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ABSTRACT

This research investigated the effects of multi-walled carbon nanotubes

(MWCNTs) on the chemistry, microstructure, phase distribution, and fracture

response of potassium-based metakaolin geopolymers at the microscopic scale.

We formulated novel protocols to cast geopolymers reinforced with 0.3, 0.6, and

1.5 wt% MWCNTs. We studied the chemistry using XRD, FTIR, and solid state
29Si NMR. We characterized the microstructure and dispersion state of MWCNTs

geopolymers using microscopic imaging and high-resolution scanning electron

microscopy. We assessed the fracture behavior and mechanical properties using

scratch tests and indentation tests. We used cluster analysis of indentation results

to study the phase distribution. MWCNTs were well dispersed with an average

accumulated area less than 8.9 lm2. XRD showed that MWCNTs preserved the

amorphous phase. NMR showed that the addition of MWCNTs decreased

Q4(Al2) fraction, but increased Q4(Al3) fraction. We observed a densification of

the microstructure and a reduction in porosity. The microstructure showed that

MWCNTs acted as bridges for fracture surfaces and connections for pores. The

addition of 0.6 wt% MWCNTs increased the strength by 3.2%, and stiffness by

11.1%. Meanwhile, the addition of 1.5 wt% MWCNTs addition increased the

fracture toughness by 10.5%. An inner strengthening effect was observed as

MWCNTs reduced the microporosity, resulting in an increase in the indentation

modulus and hardness for the dominant microphase. Therefore, MWCNTs pro-

mote the geopolymerization reaction, strengthen the geopolymer skeleton, affect

the pore structure, and improve mechanical characteristics.
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GRAPHICAL ABSTRACT

Fracture Toughness En-
hancement by MWCNTs

MWCNTs 

Introduction

Geopolymers are amorphous aluminosilicate materi-

als composed of cross-linked alumina AlO�
4 and silica

SiO2 tetrahedra that form polysialates [1]. Geopoly-

mers have become popular in recent years as an eco-

friendly alternative to cement given their low carbon

footprint [1–8]. When the source of aluminosilicate is

synthetic metakaolin, the geopolymer is referred to

as a metakaolin-based geopolymer, which is pure

and considered to be a ‘‘model system’’ [9, 10].

Metakaolin-based geopolymers generally have a fas-

ter setting time compared to ordinary Portland

cement [3, 4] and have excellent durability in extreme

environments [11, 12, 29]. They have also shown

excellent performance in terms of high compressive

strength and low thermal conductivity [4], low

shrinkage [13, 14], high acid resistance, and high fire

resistance [15]. There are many potential applications

for metakaolin-geopolymers, such as next-generation

alternative construction materials [16], three-dimen-

sional (3-D) printing applications [17, 18], and sens-

ing structures [19]. There has been an increased focus

on geopolymer nanocomposites for ‘‘smart’’ infras-

tructures. An emerging class of nanomaterials for

geopolymers are carbon-based nanomaterials like

multi-walled carbon nanotubes (MWCNTs), which

are characterized by their excellent thermal conduc-

tivity, enhanced fire performance, strength, and light

weight [20–26].

Dispersion of high concentration levels of

MWCNTs in the geopolymer matrix remains a chal-

lenge due to the strong van der Waals interactions

leading to MWCNTs clusters or bundles [24, 27–31].

Researchers have used surface treatment [16, 29],

ultrasonication [32], and superplasticizers [32] to

assist dispersion. However, most methods have led

to a decrease in mechanical properties when dis-

persing high concentration levels of MWCNTs. Using

superplasticizers and 20-min ultrasonication to dis-

perse MWCNTs, Abbasi et al. [32] found that at 0.5

wt% MWCNTs, the metakaolin geopolymer’s com-

pressive strength increased by 32% and flexural

strength by 28%. However, they observed that there

was a small decrease in both compressive strength

and flexural strength with a the high concentration

level of 1.0 wt% MWCNTs. High concentration level

of MWCNTs (1.0 wt%) in geopolymers has also been

shown to increase the electrical conductivity by 194%

[16], which demonstrates their potential for applica-

tion in ‘‘smart’’ infrastructures. Saafi et al. [16] used

J Mater Sci



surfactant and 120-min sonication to create up to 1.0

wt% MWCNTs fly ash geopolymers. They found that

the optimum amount of MWCNTs for fly ash

geopolymers was 0.5 wt% and observed a decrease in

terms of flexural strength, Young’s modulus, and

flexural toughness with the addition of 1.0 wt%

MWCNTs. Yuan et al. [33] mixed metakaolin with

MWCNTs in ethanol with zirconia balls for 24 hours

and achieved high concentration levels of 0.5–5.0

wt%. They determined that 3.0 wt% MWCNTs

increased the fracture toughness by 38.5% and elastic

modulus by 29.6%. However, a decrease in mechan-

ical properties was also observed in their study.

Therefore, a new dispersion method for MWCNTs

needs to be developed.

The influence of MWCNTs on the mechanical

properties of geopolymers also requires further

studies. Studies of the influence of MWCNTs on the

fracture response of nanocomposites have been

studied before, for polymers. Gholami and

Khayamdar et al. studied the effects by MWCNTs on

adhesives [36], polymer adhesive joints [34, 38], and

epoxy adhesives [37]. MWCNTs are popular for

enhancing the fracture properties of polymer com-

posites [35] and also applied for construction mate-

rials [19, 39, 40]. However, there are few fracture

studies on metakaolin geopolymer systems. Rov-

nanik et al. [40] investigated the fracture performance

of fly-ash geopolymers with MWCNTs. However,

few studies have investigated the effects of MWCNTs

on the fracture performance of metakaolin-based

geopolymers. Yuan et al. [33] investigated the

enhancement effect of MWCNTs on fracture tough-

ness of metakaolin-based geopolymers at the macro-

scale. However, the fracture toughness value of their

reference plain geopolymer was low compared to

other studies such as [21, 41, 42]. The effects of

MWCNTs on the enhancement of fracture resistance

requires further investigation.

The influence of MWCNTs on the microstructure

of the metakaolin-based geopolymer matrix remains

unclear. For slag-based geopolymers, Rovnanik et al.

