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Abstract

An experimental investigation was carried out to develop geopolymer composites with the potential to self-control structural
damage. In this study, blast furnace slag, calcined clay and multi-walled carbon nanotubes (MWCNTSs) were substituted
into the geopolymer matrix. Firstly, reference samples with 5%, 10% and 15% calcined clay substitution were formed in
the experiments. It was observed that geopolymer composites with 10% calcined clay substitution gave the best results.
Secondly, MWCNTs were substituted at 0.25%, 0.5%, 1.0% and 1.5% to geopolymer concrete samples with 10% calcined clay
substitution. The effect of increasing MWCNT amount on the electrical properties of geopolymer concrete was investigated.
SEM/EDS, XRD analyses, microstructure and phase investigations were also carried out. 1% MWCNT substitution added
to the sample prepared with 10% calcined clay substitution was found to give the best result compared to other addition
ratios. This experimental study is very important for the design of durable and long-lasting structures in the field of structural
engineering. The study is also necessary for structural damage control of geopolymer composites. This study aimed to make
new geopolymer composite structures more durable and to provide good electrical conductivity. Thus, it shows that it can
shed light on further research.

Keywords Geopolymer - BES - Clay - MWCNT - Phase analysis - Microstructure - Mechanical properties - Electrical
properties

1 Introduction interest in these inorganic ceramic materials is constantly
increasing. Geopolymers are used as a replacement for Port-
land cement in the construction industry due to their proper-

ties such as acid resistance, low porosity, low drying shrink-

Geopolymers are inorganic materials resulting from the
alkali activation of aluminosilicates. Aluminosilicate source

materials can occur naturally, such as kaolin, metakaolin,
rice husk ash, and volcanic rock dust. Additionally, they
can be produced as a result of industrial processes such as
metakaolin, fly ash and blast furnace slag (Nawaz et al. 2020;
Khalid and Shobha 2023). Geopolymers are among the
fastest-growing groups of polymeric materials. Therefore,
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age, and high strength. Geopolymers are cheaper to produce
than Portland cement. It also results in lower carbon dioxide
emissions (Drabczyk et al. 2023). Geopolymer concrete has
aimed to reduce the environmental impact of the construc-
tion materials industry. For this reason, it has attracted great
interest as an alternative to OPC-based materials (Dieu and
Castel 2023). Ordinary portland cement (OPC) produc-
tion is responsible for approximately 1.35 billion tonnes of
carbon dioxide per year. It also accounts for 5-8 per cent
of greenhouse gas emissions worldwide. It is expected to
reduce the dependence on OPC for concrete construction. In
addition, it can also significantly benefit the environment by
reducing carbon dioxide emissions. As a result, geopolymer
concrete has emerged as a potential alternative to traditional
cement concrete (Kamal et al. 2023). Nanomaterials used in
construction can reduce global warming and significantly
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reduce costs by improving the properties of traditional mate-
rials. For this reason, they can offer a sustainable alternative
to traditional materials such as cement and fly ash (Akbar
et al. 2021). In the study carried out by Aygdrmez, it was
supported that geopolymers are sustainable and promising
products according to the results of experiments with waste
granite powder and fly ash (Yurdakul 2022).

Geopolymers are also composite structures. The sectors
where composite materials are most widely used are the
construction industry. These geopolymer composites are
formed by combining various materials together. Among
these materials, carbon-based nanomaterials are becoming
increasingly common. The recent rapid development of
nanotechnology has led to significant advances in building
materials for the construction industry. In particular, there
is intense research activity focused on carbon nanotubes
(CNTs) (Hawreen et al. 2019), carbon nanofibers (Xingyi
et al. 2018), nano carbon black (Heydar and Yilmaz 2021)
and other nano-structured materials (Arabaci Egemen and
Bekir Yilmaz Pekmezci 2021). In this context, carbon
nanotubes (CNTs) stand out as an important reinforcement
for different purposes in building materials, especially
in cementitious products (Younesi et al. 2015, 2012).
Among the most attractive properties of CNTs are their
superior mechanical, physical, electrical, and surface area
characteristics (Chong and Garboczi 2002). CNTs have high
stiffness and axial strength because they have carbon—carbon
sp2 bonds composed of graphitic layers. Therefore, they can
act as a bridge preventing crack formation in cement-based
materials (Morsy et al. 2011; T. N. M. Nguyen Tri et al.
2020). Carbon nanotubes are divided into two main groups:
single-walled (SWCNT) and multi-walled (MWCNT)
(Ismael Mustafa 2022).

These developments have paved the way for innovative
material options in the construction sector. Some of the
studies identified in the literature review on the subject are
summarized in Table 1.

This study investigates whether geopolymer composites
have the potential for self-monitoring structural damage.
The study examines the substitution of high furnace
slag, calcined clay, and multi-walled carbon nanotubes
(MWCNTs) in the geopolymer matrix. The experiments
were conducted in two stages: In the first stage, reference
samples with 5%, 10%, and 15% calcined clay substitutions
were prepared. In the second stage, geopolymer concrete
samples with 10% calcined clay substitution were substituted
with 0.25%, 0.5%, 1.0%, and 1.5% MWCNTs.

The experiments revealed that geopolymer composites
with 10% calcined clay substitution provided the
best results. It was also found that samples with 10%
calcined clay and 1% MWCNT substitution gave the best
results compared to other substitution ratios. The study
emphasizes that a suitable mixture of blast furnace slag,
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calcined clay, and MWCNTs can make the structures more
durable and electrically monitorable.

In this study, new generation nanomaterial substituted
geopolymer composites were developed and their strength
properties and electrical conductivity were investigated.
Geopolymer composite structures were obtained by using
blast furnace slag (BFS), calcined clay and MWCNTs
at different ratios. Tests and analyses were carried out
to determine the mechanical and physical properties
of the new material. Furthermore, this study aims to
provide potential future material options for more durable
and long-lasting structures in the fields of structural
engineering and materials science. As a result, this
research was conducted to contribute to the development
of geopolymer composites and to increase their potential
for use.

2 Materials and Methods
2.1 Materials
2.1.1 Multi-Walled Carbon Nanotube (MWCNT)

Multi-walled carbon nanotubes (MWCNTs) have been pre-
ferred to improve the mechanical performance of cement-
based materials since they have mechanical properties such
as tensile strength ranging from 60 to 190 GPa and Young's
modulus of 1.0 TPa (Moraes et al. 2015; MacKenzie and
Bolton 2009). In this study, multi-walled carbon nanotubes
(MWCNTSs) with 92% purity, 8-10 nm outer and 5-8 nm
inner diameter, 1-3 micron length and 240 m2/g specific
surface area were used as additives from Nanografi Nanote-
knoloji Turkey (Company of the Nanografi 2019). SEM
images of the MWCNT at different magnifications and EDS
analysis are given in Fig. 1 and Table 2.

