7 days
of curing. It should be noted that the control sample and the NH-
1.5 were also printed for only the sake of comparison. The superior
mechanical performance of the CH-1.5 samples to the NH-1.5 mix-
ture is attributed to the better dispersion of CH particles within the
AAM matrix. In NH particles, there is a high tendency of free water
absorption, generated by -OH functional groups, which hinders
adequate distribution of NH particles in the fresh mixture. This
leads to the formation of agglomerated NH particles (see Fig. 8
and Fig. 9-d) [44,57], which act as a defect and consequently
reduce the mechanical properties of the resulting NH-modified
AAM composite.

Comparison between cast and printed samples showed that in
the control and NH-1.5 mixtures, the flexural strength of the
printed samples exhibited a reduction of 14% and 3%, respectively
compared to their conventionally cast counterparts. However, the
flexural strength reduction of NH-modified samples is negligible.
The compressive strength of the printed control sample (i.e.,
57.1 MPa) is comparable to that of cast control sample (i.e.,
56.6 MPa). In the case of the NH-1.5 mixture, a compressive
strength reduction of 14% is registered when compared to its con-
ventionally cast counterpart. On the other hand, incorporating the
CH additive increased the flexural and compressive strengths of
the printed CH-1.5 samples by 10% and 7%, respectively, compared
to the corresponding cast samples. This indicates that the flexural
and compressive strengths of 3D printed CH-1.5 samples were 88%
and 40%, respectively, higher than those of the printed control
samples. The higher mechanical performance of printed CH-1.5
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Fig. 13. Mechanical properties of cast versus printed samples: (a) flexural strength and (b) compressive strength. Note: The error bars show + 1.0 Standard Deviation.

compared to its cast counterpart has to be associated with several
reasons. According to Nerella et al. [58], two types of compaction,
i.e., extrusion and deposited layer’s weight compaction, are applied
to printed structures. The CH-1.5’s low shape stability, compared
to NH-1.5 mixture, generates better compaction in both com-
paction systems throughout the printing process compared to the
traditional cast sample. High compaction during the printing pro-
cess results in production samples with lower porosity (i.e., denser
structure), which enhances mechanical performance. It has been
also demonstrated that introducing nano-clay gener-
ates thixotropic behaviour, which indicates that the inter-particle
bonds within the mixture break under the extrusion shear forces.
After printing, the inter-particle bonds are reconstructed more
firmly, increasing the AAMs’ mechanical performance [12,59].
The high compaction of CH-1.5 during the extrusion process facil-
itates and intensifies the inter-particle bond reconstruction,
improving the mechanical performance.

4.4. Buildability

Fig. 14 shows the buildability performance of the control, CH-
1.5 and NH-1.5 mixtures. As shown in Fig. 14-a, a considerable
radial distortion and bottom layers height reduction was observed
for the control sample. This effect is associated with the compres-
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sive load induced by the weight of deposited top layers. However,
the higher shape retention of the mixtures modified with clay
(both CH-1.5 and NH-1.5) resulted in printed objects with no radial
distortion and minimal bottom layers height reduction (see
Fig. 14-b and 14-c). A smooth surface finish with no visible segre-
gations was observed on the outer surface of all printed objects.

After deposition of 15 layers, the height of each printed object
was measured. The heights of the control, NH-1.5 and CH-1.5
printed objects were measured to be 122 mm, 146 mm, and
143 mm, respectively, while the height of the model was
150 mm. Therefore, it can be concluded that incorporation of both
NH and CH halloysite additives significantly enhanced the build-
ability and shape stability performance of the printed AAMs. Both
NH-1.5 and CH-1.5 samples showed almost comparable buildabil-
ity performance. However, the results of shape retention assess-
ment (see Section 4.3) showed that the NH-1.5 mixture had a
slightly better shape stability compared to the CH-1.5 mixture
(see Fig. 12-b, in which the maximum compressive load at
30 mm vertical displacement increased from 40 N for the Control
sample to 190 N and 170 N for the NH-1.5 and CH-1.5 samples,
respectively).

As reported in several studies [10,60], compared to conven-
tional casting procedure, the capability to fabricate complex 3D
objects without the use of formwork is one of the most appealing
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Fig. 14. Buildability performance: (a) Control sample, (b) NH-1.5 sample, and (c) CH-1.5 sample.

(a)

Fig. 15. 3D printing of a twisted column made by the CH-1.5 mixture (a) CAD
model and (b) printed object.

characteristics of 3D printing process. The large gap between
design and production obliged the architect’s community to pursue
buildable and financially feasible designs to avoid one-time use of
custom moulds and formwork, considerable quantities of waste
materials, and unpredicted construction delays. The 3D printing
process enables ease of production of complex designs. Fig. 15
depicts a twisted column printed using the CH-1.5 composite con-
taining 1.5 wt¥% calcined clay, which demonstrated superior hard-
ened properties among other AAM compositions investigated in
this study. The twisted column was printed at a motion speed,
layer height, and layer width of 15 mm/s, 8 mm, and 30 mm,
respectively. The whole printing process took about 22 min. As
shown in Fig. 15-b, the printed twisted column composed of 45
layers showed no considerable structural distortion and bottom
layer deformation.

5. Conclusions

This study reported the effects of natural halloysite (NH) and
calcined halloysite (CH) clay additives on the fresh (i.e., open time,
shape stability and buildability) and hardened properties (i.e.,
microstructure, flexural and compressive strengths) of AAMs to
identify a suitable composition for 3D printing process. The NH
and CH additive materials were comprehensively characterised
using XRF, XRD, FTIR, TGA/DTG and SEM. From this research study
the following conclusions can be drawn:
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e The addition of 1.5 wt% of CH particles induced remarkable
enhancements on the flexural and compressive strengths of
the printed CH-1.5 samples (i.e., 88% and 40%, respectively)
compared to the printed control sample.

e The CH-1.5 mixture also exhibited significantly enhanced build-
ability and printing quality compared to the printed control
mixture. This made the CH-1.5 mixture suitable to print com-
plex members.

e The results indicated substantial differences in the mixtures’
fresh and hardened properties comprising the NH additive as
compared to the counterpart mixtures containing the CH addi-
tive, which occurred due to the calcination process.

This study proved the use of halloysite clay additives as both
reinforcing and rheology modifying additives in 3D printed AAMs.
The presented results lay the foundation for broader research in
the framework of 3D printable AAMs modified with calcined hal-
loysite clay additives. Future work can explore further optimisa-
tions on the printable feedstock and performance assessment of
complex printed structures.
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