[40] and Khater et al. [43] found that the MWCNTs

decreased the porosity, which resulted in an increase

in the mechanical properties. For metakaolin-based

geopolymers, da Luz et al. [29], Abbasi et al. [32], and

Yuan et al. [33] found that in terms of microstructure,

MWCNTs acted as bridges, increasing the bridging

between geopolymer matrix. However, few qualita-

tive analyses have investigated this microstructure

bridging effect. Abbasi et al. [32] and da Luz et al. [29]

investigated the chemical effects of metakaolin com-

pared with a plain geopolymer using Fourier-trans-

form infrared spectroscopy (FTIR) analysis. Yuan et

al. [33] studied the effects of temperature on a 3 wt%

MWCNTs geopolymer. However, the chemical

effects of different concentration levels of MWCNTs

have not yet been investigated.

Rheology is another important factor for worka-

bility and potential 3-D printing applications. Da Luz

et al. [29] found that the addition of MWCNTs did not

influence the rheology of metakaolin-based geopoly-

mers. However, our extended study on a wider range

of concentration levels of MWCNTs revealed differ-

ent results from their conclusions.

Our research objective is to understand the influ-

ence of high concentration levels of MWCNTs on the

rheology of fresh geopolymer paste, the hardened

properties including geopolymerization phase dis-

tribution, fracture resistance, and on the nanostruc-

ture and microstructure of hardened geopolymer

matrices. This study combined rheology characteri-

zation, chemical characterization, and depth-sensing

mechanical characterization with cluster analysis. In

addition to characterization, we applied image anal-

ysis with a large dataset to characterize the MWCNTs

dispersion state. To this end, we employed grid

indentation to quantitatively evaluate the strength-

ening effects and characterize the microstructure

effects of metakaolin-based potassium geopolymers

reinforced with MWCNTs at different concentration

levels. We obtained the phase distribution based on

the grid indentation results to study the effects of the

MWCNTs on the microstructure of the geopolymer

matrix. Furthermore, using statistical analysis, we

evaluated the phase distribution of geopolymer

nanocomposites to study the influence of MWCNTs

on the mechanical micro-constituents. Moreover, to

understand the chemical effect of MWCNTs, we

performed XRD, FTIR, and NMR analysis. In addi-

tion, we characterized the rheological properties of

our geopolymer nanocomposites to assess their

workability and potential for 3-D printing applica-

tions. Table 1 introduces the mathematical notations

used in this study.

J Mater Sci



Materials and methods

Materials

To synthesize the metakaolin-based potassium

geopolymer nanocomposites, we used raw materials

including potassium hydroxide (Thermo Fisher Sci-

entific, Waltham, MA, USA), fumed silica (Wacker,

Munich, Germany), deionized water, and metakaolin

(BASF, Ludwigshafen, Germany) along with

MWCNTs (Cheaptubes, Grafton, VT, USA). The

chemical composition for the reference geopolymer

was K2O �Al2O3 � 4SiO2 � 11H2O. The fumed silica

had a particle size of 70 nm and a surface area of 300

m2 � g�1. The MWCNTs had an outer diameter of\
8nm, an inner diameter of 2–5 nm, a length of 10–30

lm, and a specific surface area of 500 m2 � g�1.

Scanning electron microscope (SEM) and X-ray

diffraction (XRD) of MWCNTs are shown in Fig. 1. X-

ray peaks exist at the diffraction angels (2h) of 26.0�,
42.9�, and 44.1�, which can be assigned to the C(002)

and C(100) reflection of the highly ordered graphitic

structure of carbon atoms [48–50]. We manufactured

four types of geopolymer nanocomposites as shown

in Table 2. The plain geopolymer without MWCNTs

was named KCT0.0. The geopolymer

nanocomposites reinforced with 0.3, 0.6, and 1.5 wt%

MWCNTs per mass of metakaolin were named

KCT0.3, KCT0.6, and KCT1.5, respectively.

To synthesize 100 g of geopolymer nanocompos-

ites, we used three steps as shown in Fig. 2. The first

step was to pre-disperse MWCNTs in 27.61 g of

deionized water using the ultrasonic energy pro-

vided by a VCX 750 ultrasonic horn (Sonics and

Materials, Newtown, CT, USA). The dispersion

energy was 2.8975 kJ per g of MWCNTs and per mL

of deionized water. The dispersion energy was

Table 1 Nomenclature
Symbol Definition Symbol Definition

Ac Contact area l Mean value

FT Horizontal force gp Plastic viscosity

c Shear rate P Vertical force

H Indentation hardness / Porosity

h Indentation depth R2 Coefficient of determination

Kc Fracture toughness s Standard derivation

M Indentation modulus s0 Yield shear stress

MWCNTs Multi-walled carbon nanotubes s Shear stress

(a) (b)

500 nm

Figure 1 a SEM of Raw

MWCNTs; b XRD of Raw

MWCNTs in this study.

Table 2 Mixture design for the MWCNTs-reinforced

geopolymers per 100 g of specimen

Sample name Concentration (wt%) MWCNTs (g)

KCT0.0 0.00 0.00

KCT0.3 0.29 0.10

KCT0.6 0.58 0.20

KCT1.5 1.47 0.50

KCT0.0 represents the plain geopolymer. KCT0.3, KCT0.6, and

KCT1.5 represent geopolymers reinforced with 0.3, 0.6, and 1.5

wt% MWCNTs, respectively, per weight of metakaolin. For all

mixture designs, 18.43 g of fumed silica, 19.87 g of potassium

hydroxide, 27.61 g of water, and 34.08 g of metakaolin were used

per 100 g of specimen
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proportional to the amount of MWCNTs. We used 8

kJ, 16 kJ, and 40 kJ of dispersion energy for KCT0.3,

KCT0.6, and KCT1.5, respectively. To reduce the heat

generated by the concentrated dispersion energy, an

ice bath was implemented. The MWCNTs were fur-

ther dispersed in the following two steps. The next

step was to produce the potassium silicate solution.

We mixed the well-dispersed MWCNTs suspension

with 19.87 g of potassium hydroxide and 18.43 g of

fumed silica until a uniform viscous solution was

produced. The final solution continued to be mixed in

a 3-mm orbital shaker at a rotational speed of 100

rpm at room temperature for 24 hours. Continuous

stirring in the orbital shaker was used to prevent

agglomeration and sedimentation of the MWCNTs

within the potassium silicate solution.

The final step was to manufacture the geopolymer

nanocomposites by mixing the potassium silicate

solution with metakaolin using a planetary centrifu-

gal mixer, THINKY ARE 310 (THINKY U.S.A.,

Laguna Hills, CA, USA). Mixing occurred in two

stages. The first stage involved centrifugal mixing at

1200 rpm for 3 min. The second stage was vacuum

degassing. We used proportional parameters for

different concentration levels to account for

MWCNTs-induced increases in the viscosity of the

MWCNTs-reinforced geopolymer slurries. The

selected vacuum degassing speeds and times were

1400 rpm for 3 min for KCT0.0 and KCT0.3, 1600 rpm

for 5 min for KCT0.6, and 1800 rpm for 10 min for

KCT1.5. The geopolymer slurries were then poured

into 30-mm-diameter cylindrical molds and sealed

with plastic wrap. The specimens were cured in an

orbital shaker at a rotational speed of 150 rpm and

under a temperature at 50 �C for 24 hours.