2.1.2 Calcined Clay

Calcined clay is a type of clay that changes its shape by
firing at high temperatures (usually between 800 °C and
1000 °C). Its structure and chemical properties change with
the removal of water content and organic matter. This mate-
rial is used in the production of cement, ceramics, refractory
products and additives. It is known for its ability to provide
high strength, thermal durability and chemical resistance.
Chemically, it usually contains aluminum oxide (Al,O;) and
silicon dioxide (Si0,). SEM images and EDS graph of the
calcined clay at different magnifications are given in Fig. 2.
EDS analysis values are also given in Table 3.
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Table 1 Some studies in the literature using different methods and materials

Reference

Material

Examined features

(Sawarkar et al. 2023)

(Burciaga-Diaz et al. 2020)

(Torres-Carrasco and Puertas 2015)

(Zhidan et al. 2015)
(Conggqi et al. 2022)

(Gowda et al. 2017)

(Babalu and Pimplikar 2022)

(Vivek et al. 2021)

(Hisham M. Khater and El-Nagar 2020)

(H. M. Khater and Abd El Gawaad 2016)

(Zijian et al. 2020)
(Panjasil et al. 2018)
(Buchit et al. 2021)

(Meng et al. 2022)

(Saafi et al. 2013)
(Enrique et al. 2017)

(H. K. Kim et al. 2014a, b)

(H. K. Kim et al. 2014a, b)
(G. M. Kim et al. 2017)
(Hieu et al. 2020)

(Yu et al. 2014)

(Alireza et al. 2024)

(Leone et al. 2018)

High-calcium fly ash
Waste glass, kaolinite and metakaolin
Waste glass, fly ash

Nano-SiO,, ultra-fine fly ash, ultra-high
performance cementitious composites

Nano-SiO,, nano-CaCOj, nano-TiO,

Nano-alumina, Cement

Fly ash, Nano-silica

Fine aggregate, Cement, Coarse aggregate, Nano
Sio,

Silica fumes, glass waste powder, metakaolin,
blast furnace slag

Slag geopolymeric mortar, MWCNT
Carbon nanotube geopolymer Composite

High calcium fly ash geopolymer composite,
short carbon fiber

High calcium fly ash, MWCNT

Basalt fiber, (NaOH, KOH, Ca(OH),

Low-calcium fly ash, sodium silicate, sodium
hydroxide

CNT, cement-matrix composites
Silica fume, CNT, cement composites

CNT, silica fume, cement composites
CNT, cement composites
Textile-reinforced mortar, Carbon fiber textiles

Ultra-High Performance Hybrid Fibre
Reinforced Concrete

Fiber concrete Steel fiber Polypropylene fiber

Fiber reinforced concrete Recycled steel fibers

Compressive strength, flexural strength, elasticity,
heat of hydration, shrinkage deformation

Compressive strength, FT-IR, XRD, SEM, EDS,
NMR

Compressive strength, pore size distribution, XRD
and FTIR, NMR, BSEM/EDX

Compressive strength, flexural strength, hydration,
DTA/TG, X-ray, Pore structure, SEM

Compressive strength, hydration heat, TG, XRD,
MIP, SEM, NMR

Compressive strength, fire resistance, workability

Concrete microstructure, compressive Strength,
water permeability, RCPT, Water absorption

Compressive strength, splitting tensile strength
FTIR, XRD, DTG, compressive strength, SEM

XRD, FTIR, SEM, compressive strength, water
absorption and drying shrinkage

Mechanical properties, electrical properties,
durability, microstructure

Mechanic properties, electrical properties,
microstructure

Physical properties, mechanical properties, flow
diameter, electrical resistivity, piezoelectric
effect

Mechanical property, morphology,

SEM, mechanical characterization, electrical
conductivity, piezoresistive response

Electrical conductivity, sensitivity analyses,
waviness, agglomeration

SEM, compressive strength and porosity, electrical
resistance

Piezoresistivity, electrical resistance
Electrical resistivity, numerical simulations

Failure modes, shear crack propagation, cracking
shear stress, ultimate shear stress, crack
deformation, and residual shear stress

Static and dynamic properties

Direct shear strength compressive strengthtensile
strength

Shear behaviour

2.1.3 Blast Furnace Slag (BFS)

Granulated blast furnace slag (GBFS) is also among the
materials used in the production of AAS mortars. BFS was
obtained from Bolu cement factory. BFS is a waste material
formed by melting iron ore in a blast furnace and usually
contains components such as iron oxide, silicon dioxide and
calcium oxide. The density of this material ranges from 2.0
to 3.0 g/cm>. Particle sizes can also be on the micron or

millimeter scale. GBFS can have high porosity. SEM images
and EDS analysis of the BFS are given in Fig. 3. EDS analy-
sis values are also given in Table 4.

Materials used as alkaline activators include sodium
hydroxide (NaOH) and sodium silicate solution (Na,SiO5)
in solid form with 98% purity. 26.5% SiO2, 8.3% Na,O and
6.2% dH,0. The sand used in the preparation of geopolymers
is standard sand according to ASTM C778 and is a material
used for mortar preparation.

@ Springer
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13870
MAG: 5000 x HV:20.0 k¥ WD:26.2 mm

Fig.1 MWCNT SEM a [36] image and EDS graph b

Table2 MWCNT EDS analysis

Element  Series Net Unn.C (wt.—%) Norm.C (wt.—%)
Carbon K series 90,480 85.32 85.32
Oxygen  Kseries 1380 14.68 14.68

2.2 Experimental Studies
2.2.1 Production of Geopolymer Composites

When interacting with each other or with water molecules,
the samples may agglomerate. The agglomerations may
adversely affect the properties of the nanotubes and cause
a decrease in the properties of the composite structure.
Therefore, it is preferred to homogenize the nanotubes by
appropriate sonication process and then use them in order
to obtain a homogeneous distribution of MWCNTs in water.
Dispersion was carried out with a sonicator to obtain a

" @ Springer
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homogeneous mixture by preventing agglomeration of the
MWCNT reinforcement material. The stages of this process
are shown in Fig. 4.

To obtain geopolymer composite materials, two stages
were carried out. Firstly, SO coded geopolymer composite
without clay and MWCNT substitution was produced as a
reference sample. Then, for comparison with sample SO,
geopolymer composites coded S1, S2 and S3 were prepared
by substituting calcined clay at different ratios. Secondly,
MWCNTs were substituted at different ratios on the S2
sample (10% clay), which gave the best results. At this
stage, samples S2-1, S2-2, S2-3 and S2-4 were obtained.
The components are carefully mixed and standardized in
specific quantities. The mixing ratios of the materials used
in the composite production are shown at Table 5.

In the first phase of the study, the basic components of the
geopolymer composites were selected. These components
are clay, MWCNT, BFS (Blast Furnace Slag), NaOH (10 M),
Na,Si0;, sand and water. Then a geopolymer composite
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Fig.2 Calcined clay SEM image a and EDS graph b
Tab:e 3 Calcined clay EDS Element Series  Net Unn.C (wt—%) Norm.C (wt.—%) Oxid  Oxid. C (wt.—%)
analysis
Magnesium K 868 0.49 0.48 - -
Aluminium K 43,954 20.68 20.19 Al,O4 38.89
Silicon K 46,432 25.04 24.45 SiO, 53.32
Potassium K 7484 2.32 2.27 K,0 2.79
Calcium K 2255 0.68 0.66 CaO 0.94
Titanium K 1488 0.52 0.51 TiO, 0.87
Iron K 3486 1.90 1.86 Fe, 05 2.71
Oxygen K 18,878  50.80 49.59 - -

coded SO without clay and MWCNT was produced. For
comparison with sample SO, samples S1, S2 and S3 were
produced by substituting different proportions of calcined
clay. These samples represent different clay percentages.
The amount of BFS, NaOH (10 M) and Na,SiO; were not
changed. Mechanical tests were carried out to determine the
mechanical strength of the produced S0, S1, S2 and S3 sam-
ples. The highest values in flexural and compressive strength

tests were obtained from S2 sample with 10% calcined clay
reinforcement.

In the second stage, MWCNT was added to the geo-
polymer production. MWCNTs were substituted to the
10% clay reinforced S2 specimen with the best mechani-
cal strength at different ratios. New samples coded S2-1,
S2-2, S2-3 and S2-4 were produced. In this production
process, the amount of BFS, NaOH (10 M) and Na,SiO;
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Fig. 3 Blast furnace slag (BFS) SEM image a and EDS graph b
Table 4 Blast Furnace Slag Element Series  Net Unn.C (wt—%) Norm.C (wt.—%) Oxid  Oxid. C (wt.—%)
EDS analysis
Magnesium K 1 0.00 0.00 - -
Aluminium K 2042 1.54 1.83 AlO; 3.61
Silicon K 16,506  11.05 13.07 Si0, 29.23
Sulfur K 1 0.00 0.00 SO, 0.00
Potassium K 2101 1.20 1.42 K,0 1.79
Calcium K 56,144 34.70 41.06 CaO 60.06
Titanium K 992 0.80 0.95 TiO, 1.65
Manganese K 1950 1.88 2.22 MnO 3.00
Iron K 351 0.37 0.44 Fe,04 0.65
Oxygen K 3044 32.98 39.02 - -

were kept constant. Production of geopolymer composites ~ water. The stages of the production process are shown in
was completed by standardizing each sample to have spe-  Fig. 5.
cific amounts of BFS, NaOH (10 M), Na,SiO;, sand and

b
Ty

e @ Springer
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Fig.4 Dispersion of MWCNT

Table 5 Mixing ratios

T . The first stage
applied in the preparation of

geopolymer composites Sample code  Clay (%) MWCNT (%) BFS(g) NaOH(g) Na,SiO;(g) Sand(g) Water (g)
(oM

SO 0 450 32 127 1350 146
S1 5 0 427.5 32 127 1350 146
S2 10 0 405 32 127 1350 146
S3 15 0 382.5 32 127 1350 146
The second stage
S2-1 0.25
S2-2 10 0.5 405 32 27 1350 146
S2-3 1
S2-4 1.5

2.2.2 Particle Size Analysis

In this study, a laser-assisted grain size measuring device,
model number BT-9300Z, was used. This device can pre-
cisely determine grain size distributions between 0.1 um and
1250 pm. Using the Mie Scattering Principle, the device
analyzes the grain size of powdered materials in a liquid
medium. Grain size distribution profiles were obtained by
ensuring homogeneous distribution of the materials. The
Bettersize BT-9300Z model is a grain size analyzer in
accordance with industry standards and offers a wide range
of applications.

2.2.3 Flow Test

Workability of fresh mortar samples was evaluated according
to TS EN 1015-3 standard. The tests were carried out using
the methods and parameters specified in this standard.
Flow value is an important parameter for determining the
plasticity and flowability properties of mortars.

The TS EN 1015-3 standard is a widely used reference
point for evaluating the workability of cement and mor-
tars. The flow values were used to determine the work-
ability properties and working processes of geopolymer

composites. These values have been an important research
tool in evaluating the effects of different composite compo-
nents on workability. The flow values obtained according to
the TS EN 1015-3 standard are important factors in evalu-
ating the applicability of geopolymer composites with the
potential for self-control of structural damage.

2.2.4 Flexural and Compressive Strength

Compressive strength tests were conducted to assess the
mechanical strength of the geopolymer composites. The
geopolymer mortar mixtures were cured for 24 h under
laboratory conditions at room temperature. The samples
were then removed from the molds and air cured at
25+3 °C. Compressive and flexural strength tests were
performed on 50*50*50 mm cubes and 40*40*160 mm
bars in accordance with ASTM C109 and ASTM (348,
respectively. All experiments were carried out with waiting
periods of 7 and 28 days.

2.2.5 Microstructural Analysis
Scanning electron microscope (SEM) was used for

microstructural analysis and energy distribution
spectrometer (EDS) method was used for elemental analysis.

@ Springer
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MWCNT reinforcement ratios

Fig.5 Stages in the preparation of geopolymer composites

SEM imaging and EDS analysis were performed on a ZEISS
LEO 1430VP scanning SEM device. Shi-madzu XRD-
6000 LabX model device was used to investigate the phase
structures of geopolymer composites. This device enabled
phase analysis by X-Ray Diffraction (XRD) method. The
surface morphology and structural details of the geopolymer
composites were examined by SEM analysis. In XRD
analysis, the crystalline structures of the materials and the
compositions of possible phase changes were examined.