MWCNTs dispersion characterization
and optical microscope characterization

To perform the dispersion characterization of the

MWCNTs, for the solid state of MWCNTs reinforced

geopolymers, we applied microscopic imaging using

Amscope (Irvine, CA, USA) Infinity Plan Research

Compound Microscope (40X–2500X) to evaluate the

dispersion state. We took 100 images, 10 rows by 10

columns unrepeatable images for each sample using

microscopic imaging. The image size was 0.65 mm in

width and 0.49 mm in height. The image dataset of

KCT0.0, KCT0.3, KCT0.6, KCT1.5 with scale bars and

without scale bars were shared in the manuscript

dataset. Afterwards, we used image processing soft-

ware Image J and computer programming Python to

make the image binary and obtain the image data.

We plotted the grayscale histogram. Then, based on

Pegel et al.’s image threshold algorithm [45] to find

the binarization threshold. By applying the threshold,

we characterized the MWCNTs dispersion. The data

analysis technique and algorithm were put in Sup-

plementary Material Information (SI). A.

Optical microscopy imaging was conducted using

a Nikon high-resolution microscope. Afterward, the

optical microscopy images were processed through

digital image analysis to yield the meso-porosity. The

image size was 1.04 mm in width and 0.83 mm in

height. Images at different locations were used to

calculate the average porosity. To validate the results

obtained from the image analysis, we also measured

the macro-porosity based on ASTM C20-00 [46] and

Théréné et al. [47].

Multi-walled carbon 
nanotubes (

g)+Deionized Water

High-power pre-
dispersion using 
an ultrasonic horn 
and energy

Pre-dispersed MWCNTs 
solution+Potassium silicate solution 

made by mixing potassium 
hydroxide and fumed silica

Mix at 100 rpm on orbital 
shaker for 24 hours 

Mix pre-dispersed 
MWCNTs + potassium 
silicate solution with 

metakaolin using planetary 
centrifugal mixer

Mechanical 
stirring on an 
orbital shaker at 
150 rpm for 24 
hours at 50°C

Hardened 
MWCNTs-
geopolymer

Step 1

Step 2

Step 3.2
Centrifugal mixing 
at 1200 rpm for 3 
min and vacuum 
degassing to obtain
geopolymer slurries

Step 3.1

Figure 2 Manufacturing

process for geopolymer

nanocomposites.
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X-Ray diffraction and Fourier-transform
infrared spectroscopy (FTIR)

X-ray powder diffraction was used to characterize the

influence of MWCNTs on the chemistry of the

geopolymer nanocomposites. Prior to testing, the

samples were milled with ethanol using a McCrone

mill (Retsch, Newtown, PA, USA) to generate a

powder of uniform fineness, � 44 lm. X-ray powder

diffraction tests were conducted at the J.B. Cohen X-

ray Diffraction Facility using a Smartlab Gen2 3kW X-

ray diffractometer (Rigaku Corporation, Tokyo,

Japan) with an accessible energy of 40 keV, current of

30 mA, and Bragg angle of 2h in the range of 10� to

90�. The step size was 0.05�. FTIR was performed

using a Nicolet iS50 spectrometer (Thermo Fisher

Scientific, Waltham, MA, USA) at the NUANCE

Keck-II Facility. The powder specimens were pre-

pared using the same method as for the X-ray pow-

der diffraction analysis. In addition, KBr pellets were

prepared by pressing a mixture of specimen powder

and KBr (weight ratio of 1:100). The regular adsorp-

tion transmission mode was used with a frequency

range of 4000 to 400 cm�1, a resolution of 4 cm�1, and

an average of 64 scans. We applied statistical

deconvolution on the FTIR results using the Python

computer programming language [76].

Solid-state nuclear magnetic resonance

Solid-state nuclear magnetic resonance was applied

to study the chemistry effects by MWCNTs. The 29Si

NMR spectrum was obtained at a 400 MHz Bruker

Advance III HD system Hg400 (Bruker, Billerica, MA,

USA). The Magic Angle Spinning (MAS) solid-state

NMR was used to characterize the structure of sili-

con. Powdered specimens were packed into a 4-mm

rotor. Spectrum was obtained with a spinning speed

of 10 kHz with peak positions referenced to Si(SiMe3)

of -9.84 ppm. Two thousand forty-eight transients

were acquired using a single p/4 (10 ls) relaxation
delays.

Grinding and polishing

In order to perform microscopic testing, such as

scratch tests and indentation tests, we implemented a

rigorous specimen preparation procedure to yield a

low surface roughness. The cured geopolymers were

cold mounted into 35-mm-diameter cylindrical molds

using a low-viscosity epoxy resin. A high-precision,

low-speed saw with a diamond blade was utilized to

generate 5-mm thick cylindrical slices. The slices

were mounted onto 35-mm-diameter aluminum

disks. Digital photography images of the four types

of geopolymer nanocomposites are shown in SI. B.

Fig. 4. The mounted specimens were then ground

and polished using a semi-automated grinder/pol-

isher. Grinding was accomplished using silicon car-

bide abrasives of different grit sizes (400, 600, and

1200 grit, consecutively). Afterward, specimens were

polished using synthetic long-napped rayon cloths

with diamond suspensions of particle size 3 lm, 1

lm, and 0.05 lm. In between each step, the specimens

were rinsed for 2 min in an oil-based solution using

an ultrasonic bath to avoid contamination. The pol-

ished surface was characterized by scanning electron

microscope as shown in SI. B. Fig. 5. Afterward, the

polished specimens were stored in a vacuum desic-

cator at room temperature.

Scratch testing

Scratch testing was utilized to evaluate the fracture

behavior of geopolymer nanocomposites at the

microscopic length-scale. Scratch testing consists of

pulling a hard probe across the surface of the mate-

rial under a prescribed linear vertical force. We used

an Anton Paar microscopic scratch tester (Anton

Paar, Ashland, VA, USA) equipped with a 200-lm
Rockwell C diamond probe. For each type of

geopolymer nanocomposite, we performed 11 scratch

tests. Each test was characterized by a length of 3

mm, a scratch speed of 6 mm�min�1, and a maximum

vertical force of 5.5 N. The microscopic scratch was

integrated with an optical microscope to get micro-

scope images. The theory of scratch testing is

described in details in SI. C. 1.