Fig.6 Two-point electrical con-
ductivity measurement setup

%
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2.2.6 Measurement of Electrical Properties

Conductivity tests were performed to characterize the elec-
trical properties. Material samples were subjected to electri-
cal conductivity measurements using appropriate test setups.
These tests were performed to evaluate the electrical con-
ductivity behavior of the materials and to determine their
electrical properties for potential applications. The electrical
measurement setup is shown in Fig. 6.
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In the electrical conductivity experiment, two-point direct
current electrical conductivity measurement method was
applied. In the experimental setup prepared for this experi-
ment, a direct current power supply and two avometers were
used. The voltage source was applied to the ends of the mate-
rial. Thanks to this voltage, a voltage is created at the ends
of the material. According to the sample resistance value, a
current passes through it and the resistance of the composite
material is determined by this electric current.

If the voltage between the ends of the material is called V
and the current flowing through it is called I, the resistance (R)
of the material is calculated as in Eq. 1.

R= (1)

4
1

Then, the electrical resistivity of the material is calculated
using Eq. 2. Here, L represents the length of the material, A
represents its cross-sectional area, and r represents its electrical
resistivity.

r—M 2
=7 @

In the last stage, after calculating the electrical resistivity
of the sample, the electrical conductivity value is found by
using Eq. 3.

3 Findings and Discussion
3.1 Particle Size Analysis

This analysis was performed to understand the dimensional
properties of the additives in the geopolymer composite
material.

3.1.1 Blast Furnace Slag (BFS)

The results obtained from dimensional analysis tests for
Blast Furnace Slag (BFS) are shown in Fig. 7 and Table 6.

According to the BFS particle size analysis report in
Fig. 7; Median Particle Size (D50) is 16.68 pm. This value
means that 50% of the particles have diameters smaller
than 16.68 pm and the other 50% have larger diameters.
Volume Average Diameter (D [4,3]) is 20.31 pm. This
parameter represents a volume-weighted average of the
particle distribution and indicates the overall size average.
Surface Average Diameter (D [32]) is 4.436 pm. Repre-
sents the surface-weighted average particle diameter. This
value is important for applications where surface interac-
tions are decisive. Span is 2.586. The span value indicates
the width of the particle size distribution. A low span
value indicates a homogeneous distribution, while a high
span value indicates a wider variation in size. Specific

1 . .
§== (3)  Surface Area (SSA) is 500.9 m?/kg. This value measures
d the surface area of particles per unit mass. A high SSA
value indicates the surface reactivity and efficiency of the
Fig.7 BFS particle size analysis Size Percent
100.0 7 6.0
/]
0.0 % 5.4
80.0 / K as
700 / /’ y 42
2 600 / / \ e
= =
£ s00 7 30 =%
5 VARN e
O 40.0 P / 24
30.0 1/ ¢ 18
' B /’ ’
20.0 ” e 12
1 \
10.0 A [ 1\ 06
00 L] - 00
00 0.1 1.0 10.0 100.0 1000.0
Size{um)
Table 6 BFS particle si
analysis Sizem) 05 1.0 20 50 100 200 450 750 1000
Percent 1.68 6.38 11.41 21.59 34.66 57.09 90.13 99.23 99.98
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Fig.8 Calcined clay particle Size Percent
size analysis 100.0 = 50
200 / as
80.0 AD /
A \ 'y 4.0
700 / A/ 35
] / { v
o\o 60.0 / ') \ 30 O
b=} =
E s00 / ‘\ 25 3
o
O a0 20
1/ N
30.0 / / \\ 15
/
200 \ 10
100 / ,,/ \ 05
0.0 =l N 0.0
00 0.1 1.0 100 100.0 10000
Size(um)
Zﬁg{; S7i . BES particle size Sizeum) 01 02 05 10 2.0 50 100 200 450 75.0
Percent 0.0 0.0 1.49 9.23 24.38 57.17 77.85 90.52 99.24 100.0
240
material. This particle size analysis presents in detail the
percentage distribution of different sized particles of blast g 200
furnace slag and important size values. = 160
2
. @ 120
3.1.2 Calcined Clay -
T 80
The results obtained from dimensional analysis tests for g
calcined clay are shown in Fig. 8 and Table 7. w40
According to the calcined clay particle size analysis
report in Fig. 8; D50 (Median Particle Size) is 4.114 pm. 0 & B S 553 £ o8 &)

This value means that 50% of the particles in calcined
clay have diameters smaller than 4.114 pm and the other
50% have larger diameters. Volume Average Diameter
(D[4,3]) is 7.465 pm. This parameter represents a volume-
weighted average of the particle distribution and indicates
the overall volumetric average of the particles in calcined
clay. Surface Average Diameter (D[3,2]) is 2.518 pm. The
surface-weighted average particle diameter indicates the
average diameter of the particles represented by the surface
area. This value is important for the surface reactivity
and efficiency of calcined clay. Span is 4.444. The span
value indicates the width of the particle size distribution.
A lower span value indicates a more homogeneous
distribution, while a higher span value indicates a wider
variation in size. Specific Surface Area (SSA) is 882.4 m?/
kg. This value measures the surface area of particles per
unit mass. A high SSA value reflects the surface reactivity
and efficiency of calcined clay.

2, @) Springer

Fig.9 Flow test results

3.1.3 Flow Test

The graph created according to the flow tests of geopoly-
mer composite materials is given in Fig. 9. When Fig. 9 is
examined, it is seen that the amount of flow in other samples
decreased compared to SO sample. S1 sample decreased by
9.53%, S2-1 sample by 15.24%, S2-2 sample by 15.71%,
S2-3 sample by 16.67%, S2-4 sample by 19.05% and S3
sample by 28.57% in terms of flow diameter. These percent-
age decreases indicate that clay and MWCNT substitution
in the samples negatively affected the workability properties
of geopolymer concrete. The samples with a higher percent-
age of substitution showed a greater decrease in the flow
diameter.
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A decrease in the flow diameter indicates that the concrete
mix has a more solid and dry structure, while an increase
indicates a more liquid and flowable structure. Therefore,
the flow diameter results are used as an important parameter
in evaluating the workability properties of geopolymer
concretes. As a result, according to the flow diameter results,
the SO sample has a more workable and more easily formable
structure than the other samples. The clay and MWCNT
substitution processes in the other samples reduced the flow
diameters.

3.1.4 Flexural Strength Test

Geopolymer composites have become a topic of increas-
ing interest in modern structural engineering and materi-
als science. The mechanical properties of these composites,
especially compressive and flexural strength, are critical
for the durability and performance of structures. Therefore,
examining the impact of different substitution processes
and components on the mechanical properties of geopol-
ymer composites can shape the use of these materials in
future construction projects. The graph based on the flexural
strength tests of geopolymer composite materials is given
in Fig. 10.