Micro-indentation testing

We implemented the grid indentation method to

evaluate the mechanical behavior of the geopolymer

nanocomposites. For each series of tests, an 11�11

array of indentation tests was conducted using a

Berkovich indenter using Anton Paar nanohardness

tester (Anton Paar, Ashland, VA, USA). The indenter

contact area function was calibrated using fused silica

prior to testing. Each indentation test was character-

ized by a maximum vertical force of 500 mN, a
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loading/unloading rate of 1000 mN�min�1, and a 10

second pause. The inter-indent spacing was 100 lm.

For each indent, the vertical force P and penetration

depth h were recorded using high-resolution force

and displacement sensors with a precision of 20 nN

and 0.01 nm, respectively. For each indent, the

indentation hardness H and indentation modulus M

were calculated using Oliver and Pharr’s method [51]

as shown in Eq. (1):

H ¼ P

Ac
;M ¼

ffiffiffi

p
p

2

S
ffiffiffiffiffiffi

Ac

p ;S ¼ dP

dh

�

�

�

�

h¼hmax

ð1Þ

where S is the unloading slope. The contact area Ac

was calculated from the maximum depth hmax using

the calibrated contact area function for the indenter

[51, 52]. More details of cluster analysis for indenta-

tion were put in SI. C. 2.

Rheology characterization

In order to characterize the rheology of the fresh

geopolymer slurries, we used a modular compact

rheometer equipped with a plate-plate system with a

plate diameter of 24.98 mm. The measured distance

was 0.25 mm, and the measuring temperature was

25.00 ± 0.05 �C. Flow curves in a shear rate ranging

from 1 to 100 s�1 were measured in 17 constant,

logarithmically spaced steps with a time delay of 5

seconds between successive measurements. The

modified Bingham model (MBM) was implemented

to fit the shear stress and shear rate curves as shown

in Eq. (2) due to the non-Newtonian nature of the

fresh geopolymer nanocomposites:

s ¼ s0 þ gp � cþ cc2 ð2Þ

where s is the shear stress, c is the shear rate, and c is

a constant. Yield shear stress s0 and plastic viscosity

gp are the rheology characteristics. The rheology

parameters–yield shear stress s0 and plastic viscosity

gp–were determined through nonlinear fitting of

Eq. (2) [30] using the Python computer programming

language.

Results

Dispersion characterization

Figure 3 presents the presence of dispersed

MWCNTs. More details including the MWCNTs size

histogram distribution were put in SI. D. For KCT0.3,

the MWCNTs size was less than 8 lm2 with an

average of 5.423 lm2. For KCT0.6, it was less than 10

lm2 with an average of 6.631 lm2, while for KCT1.5,

all sizes were less than 13 lm2 with an average of

8.899 lm2. With the increase in concentration levels,

the average size becomes larger, which means that

the dispersion was more challenging. The results

showed that all MWCNTs were well dispersed.

Microstructure characterization

To characterize the microstructure of MWCNTs

reinforced geopolymers, we employed high-resolu-

tion scanning electron microscope. Figures 4 and 5

present the cross section of geopolymer reinforced

with MWCNTs. We can observe MWCNTs for all

three types of geopolymer nanocomposites. Figure 5

presents the presence of MWCNTs in pore structure.

Figure 4 displays MWCNTs growing in geopolymer

matrix. Figure 4 shows that MWCNTs was very well

dispersed in geopolymer matrix. More SEM images

were put in SI. H. From the microstructure,

MWCNTs were well dispersed in the geopolymer

matrix, and some part of MWCNTs grow inside the

geopolymer matrix and connect as bridges for frac-

ture surfaces.

With the addition of MWCNTs, the size of the

pores decreased. To quantify the change in microp-

orosity, we applied digital image analysis. More

details of image analysis approach can be found in SI.

A. The computed average microporosity values were

8.698, 4.576, 5.664, and 7.072% for KCT0.0, KCT0.3,

KCT0.6, and KCT1.5, respectively. Overall, we noted

a decrease in microporosity in MWCNTs-reinforced

geopolymers compared to the plain geopolymer.

KCT0.3 showed a 47.39% decreases in the microp-

orosity. To validate the results obtained from the

image analysis, we also measured the macro-porosity

based on ASTM C20-00 [46] and Théréné et al. [47].

We observed the same trend for the macro-porosity,

with values of 11.98, 11.60, 9.83, and 10.72% for

KCT0.0, KCT0.3, KCT0.6, and KCT1.5, respectively.

More details are shown in SI. A. 1.3. MWCNTs

decreased the macroporosity. However, 0.6 wt% was

the optimum concentration level. MWCNTs addition

decreased both the microporosity and macroporosity.

However, for the other two MWCNTs-reinforced

geopolymers, we noted a slight increase in
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microporosity as the fraction of MWCNTs reinforce-

ment increased. Overall, the porosity decreased with

the addition of MWCNTs compared to the plain

geopolymer.

X-Ray powder diffraction and FTIR

To understand the chemical influence of MWCNTs

on the chemistry of the geopolymer nanocomposites

in their hardened state, we applied X-ray powder

diffraction (XRD) and FTIR. Figure 6 displays the X-

ray diffractograms for the geopolymer nanocompos-

ites. For KCT0.0, the X-ray diffraction was amor-

phous with a broad peak located around 2h ¼ 28�.

The sharp peak located around 2h ¼ 25� refers to the

titanium dioxide present in the raw metakaolin

material. The results show that MWCNTs preserved

the amorphous structure of the geopolymer nano-

composites.

(a) (b)

(c) (d)

KCT0.0 KCT0.3

KCT0.6 KCT1.5

0.05mm

Figure 3 Microscopic images

of a KCT0.0, b KCT0.3,

c KCT0.6, and d KCT1.5.