According to the 7-day and 28-day flexural strength
results of SO, which is considered as the reference sample
in Fig. 10, the flexural strength increased by 5.77% at
the end of 7 days and 5.60% at the end of 28 days. These
values indicate that sample SO shows a slight increase in
strength with the passing time. Sample S1 is a calcined
clay substitute sample. Accordingly, the 7-day and 28-day
flexural strength results show an increase of 4.68% and
4.55%, respectively. This indicates that calcined clay
substitution slightly increased the strength of sample S1.
Similarly, sample S3 was also formed with calcined clay
substitution. The 7-day and 28-day strength results of sample
S3 also showed an increase. These values indicate that the
calcined clay substitution increased the flexural strength of
the sample over time.

@7 days @28 days

L "
|
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Fig. 10 Flexural strength test results

When MWCNT reinforced samples are analyzed, the
effect of MWCNT substitution differs between the samples.
For example, the increase in the strength of sample S2-2
after 7 days and 28 days is more apparent than the other
samples. This indicates that the MWCNT substitution had a
positive effect on this particular sample, while sample S2-4
shows that the MWCNT substitution caused a significant
decrease in compressive strength.

In conclusion, this study provides an important
contribution for structural engineers and material scientists
to evaluate the performance of geopolymer composites.
The effects of different substitution processes and effects
on the mechanical properties of their components will form
the basis for developing more durable structures in the
future. This study can contribute to the further widespread
of geopolymer composites in the construction industry and
sustainable construction practices.

3.1.5 Compressive strength test

The data obtained from the compressive strength tests of
geopolymer composite materials are given in Fig. 11.

The SO sample was determined as the control sample
of this study and was compared with other samples.
These comparisons allowed us to examine the effects of
the substitution treatments on the compressive strength
properties in more detail. According to Fig. 11, sample S1
showed 3.2% higher strength than sample SO at 7 days and
4.68% higher strength than sample SO at 28 days. These
values indicate that calcined clay substitution slightly
increased the strength of sample S1.

Sample S2-1 shows a strength 5.1% higher than that of
sample SO at 7 days and 4.32% higher than that of sample SO
at 28 days. These results indicate that MWCNT substitution
slightly increased the strength of sample S2-1. Sample S2-2
showed 15.6% higher strength than sample SO at 7 days
and 9.1% higher strength than sample SO at 28 days. This
indicates that MWCNT substitution significantly increased
the strength of sample S2-2.
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Sample S2-3 shows 2.8% higher strength at 7 days
than sample SO and 4.53% higher strength at 28 days than
sample SO. These values indicate that MWCNT substitution
slightly increased the strength of sample S2-3. Sample S2-4
shows a strength 15.1% higher than sample SO at 7 days
and 2.69% higher than sample SO at 28 days. However, a
significant decrease was observed in this sample. It is seen
that MWCNT substitution decreases the strength of sample
S2-4. Sample S3 showed a 7.5% lower strength than sample
S0 at 7 days and 6.99% lower strength than sample SO at
28 days. This result indicates that the substitution of calcined
clay and MWCNT slightly reduced the strength of sample
S3.

In conclusion; 7-day strength results show that substitution
processes and components have significant effects on the
mechanical properties of geopolymer composite samples.
It was observed that MWCNT substitution caused an
increase in some samples and a decrease in some samples.
Calcined clay substitution also has a significant effect.
According to the 28-day strength results, the performance
of the samples is affected in different ways. Sample S2-2
showed a significant increase, while sample S3 showed a
significant decrease. Other samples also showed strength
increases or decreases at different rates. The mechanical
properties of the slag geopolymer mortar were observed to
increase significantly when multi-walled carbon nanotubes
(MWCNTs) were added to the mixture (Abu Al-Rub Rashid
et al. 2012). The addition of 0.5 wt% MWCNT increased
the compressive and flexural strengths of metakaolinite-
based geopolymer nanocomposites using MWCNTs at
three different concentration levels (Mesgari et al. 2016).
These results clearly illustrate how geopolymer composite
samples are affected by different substitution processes and
components.

3.1.6 Electrical Conductivity

Electrical conductivity and resistivity values of geopolymer
composites containing nanocarbon reinforced blast furnace
slag and clay cement are shown in Fig. 12. Electrical con-
ductivity values obtained by adding MWCNT at different
ratios to cements formed using 10% clay were compared. It
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was observed that the electrical conductivity of the material
increased as the amount of MWCNT added to the samples
increased. At the same rate, it was observed that the elec-
trical resistivity decreased. In particular, it is seen that the
electrical conductivity of the sample formed with a 1.5%
MWCNT reinforcement increases 2.25 times compared to
the sample formed with 1% MWCNT. This rate corresponds
to a very significant increase. This increase in electrical con-
ductivity has more than one effect. Firstly, CNTs must inter-
act with each other along a specific path in order to increase
the electrical conductivity of the material. In other words, in
order to ensure electron flow, that is, tunneling, the electrons
that will provide conductivity must be less than 5 nm apart
(Fangming et al. 2004). Therefore, it is natural for electrical
conductivity to increase if the material produced is homo-
geneously distributed (Jang et al. 2023).

Another factor influencing electrical conductivity is the
percolation threshold, which varies based on the structure
and contribution rate of the materials within the sample.
An increase in electrical conductivity suggests that it is
either below or equal to the percolation threshold. This
indicates that the added MWCNTs are evenly distributed
throughout the sample. The high electrical conductivity of
MWCNTs and their homogeneous distribution in the sample
significantly contribute to the overall increase in electrical
conductivity. These findings align with previous studies
(Yoon et al. 2023; Jang et al. 2021). In Fig. 12, a decreasing
trend in electrical resistivity is observed, as indicated by the
dashed line. This decrease in resistivity corresponds to an
increase in electrical conductivity, which is also represented
by a dashed line trending upward.

3.1.7 XRD Phase Analysis

XRD (X-ray diffraction) analysis provides important infor-
mation about the crystal structure and phase components of
the material. The data obtained from XRD (X-ray diffrac-
tion) analysis of geopolymer composite materials are shown
in Fig. 13.

The XRD data in Fig. 13 contains the diffraction
intensity at a specific X-ray diffraction angle (20).
High intensity peaks are observed at certain diffraction
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Fig. 13 XRD models of 10% Clay and a 0.25%, b 0.5%, ¢ 1.0%, d 1.5% MWCNT, e reference sample

angles in the data set. These peaks are due to the regular
arrangement of the crystal structures of the material.
They also provide information about the crystal structure
properties. High and sharp peaks in the graphs indicate
that the crystal structure is regular and homogeneous,

while low and broad peaks can be associated with

structural defects or amorphous structures. Fluctuations

and changes in density values indicate that the structural
properties of geopolymer composites vary. It also indicates

that certain crystal planes diffract more.