 KCT0.3(a) (b)

(c)  KCT0.6  KCT1.5

500 nm

500 nm 500 nm

10 µm

(d)

Figure 4 SEM: a Plain

geopolymer, KCT0.0;

b Geopolymer reinforced with

0.3 wt% MWCNTs, KCT0.3;

c Geopolymer reinforced with

0.6 wt% MWCNTs, KCT0.6;

d Geopolymer reinforced with

1.5 wt% MWCNTs, KCT1.5 at

100, 000x.
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The FTIR spectra are shown in Fig. 7. We focused

on the wavenumber range of 400–1200 cm�1. We

observed three main peaks. The first peak was

around 840 cm�1 and represented the Si-OH bending

vibration. The second peak was around 1008 cm�1

and represented the asymmetrical vibration of Si(Al)-

O [65]. Finally, the third peak was around 1080-1100

cm�1 and represented the symmetrical vibration of

Si-O [66]. We observed a decrease in the wave

number characteristic of the bending vibration of Si-

OH. This decrease points to an increase in the mass of

the Si-OH bonds. Thus, it can be concluded that

MWCNTs promote the formation of Si-OH bonds. In

return, there was a decrease in the wave number

characteristic of symmetrical vibration in the Si-O

bonds, pointing to a reduction in Si-O bonds. Finally,

the wave number for the asymmetrical vibration for

Si(Al)-O remained the same for KCT0.3 and KCT0.6

and decreased for KCT1.5. A prior study related the

frequency of the Si(Al)-O asymmetrical vibration

Pore

(a) (b)Figure 5 a Microstructure of

the geopolymer matrix and

pore phase of KCT1.5;

b MWCNTs connect the

geopolymer pores and grow

with the geopolymer matrix to

fill the pore (KCT1.5).

Figure 6 X-Ray powder diffraction results for KCT0.0 (green),

KCT0.3 (blue), KCT0.6 (red), KCT1.5 (black), and metakaolin

(orange). Data are displayed as stacked.
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Figure 7 FTIR results: a 450–4000 cm�1 full spectrum; b 400–1200 cm�1 with peaks.
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band to the Si/Al ratio [67]. However, more analysis

needs to be done to characterize the change is Si-O

bonds.

NMR results

To characterize the Si-O bonds, we implemented

solid state 29Si NMR. The solid-state NMR results are

shown in Fig. 8 and Table 3. The solid NMR results

display a single broad resonance. For plain geopoly-

mer KCT0.0, the peak occurs at -92.3604 ppm with

18141.2 intensity. Our plain geopolymer Si/Al ¼ 2.

The plain metakaolin NMR results agree with pre-

vious studies on metakaolin geopolymers with Si/Al

¼ 1.9–2.15 [76–82]. More details of NMR fraction

analysis are shown in SI. E. For geopolymer rein-

forced with 0.3 and 0.6 wt% MWCNTs, the peak

occurs at the same position -91.7456 ppm, with

18584.4, 18763.5 intensity, respectively. For 1.5 wt%

MWCNTs, the peak shifted back to -92.9753 ppm

with the intensity of 18243.2. This result helps us to

understand the chemical structure effects by different

concentration levels of MWCNTs in geopolymer

system.

Fracture toughness of geopolymer
nanocomposites

Scratch testing was conducted to understand the

influence of MWCNTs reinforcement on the fracture

performance. The results of the scratch test are shown

in Fig. 9. The quantity FT/
ffiffiffiffiffiffiffiffiffi

2pA
p

was plotted along

the scratch length X, where FT is the horizontal force,

and 2pA is the scratch probe shape function. At the

beginning of the scratch, penetration depths were

relatively low, which resulted in extreme variation in

the results of FT/
ffiffiffiffiffiffiffiffiffi

2pA
p

. At this stage, the fracture

mechanisms combined plasticity and elasticity. With

the development of the scratch, FT/
ffiffiffiffiffiffiffiffiffi

2pA
p

reached a

convergence regime. The convergence of FT/
ffiffiffiffiffiffiffiffiffi

2pA
p

indicates that the fracture mechanism developed

from ductile to brittle. The linear elastic fracture

mechanics dominated in this area. Plots of the con-

verging fracture toughness analysis of each sample

can be found in SI. F.

(a) (b)

Figure 8 Solid-State 29Si MAS NMR of KCT0.0, KCT0.3, KCT0.6, KCT1.5, Metakaolin: a f1 range -150 to -50 ppm; b narrower range

-120 to -80 ppm.

Table 3 Results of 29Si Solid-State NMR MAS

Name KCT0.0 KCT0.3 KCT0.6 KCT1.5 Metakaolin

Peak, ppm -92.36 -91.74 -91.74 -92.97 -103.428

Intensity 18141 18584 18763 18243 13502

Figure 9 Scratch results for KCT0.0, KCT0.3, KCT0.6, and

KCT1.5.
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The fracture toughness value of the plain

geopolymer was 0.57 ± 0.03 MPa
ffiffiffiffi

m
p

, which agrees

with the fracture toughness of the plain metakaolin

geopolymer measured at the macroscopic scale using

three-point bending tests [42]. Therefore, the model

to assess the fracture toughness at the microscopic

scale is valid. High fractions of MWCNTs improved

the fracture toughness of the metakaolin-based

potassium geopolymers. The fracture toughness val-

ues were 0.53 ± 0.02, 0.58 ± 0.01, and 0.63 ± 0.03

MPa.m0:5 for KCT0.3, KCT0.6, and KCT1.5, respec-

tively. We observed a decrease in fracture toughness

with the addition of 0.3 MWCNTs. There was a 1.75%

increase in fracture toughness with the addition of 0.6

wt% MWCNTs. Finally, there was a huge increase

(10.52%) in fracture toughness compared to the plain

geopolymer with the addition of 1.5 wt% MWCNTs.

Scanning electron microscope images (Fig. 10a)

showed that the fracture surfaces of pure geopoly-

mer, while Fig. 10b, c, d shows that MWCNTs acted

as bridges between fracture surfaces and connected

the geopolymer matrix. Figure 10b, c, d shows that

the MWCNTs pull-out effects, where MWCNTs

worked as fiber reinforcement.

Grid indentation and cluster analysis results

Grid indentation was implemented to characterize

the underlying mechanical phases at the microscopic

length scale, based on the distribution of the inden-

tation modulus M, indentation hardness H, and local

microporosity /. Figure 11 displays the histograms of

the indentation modulus. Histograms of the inden-

tation hardness can be found in SI. G. Indentation

Hardness. The presence of MWCNTs affected the

frequency of the indentation modulus. We also

observed a broadening of the peak of the indentation

modulus, which points to an increase in the hetero-

geneity levels as the fraction of MWCNTs increased.

The measured average indentation modulus was 7.76

± 0.23, 7.83 ± 0.31, 8.01 ± 0.44, and 7.48 ± 0.49 GPa

for the plain geopolymer, KCT0.3, KCT0.6, and

KCT1.5, respectively. Thus, the average indentation

modulus increased by 0.9 and 3.2% with the addition

of 0.3 and 0.6 wt% MWCNTs, respectively. However,

incorporating 1.5 wt% MWCNTs decreased the

indentation modulus by 3.6%. Similarly, the mea-

sured average indentation hardness was 388.27 ±

16.93, 414.41 ± 23.60, 431.33 ± 37.67, and 392.31 ±

41.20 MPa for the plain geopolymer, KCT0.3, KCT0.6,

and KCT1.5, respectively. The indentation hardness

500 nm 500 nm

500 nm 500 nm

(a) KCT0.0 (b) KCT0.3

(c) KCT0.6 (d) KCT1.5

Figure 10 Fracture surface

demonstrating that MWCNTs

act as bridges to connect the

geopolymer matrix

relationships: a Pure

geopolymer KCT0.0;

b Geopolymer reinforced with

0.3 MWCNTs, KCT0.3;

c Geopolymer reinforced with

0.6 MWCNTs, KCT0.6;

d Geopolymer reinforced with

1.5 wt% MWCNTs, KCT1.5.
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Figure 11 Indentation modulus M histogram: a KCT0.0 (green), b KCT0.3 (orange), c KCT0.6 (blue), and d KCT1.5 (black).

(a) (b)

(c) (d)

Figure 12 Cluster analysis of the indentation hardness H (GPa)

and indentation modulus M (GPa): a KCT0.0, b KCT0.3,

c KCT0.6, and d KCT1.5. Red circles represent the geopolymer

with porous phase, green circles represent the main geopolymer

phase, blue squares represents geopolymer phase, and black circles

represent a much stronger geopolymer phase.
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results were put in SI. G. Thus, the addition of

MWCNTs increased the indentation hardness by 6.7,

11.1, and 1.04% for 0.3, 0.6, and 1.5 wt% MWCNTs,

respectively.

We implemented cluster analysis using the Gaus-

sian mixture method to quantify the phase transfor-

mation and shift. Figure 12 displays the results of the

cluster analysis. The detailed characteristics for all

phases in all specimens are given in Table 4.

The main phase of the plain geopolymer had an

indentation modulus of 7.759 GPa, an indentation

hardness of 0.388 GPa, and a porosity of 8.7%. For

KCT0.3, the main phase characteristics increased to

7.822 GPa for the indentation modulus and 0.414 GPa

for the indentation hardness; meanwhile, the porosity

decreased to 5.6%. For KCT0.6, the reinforcement

effects prevailed, with the main phase characteristics

increasing to 8.171 GPa for the indentation modulus

and 0.445 GPa for the indentation hardness, and the

porosity decreasing to 5.1%. For KCT0.6, there was a

weaker phase, with an indentation modulus of 7.620

GPa, indentation hardness of 0.401 GPa, and porosity

of 7.4%. However, for KCT1.5, a bimodal distribution

with two dominating phases was observed. In the

weaker phase, an indentation modulus of 7.407 GPa,

indentation hardness of 0.387 GPa, and porosity of

7.5% were observed. In the stronger phase, an

indentation modulus of 8.114 GPa, indentation

hardness of 0.436 GPa, and porosity of 0.45% were

observed.

Here, we recall the NMR results (see Fig. 8) and

indentation statistical results (see Table 4), in which

KCT0.3, KCT0.6, and KCT1.5 showed an increase in

atomic structural changes (Q4(Al3)), due to the

geopolymerization. However, for KCT1.5, it showed

a smaller increase compared to KCT0.3 and KCT0.6.

The indentation results agree with the NMR results

and show that KCT0.6 exhibited the highest values

for the indentation modulus and hardness. Overall,

our indentation results show that the addition of

MWCNTs promoted the growth of a stronger

geopolymer phase.

Rheology test results

We employed rheology tests to investigate the

behavior of the geopolymer nanocomposites under a

fresh state. Figure 13a shows the evolution of the

Table 4 Cluster analysis volume fraction results

Sample name Phase Volume fraction lM GPa sM GPa lH GPa sM GPa l/ s/

KCT0.0 Porous phase 0.015 7.166 0.003 0.338 0.002 0.114 0.004

Geopolymer 0.944 7.759 0.038 0.388 0.000 0.087 0.000

Geopolymer 0.008 7.763 0.002 0.388 0.003 0.087 0.007

Stronger phase 0.016 8.031 0.001 0.453 0.003 0.076 0.005

Stronger phase 0.016 9.011 0.002 0.499 0.003 0.037 0.005

KCT0.3 Porous phase 0.012 6.688 0.002 0.335 0.003 0.108 0.005

Geopolymer 0.967 7.822 0.056 0.414 0.001 0.056 0.000

Geopolymer 0.008 7.834 0.002 0.415 0.003 0.055 0.007

Geopolymer 0.000 7.834 0.002 0.415 0.003 0.055 0.007

Stronger phase 0.012 9.164 0.004 0.479 0.002 0.003 0.004

KCT0.6 Porous phase 0.022 6.077 0.004 0.255 0.002 0.150 0.004

Geopolymer 0.303 7.620 0.032 0.401 0.001 0.074 0.001

Geopolymer 0.000 8.012 0.002 0.431 0.003 0.058 0.007

Stronger 0.607 8.171 0.029 0.445 0.000 0.051 0.000

Stronger phase 0.067 8.700 0.008 0.481 0.001 0.030 0.002

KCT1.5 Porous phase 0.073 6.312 0.237 0.298 0.002 0.130 0.003

Geopolymer 0.183 7.097 0.005 0.363 0.001 0.090 0.001

Geopolymer 0.320 7.407 0.009 0.387 0.000 0.075 0.000

Geopolymer 0.227 7.713 0.007 0.414 0.001 0.062 0.001

Stronger phase 0.198 8.114 0.022 0.436 0.001 0.045 0.001

lM: average indentation modulus; lH: average indention hardness; l/: average porosity; sM: standard deviation of indentation modulus;

sH: standard deviation of indentation hardness; s/: standard derivation of porosity
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viscosity for different shear rates. Figure 13b shows

the bar plot of plastic viscosity and yield stress after

MBM fitting. The shear stress–shear rates curves and

the MBM fitting curves are shown in SI. We observed

a shear-thickening non-Newtonian behavior. The

results demonstrated that the addition of 0.3 wt%

MWCNTs decreased the plastic viscosity compared

to the plain geopolymer. However, for KCT0.6 and

KCT1.5, we observe a higher plastic viscosity and

shear stress compared to the plain geopolymer. When

the shear rate was less than 40 s�1, KCT0.6 had the

highest plastic viscosity. However, when the shear

rate increased, KCT1.5 had the highest plastic vis-

cosity. The plastic viscosity and yield shear stress

values obtained from the MBM are shown in Table 5.