When 0.25% MWCNT and 10% clay reinforced
geopolymer composites in Fig. 13a are examined, it is
determined that SiO,, the main phase, has a hexagonal
P3121 (152) crystal structure. It is also seen that it has the
most intense peak in the (0 1 1) plane at approximately
26.63-two theta degrees. This is seen to occur in the same
way in all composite structures in Fig. 13b, c, d, e. It is
understood that (Na, Ca) Al (Si, Al); Og Sodium Calcium
Aluminum Silicate compound, which is the other effective
component in the geopolymer composite material, has the

, @ Springer
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most effective peak in the (0 0 2) plane at approximately
28.08-two theta degrees in the Triclinic C-1 (2) crystal
structure. The Ca(CO;) Calcium Carbonate compound in
the geopolymer is Rhombo. H.axes structure and has the
most intense peak at 29.4-two theta degrees (1 0 4). The last
component detected in the geopolymer composite structure
in Fig. 13a is (K, Nag 55) (Al Siy Og) Potassium Sodium
Aluminum Silicate. It is understood that the (K0.22 Na0.78)
(Al Si; Og) compound has the strongest peak in the (3 3 1)
plane at the 51.1-two theta course on the Triclinic C-1 (2)
crystal structure.

The most important reason for the highest peak of SiO,
compound in XRD analysis is considered to be the presence
of sand in the structure. Because the sand used contains 99%
SiO,. It is understood that the calcined clay, which is 10% in
the geopolymer composite, is also effective in XRD analysis.
Calcined clay contains 80.1% SiO, and 13.6% Al,O;.
Therefore, SiO, among these two important components
that make up the geopolymer composite structure formed
the most intense peaks in XRD analysis.

XRD analysis of the geopolymer composite with 0.25%
MWCNT and 10% clay reinforcement shows that the other
important compound is Ca(CO;) Calcium Carbonate.
Another one of the compounds that make up the geopolymer
composite is blast furnace slag (BFS). According to the
chemical structure and EDS analysis of BFS, it is seen that
it contains the highest proportion of Ca element and CaO
compound. Therefore, it is evaluated that the Ca(CO;) phase
detected in the geopolymer composite is largely due to BF.

According to the 1.5% MWCNT reinforced geopolymer
composite in Fig. 13d, it is seen that Al,0; K,0 6Si0O,
(Aluminum Potassium Silicate) compound is formed unlike
the others. It is seen that Al,O; K,0 6SiO5 has a monoclinic
C,/m (12) crystal structure and has the most intense peak in
the (—2 0 2) plane at approximately 27.08-two theta degrees.
The concentration of Al,O5, K,O and SiO, compounds in
the composition of BFS and calcined clay, which are the
main elements forming the geopolymer composite, is also
seen in XRD analysis. The same situation is also seen in
the reference sample given in Fig. 13 (e). BFS and calcined
clay, which are the matrix components in the geopolymer
composite structure, are clearly identified by the presence of
Al, 05, K,0 and SiO, compounds seen in the XRD analysis
of the reference sample.

According to the XRD patterns given in Fig. 13, it
can be observed that the amorphous components of the
matrix increase with the addition of MWCNT, while the
geopolymerization reaction continues. However, it is
understood that the carbon-based MWCNT reinforcement
materials in the geopolymer composite structures cannot be
directly detected. However, the prominence and position of
the crystal peaks clearly reflect the presence of the main
components of the matrix and the crystal structure. The
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XRD spectrum of the reference sample shows that the
matrix has a more homogeneous crystal structure without
the addition of MWCNT or clay. It can be stated that
MWCNT and clay additions affect the crystal structure
of the main matrix component BFS. It can be said that
MWCNT in different weight ratios in the geopolymer can
slightly affect the amorphous structure of the matrix, but
the geopolymerization reaction continues in all composite
structures.

A general evaluation of the XRD results reveals that
MWCNT and clay additions affect the crystal structure of
the BFS matrix. The addition of MWCNT was observed
to cause changes in the crystalline structural components
of the matrix, while the addition of clay was observed to
reflect the effects on the intrinsic structure of the matrix.
The results of the reference sample show in detail how the
addition of MWCNT and clay changed the crystal structure
of the matrix.

3.1.8 Microstructure and EDAX Elemental Analysis

Geopolymer concrete is a specialized building material
made with geopolymeric binders instead of conventional
Portland cement. When the internal structure of geopolymer
concrete is analyzed, the presence of N-A-S—H (sodium
aluminosilicate hydrate) or other geopolymeric binders
that contribute significantly to its mechanical properties
and durability is revealed. In addition, the Calcium
Aluminosilicate Hydrate (C—A—S—H) component present
in calcium-containing geopolymers increases durability.
Si—0-Si binders, also known as silicate (Si) binders, are
very important in the structure of geopolymers and define
the chemical properties of the binder material (Brough
and Atkinson 2002; Puertas et al. 2011; Eun et al. 2010).
(Table 8)

Understanding and optimizing the internal structure of
geopolymer concrete are imperative for advancing its prop-
erties. This knowledge not only influences the mechanical
characteristics of the material but also holds promise for
future construction applications with a focus on sustainabil-
ity. To illuminate these structures, SEM (scanning electron
microscopy) images were captured to examine the micro-
structure of geopolymer composite materials. Furthermore,
EDAX analyses were conducted to identify the elements
and compounds present in the geopolymer composite struc-
tures, as depicted in Figs. 14, 15, 16, 17, 18. In particular,
detailed analysis of the internal structure is important for
specific applications of geopolymer concretes. For instance,
the optimized properties could lead to the development of
structural elements for high-stress environments, seismic-
prone regions, or energy-efficient buildings. Moreover, the
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Table 8 SO reference sample

. Element Series  Net Unn.C (wt.—%)  Norm.C (wt.—%)  Oxid Oxid. C (wt.—%)
EDS analysis

Sodium K 6001 5.48 5.23 - -

Magnesium K 3252 2.11 2.01 Na,O 8.53
Aluminium K 10,004 5.26 5.02 AlLO;  11.49
Silicon K 34,627  16.79 16.03 SiO, 41.49
Sulfur K 1042 0.49 0.47 SO, 1.42
Potassium K 1439 0.68 0.64 K,0 0.94
Calcium K 37,779  19.80 18.90 CaO 32.01
Titanium K 1114 0.88 0.84 TiO, 1.70
Oxygen K 15,035  53.28 50.85 - -
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Fig. 14 SEM image (a) and EDS graph (b) of SO reference sample

sustainability dimension can enable geopolymer concrete to  of the basic building blocks of the concrete. This matrix

be used in environmentally friendly construction projects. contains geopolymeric components such as N-A-S-H
According to the SEM image in Fig. 14a, important  (sodium aluminosilicate hydrate) or C-A-S—H (calcium

information about the internal structure of geopolymer  aluminosilicate hydrate), which greatly contribute to the

concrete with 10% clay admixture can be obtained. These  durability of geopolymer concrete.

images clearly show the geopolymer matrix, which is one
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Fig. 15 SEM image a and EDS graph b of S2-1 (0.25% MWCNT + 10% Clay) geopolymer sample

According to the results of EDAX analysis, the presence
of different elements such as sodium (Na), magnesium (Mg),
aluminum (Al), silicon (Si), sulfur (S), potassium (K), cal-
cium (Ca), titanium (Ti) and oxygen (O) is observed. The
weight percentages of these elements determine the com-
position of the sample. In particular, silicon (Si) and cal-
cium (Ca) were found in high concentrations, while other
elements were found in lower concentrations. Silicon (Si)
is 16.79% by weight, Aluminum (Al) 5.26% by weight and
Calcium (Ca) 19.80% by weight. These ratios indicate the
presence of silicate and aluminosilicate minerals. Silicon
(Si) is considered the main component of silicate minerals
and is present in a high proportion. Aluminum (Al) is con-
sidered a component of aluminosilicate minerals. Calcium
(Ca) indicates the presence of lime or calcareous minerals.

In particular, the high concentration of silicon (Si) in
SEM images indicates the presence of silica or glass-like
minerals in the internal structure of the concrete. These
minerals play an important role in the formation of the

" @ Springer

geopolymer matrix and may contribute to the durability of
the concrete. Furthermore, the high concentration of calcium
oxide (CaO) indicates the presence of lime or calcium-
containing components inside the sample. (Table 9)

According to SEM images and EDAX analysis in Fig. 15;
sodium (Na), magnesium (Mg), aluminum (Al), silicon
(S1), sulfur (S), potassium (K), calcium (Ca), titanium
(Ti), manganese (Mn), iron (Fe) and oxygen (O) elements
are present in the composite. Si is present in 17.72 wt%
and Al in 5.40 wt%. These results show that silicate
and aluminosilicate minerals are present in the internal
structure of the sample. Silicon (Si) and aluminum (Al)
are the main components of silicate and aluminosilicate
minerals. SEM analysis shows that the geopolymer concrete
contains geopolymeric components such as N-A-S—H
(sodium aluminosilicate hydrate) or C—A-S—H (calcium
aluminosilicate hydrate), which greatly contribute to the
durability of geopolymer concrete. (Table 10)
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Fig. 16 SEM image a and EDS graph b of S2-2 (0.5% MWCNT + 10% Clay) geopolymer sample

It can be seen in Fig. 16 that there are various elements
in the chemical composition of the 0.5% MWCNT + 10%
Clay reinforced sample. The percentages of these elements
are important factors determining the composition and
properties of the sample. Especially silicon (Si), calcium
(Ca) and oxygen (O) are present in high percentages. The
SEM analysis in Fig. 16a shows that MWCNT is particu-
larly prominently detected. This result indicates the pres-
ence of MWCNT in the internal structure of the sample.
Furthermore, geopolymeric components such as N—-A—-S—H
(sodium aluminosilicate hydrate) or C—A—S—H (calcium alu-
minosilicate hydrate) appear to contribute to the structure
of the sample. Compressive strength tests showed that these
components increase the durability of geopolymer concrete.
(Table 11)

The chemical composition of the 1% MWCNT + 10%
clay reinforced geopolymer concrete sample shows high
percentages of Ca (21.53%), Si (15.48%), Na (3.27%), and
Al (4.05%). These elements are the primary components

of the sample. Ca and Si are indicative of the presence of
geopolymeric components like calcium aluminosilicate
hydrate (C—A-S-H) or sodium aluminosilicate hydrate
(N-A-S—-H), which are fundamental building blocks of
geopolymer concrete. These components play a crucial
role in enhancing the durability of geopolymer concrete.
Literature research indicates that the overall performance
of geopolymers improves with the addition of an appropriate
amount of calcium component (Yip et al. 2008; Ankur and
Siddique 2017). (Table 12)

The chemical composition of the 1.5% MWCNT + 10%
Clay reinforced geopolymer sample is very rich and contains
various elements in Fig. 18. The percentages of these
elements determine the composition of the sample. The
elements with particularly high percentages are Si 20.10%,
Al 6.80%, Ca 13.17% and Na 5.77%. These elements
constitute the main components of the sample. Silicon (Si)
is present in a high proportion and indicates the presence of
silica or glass-like minerals, one of the main components

2§\ Springer
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Fig. 17 SEM image a and EDS graph of S2-3 (1.0% MWCNT + 10% Clay) geopolymer sample

of the geopolymer matrix. Aluminum (Al) and calcium
(Ca) indicate the presence of aluminosilicate minerals and
geopolymeric components such as calcium aluminosilicate
hydrate (C—A-S-H).

As aresult, when the characterization of the geopolymer
samples was examined, it was seen that the amount
of MWCNT in 0.25% MWCNT + 10% Clay Additive
Geopolymer samples had a limited effect on the mechanical
properties of the matrix due to the low amount of MWCNT.
SEM analysis showed a slight improvement in the structure
of the matrix. The mechanical strength of the matrix
increased significantly as the amount of MWCNT increased
in the 0.5% MWCNT + 10% Clay reinforced Geopolymer
samples. SEM analyses showed that MWCNT was well
dispersed in the matrix and contributed to the compactness
of the matrix.

In 1% MWCNT + 10% Clay reinforced Geopolymer
samples, the mechanical strength of the matrix was
further increased with 1% MWCNT reinforcement. SEM

2, @) Springer

analysis confirmed that the dispersion of MWCNT in the
matrix increased the hardness and strength of the matrix.
Finally, in 1.5% MWCNT + 10% Clay reinforcement
Geopolymer samples, 1.5% MWCNT reinforcement
significantly increased the flexural and compressive strength
of the matrix. SEM analysis showed that MWCNT has a
homogeneous distribution in the matrix and strengthened
the mechanical properties of the matrix. Studies comparing
the mineralogical and structural characteristics of Portland
cement and geopolymer concretes, including the formation
of CSH (calcium silicate hydrate) and CASH (calcium
aluminosilicate hydrate) gels during curing under identical
conditions and for equal durations, have revealed significant
differences in mineralogical and structural properties.
These findings are consistent with previous research in the
field (Fernandez-Jiménez et al. 2003; Skibsted et al. 1998;
Lecomte et al. 2006).