There was an increasing trend of yield shear stress

with the addition of MWCNTs (Fig. 13b). For KCT0.6

and KCT1.5, we noted 79.79 and 56.37% increases in

plastic viscosity, respectively. Similarly, the yield

shear stress increased by 28.29, 560.32, and 280.96%

for KCT0.3, KCT0.6, and KCT1.5, respectively.

Discussion

Dispersion state and microstructure

Based on the image analysis, we found out that the

MWCNTs accumulated area was in the range of 2–13

lm2, which is quite low compared to previous liter-

ature on construction materials with MWCNTs. To

our knowledge, there was few reported results on

dispersion state characterization of geopolymer with

MWCNTs using microscopic image. Thus, we com-

pared our results to a similar functionality, classic

construction material cement results published in

peer-reviewed top journals. Zou et al. obtained

179.446 lm2 for the average area of CNTs in cement

system [74]. Zhan et al. obtained 1367.25 lm2 and

52.48 lm2 in CNTs in cement system [75]. Compar-

ison with previous literature results, our method to

disperse MWCNTs is valid and efficient.

Combining the results from the chemical charac-

terization with the indentation results, MWCNTs

stiffen the metakaolin-based geopolymer matrices.

For mass fractions of 0.3 and 0.6 wt% MWCNTs, the

average indentation modulus increased as the mass

fraction of MWCNTs increased. The sharp decline in

the indentation modulus for 1.5 wt% MWCNTs can

be explained by the increase in microporosity.

Porosity determines the strength of geopolymers

[57]. Compared to the plain geopolymer, the porosity

was reduced by 47.3, 34.8, and 18.7% with the addi-

tion of 0.3, 0.6, and 1.5 wt% MWCNTs, respectively.

The computed average microporosity value was

8.698, 4.576, 5.664, and 7.072% for KCT0.0, KCT0.3,

KCT0.6, and KCT1.5, respectively. Compared to a

study on potassium geopolymer foams with CNTs

Figure 13 a Viscosity g—shear rate relationships; b Bar plot of plastic viscosity gp and yield shear stress s0.

Table 5 Rheology results

Specimen gp
(Pa�s)

s0,
Pa

c R2

KCT0.0 6.83 13.61 0.015 0.999956

KCT0.3 4.32 17.46 0.016 0.999957

KCT0.6 12.28 89.87 -0.021 0.999975

KCT1.5 10.68 51.85 0.037 0.999987

gp: plastic viscosity;s0: yield shear stress; R2: coefficient of

determination
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[73], the porosity in our study was much smaller and

they also noticed the reduction with the reinforce-

ment of MWCNTs. Yan et al. [73] used foamed

geopolymers instead of normal geopolymers, and we

used a different dispersion procedure. Moreover, we

noted an increase in microporosity as the fraction of

MWCNTs reinforcement increased. Using Hashin–

Shtrikman bounds, the Young’s modulus for KCT0.0,

KCT0.3, and KCT0.6 are in the predictive range,

which indicates that the porosity fraction of the

geopolymer is quite low. Recalling the rheology test

results, the plastic viscosity increased as the fraction

of MWCNTs increases, which may explain the

observed increase in microporosity for the MWCNTs-

reinforced geopolymers. Thus, we observed two

competitive trends. On the one hand, MWCNTs led

to a reduction in pore size and pore fraction; on the

other hand, the increase in plastic viscosity of the

MWCNTs-reinforced geopolymer slurries promoted

the development of microscopic air voids. MWCNTs

act as fillers to connect the geopolymer pores and

grow with the geopolymer matrix to fill the pore.

Effects of MWCNTs on chemical properties

The X-ray diffraction results showed that MWCNTs

preserved the amorphous structure of metakaolin-

based potassium geopolymers. The statistical FTIR

results showed that MWCNTs affected chemical

bonds; specifically, we observed an increase in Si-OH

bonds and a reduction in Si-O bonds. Thus,

MWCNTs promote the hydroxylation of Si atoms in

the geopolymer. This inner strengthening is corrob-

orated by the densification in microstructure. More-

over, this inner strengthening effect was also

observed in the statistical deconvolution results as

the mechanical properties of the dominant phase

increased.

Davidovits studied that the broad peak was com-

prised of all five possible silicon Q4(mAl) species

including Q4(4Al), Q4(3Al), Q4(2Al), Q4(1Al), and

Q4(0Al), which are resonating at approximately -84, -

89, -93, -99, and -108 ppm, respectively [1, 78, 82].

Therefore, the deconvolution is based on the five

possible silicon Q4(mAl). From our results, we have

more Q4(2Al) since our Si/Al ratio is 2. With the

addition of 0.3 and 0.6 wt% MWCNTs, it seems that

there was a little more fraction of Q4(3Al). However,

for 1.5 wt% MWCNTs, we have more Q4(3Al). This

may be due to the cluster effects by high concentra-

tion MWCNTs.

Enhancement in fracture resistance

Our microscopic fracture tests indicated a positive

correlation between the fracture toughness and the

mass fraction of MWCNTs for metakaolin-based

geopolymers. Rovnanik et al. [40] found that fly ash

geopolymer mortars with a low concentration of

MWCNTs (0.05 and 0.1 with respect to fly ash)

decreased the fracture toughness by 9 and 13%,

respectively. Rovnanik et al. found that 0.15 and 0.2%

MWCNTs can increase the fracture toughness by 7

and 10%, respectively. Even though they used mortar

and a different type of aluminosilicate source (fly

ash), our results showed a similar trend. For Rov-

nanik et al. [40], their fracture toughness of fly ash

based geopolymer mortars was in the range of 0.175–

0.300 MPa�
ffiffiffiffi

m
p

, which was smaller than the plain

(a) (b)

Figure 14 a Fracture Toughness with reference; b Elastic Modulus with reference.
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metakaolin geopolymer reported in another study

[42]. Yuan et al. [33] found that high concentration

levels of MWCNTs enhanced the fracture behavior of

metakaolin-based geopolymers using a classical

macroscopic method. However, their fracture

toughness values were quite low, ranging from 0.12

to 0.18 MPa�
ffiffiffiffi

m
p

(fracture toughness of the plain

geopolymer was around 0.12 MPa�
ffiffiffiffi

m
p

in their study).

This plain geopolymer value disagrees with that of

other studies, which showed values of 0.5 MPa�
ffiffiffiffi

m
p

by Zhang et al. [42] and 0.52–0.60 MPa�
ffiffiffiffi

m
p

by Liz-

cano et al. [41] as shown in Fig. 14.