In general, the mechanical properties of MWCNT
and clay-reinforced geopolymer samples demonstrated
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Fig. 18 SEM image a and EDS graph b of S2-4 (1.5% MWCNT + 10% Clay) geopolymer sample

Table9 $2-1(0.25% Element Series  Net Unn.C (wt.—%) Norm.C (wt.—%) Oxid  Oxid.C (Wt.—%)

MWCNT + 10% Clay)

geopolymer sample EDS Sodium K 4356 4.44 4.40 - -

analysis Magnesium K 3035 2.17 2.16 Na,0 7.6
Aluminium K 9229 5.40 5.35 Al O, 12.03
Silicon K 32,687 17.72 17.57 Sio, 4472
Sulfur K 894 0.48 0.47 SO, 1.41
Potassium K 1225 0.65 0.64 K,0 0.92
Calcium K 28892  16.74 16.60 CaO  27.63
Titanium K 809 0.69 0.68 TiO, 1.35
Manganese K 577 0.73 0.73 MnO 1.12
Iron K 482 0.71 0.70 Fe,0, 120
Oxygen K 11391  51.13 50.70 - -

improvement with increasing MWCNT content. SEM anal-
yses confirmed the homogeneous dispersion of MWCNT

within the matrix. These findings suggest that these mate-
rials hold significant potential for developing more durable

@ Springer



Iranian Journal of Science and Technology, Transactions of Civil Engineering

Table 10 S2-2 (0.5%

Element Series Net Unn.C (wt.—%) Norm.C (wt.—%) Oxid Oxid. C (wt.—%)
MWCNT + 10% Clay)
geopolymer sample EDS Sodium K 6669 5.67 4.94 - -
analysis Magnesium K 2353 1.42 1.24 Na,O 794
Aluminium K 11220 549 478 ALO; 1077
Silicon K 56,192 25.62 22.30 Si0,  56.90
Sulfur K 905 0.43 0.37 SO, 1.11
Potassium K 898 0.42 0.37 K,0 0.53
Calcium K 26,476  13.56 11.80 CaO 19.69
Titanium K 503 0.38 0.33 TiO, 0.66
Iron K 520 0.63 0.55 Fe,0;  0.93
Oxygen K 22,160  61.27 53.33 - -
Table 11 52-3 (1.0% Element Series  Net Unn.C (wt.—%)  Norm.C (wt.—%)  Oxid Oxid. C (wt.—%)
MWCNT + 10% Clay)
geopolymer sample EDS Sodium K 4083 3.27 3.56 - -
analysis Magnesium K 2282 1.27 1.38 Na,O 564
Aluminium K 9006 4.05 4.40 Al,O4 9.78
Silicon K 37,496 1548 16.82 Si0, 4236
Sulfur K 287 0.12 0.13 SO, 0.37
Potassium K 1788 0.68 0.74 K,0 1.05
Calcium K 53,008  21.53 23.38 CaO 38.53
Titanium K 549 0.30 0.32 TiO, 0.63
Oxygen K 11,661 4537 49.28 - -
Table 12 52-4 (1.5% Element Series  Net Umn.C (wt.—%) Norm.C (wt.—%) Oxid  Oxid. C (wt.—%)
MWCNT + 10% Clay)
geopolymer sample EDS Sodium K 5585 577 5.47 - -
analysis Magnesium K 2236 1.66 1.57 Na,0  9.06
Aluminium K 11313 6.80 6.44 ALO;  14.97
Silicon K 35376 20.10 19.04 Sio, 5012
Sulfur K 512 0.29 0.28 SO, 0.85
Potassium K 844 0.47 0.45 K,O 0.66
Calcium K 21,939 13.17 12.48 CaO 21.48
Titanium K 555 0.47 0.45 TiO, 0.92
Oxygen K 14987  56.82 53.83 - -

and sustainable structures in the construction industry and
infrastructure projects.

4 Conclusion

In this study, the electrical conductivity properties,
mechanical strength effects and workability properties
of geopolymer composites containing blast furnace slag,
calcined clay and MWCNT were investigated in detail and
the results are given below.

&
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e According to the results of mechanical strength tests,
it was found that MWCNT reinforcement increased
the compressive and flexural strengths of geopolymer
composites. In particular, it was observed that samples
with 0.25% MWCNT reinforced provided a significant
increase in mechanical strength values. This shows that
MWCNT has the potential to improve mechanical prop-
erties in the matrix.

e The results of the flow diameter tests show that different
MWCNT ratios affect the workability properties of
geopolymer mortar concrete. It was found that the
samples with 0.25% MWCNT content had lower flow
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diameter. This indicates that the MWCNT content
positively affects the workability up to a certain level,
but the reinforcement of higher proportions may
adversely affect the workability performance.

e The results show that the addition of MWCNT
significantly improves the electrical conductivity
properties of geopolymer composites. In particular,
the samples with 1% MWCNT reinforcement exhibited
high conductivity values. This indicates that these
composites can be used in applications requiring
electromagnetic conductivity.

e SEM image analysis showed the homogeneous
distribution of MWCNTs in the matrix and their
interaction with the matrix, and also revealed the
effect of clay reinforcement on the matrix structure.
It was observed that the mechanical properties of
geopolymer samples with different levels of MWCNT
and clay reinforcement improved and this improvement
became more pronounced with increasing MWCNT
content. SEM analyses confirmed that MWCNT has
a homogeneous distribution within the matrix and
increases the mechanical strength of the matrix.

e XRD results showed that MWCNT and clay
reinforcement affect the crystal structure of the
matrix. The MWCNT reinforcement led to changes
in the crystal structure of the matrix and the clay
reinforcement was found to affect the intrinsic structure
of the matrix.

As a result, it has shown that geopolymer composites
containing blast furnace slag, calcined clay and MWCNT
can be evaluated as a potential building material in the
construction industry. The high conductivity, mechanical
strength and workability properties of these materials are
of great importance for the control of structural damage and
the development of durable construction materials. Further
research and practical testing will provide more information
on the performance and behavior of these composites in the
future.
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