Our tested fracture toughness was in the range of

0.475–0.66 MPa�
ffiffiffiffi

m
p

. As mentioned previously, the

fracture toughness value of our plain geopolymer

using microscopic scratch testing was 0.57 ± 0.03

MPa�
ffiffiffiffi

m
p

, which agrees with the fracture toughness of

previous study (around 0.5 MPa
ffiffiffiffi

m
p

for the plain

metakaolin geopolymer measured at the macroscopic

scale using three-point bending tests reported in a

recent study by Zhang et al. [42] and a previous study

by Lizcano et al. [41]. We observed that the addition

of 0.3 wt% MWCNTs slightly decreased the fracture

toughness while 0.6 and 1.5 wt% MWCNTs increased

the fracture toughness by 1.75 and 10.52%, respec-

tively. Moreover, we observed a small decrease in

fracture toughness for 0.3 MWCNTs and an increase

for 0.6 and 1.5 wt% MWCNTs.

We observed that for plain geopolymer, there were

no pull-out effects or bridging effects. However, for

the geopolymer reinforced with 0.3, 0.6, 1.5 wt%

MWCNTs, we can observe those effects by

MWCNTs, which lead to the increase in fracture

toughness. For plain geopolymer, we obtained a

fracture toughness value from 0.485 to 0.635 MPa
ffiffiffiffi

m
p

while the fracture toughness of geopolymer rein-

forced with 0.3 wt% MWCNTs ranges from 0.494 to

0.595 MPa
ffiffiffiffi

m
p

. If we focus on the lowest value of the

geopolymers, MWCNTs increased the fracture

toughness. However, considering the highest values

and average values, 0.3 wt% MWCNTs decreased the

fracture toughness. This decrease in the fracture

toughness can be explained by an increase in capil-

lary porosity or pre-existing cracks. This decline can

also be explained by a lower level of concentration of

MWCNTs which would inhibit their crack bridging

potential. Previous literature also observed a decline

in fracture toughness. The decline in fracture tough-

ness was related to the increase in strength and

hardness at the same time. MWCNTs act as bridges

and pull-out ‘‘fibers’’ to enhance the fracture tough-

ness in the geopolymer matrix.

Indentation result

In the meanwhile, indentation results and indenta-

tion analysis using Gaussian mixture method to

quantify the phase transformation and shift showed

that the addition of MWCNTs promoted the growth

of a stronger geopolymer phase. The results of our

elastic modulus test via indentation (using 10 mN of

force) of the plain metakaolin agrees with a previous

study by Si et al. [72] as shown in Fig. 14b. Moreover,

Chen et al. [71] used nanoindentation to test the creep

behavior of a metakaolin sodium geopolymer using

50 mN of indentation force and obtained a lower

value for the elastic modulus. The scanning electron

microscope image shown in Fig. 13 demonstrates that

MWCNTs connect the geopolymer matrix in the pore

phase. Our indentation results agree with the

microstructure results by SEM. For KCT0.3, we

observed a 0.9% increase in the indentation modulus,

and 6.73% increase in the indentation hardness. The

addition of 0.6 wt% MWCNTs increased the inden-

tation modulus and hardness by 3.2 and 11.1%,

respectively. However, 1.5 wt% MWCNTs decreased

the indentation modulus by 3.6% and increased the

indentation hardness by 1.04%. For 0.6 and 1.5 wt%

MWCNTs, the results showed a bimodal distribution

with two dominant phases while the plain geopoly-

mer and KCT0.3 only had one dominant phase. The

analysis showed that MWCNTs promote a stronger

phase. The addition of 0.6 and 1.5 wt% MWCNTs

promoted another main phase, with the indentation

modulus increasing from 7.759 GPa (plain geopoly-

mer) to 8.171 GPa (5.30% increase) and 8.114 GPa

(4.57% increase), respectively. At the same time, 0.6

and 1.5 wt% MWCNTs developed another main

phase, with the indentation hardness increasing from

0.414 GPa (plain geopolymer) to 0.445 GPa (7.49%

increase) and 0.436 GPa (5.31% increase), respec-

tively. The elastic modulus obtained by indentation

in our study agrees with elastic modulus results

obtained in other studies [29, 71, 72] (Fig. 14b).

Moreover, da Luz et al. [29] showed that a decrease in

the elastic modulus with the addition of 0.1

MWCNTs, our results showed an increase in the

elastic modulus with the addition of 0.3 and 0.6 wt%

MWCNTs, indicating a suitable dispersion method.
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Furthermore, we conducted an extended investiga-

tion of geopolymers reinforced with different levels

of MWCNTs. Our quantitative results showed that

MWCNTs promote geopolymerization.

Our study showed that the addition of MWCNTs

promoted the geopolymer to grow another stronger

phase and promoted geopolymerization in the

metakaolin-based potassium geopolymers. More-

over, the indentation results agree with the NMR

results and show that KCT0.6 exhibited the highest

values for the indentation modulus and hardness.

Furthermore, MWCNTs influence the chemistry and

MWCNTs grow in and connect the pores in the

geopolymer matrix. This microstructure enhance-

ment effect was related to the increase in both

indentation modulus and indentation hardness.

Using SEM and indentation phase distribution

results, we conclude that MWCNTs help the

geopolymer to grow a stronger phase.

Rheology of the fresh state

In terms of rheology, two of the most important fac-

tors in 3-D printing of geopolymers are the plastic

viscosity and the yield shear stress [68, 69]. Our plain

geopolymer KCT0.0 had a yield stress of 13.61 Pa.

This value agrees with that on a previous study on

construction geopolymers [30]. Moreover, our mea-

sured yield shear stress for the plain geopolymer

KCT0.0 also agrees with the yield stress range

(11.5–13.6 Pa) reported by da Luz et al. [29] using

mini-slump consistency tests. However, we provide

additional insights on the effect of MWCNTs on the

rheology. Da Luz et al. [29] reported that low fractions

of MWCNTs would have little effect on the rheolog-

ical properties of geopolymers; however, they only

considered 0.1 and 0.2 of MWCNTs per weight of

metakaolin. For the higher fractions of MWCNTs ([
0.3 wt%), we found that MWCNTs had a contradic-

tory effect on the rheological properties. For KCT0.6

and KCT1.5, the plastic viscosity increased by 79.8

and 56.37%, respectively. Finally, the yield shear

stress value increased by 28.29, 560.32, and 280.96%

for KCT0.3, KCT0.6, and KCT1.5, respectively.

The plastic viscosity for geopolymer nanocompos-

ites was in the same viscosity range as geopolymer

mortars used for 3-D printing [70]. The increase in

both the yield shear stress and plastic viscosity makes

MWCNTs-reinforced geopolymer inks an attractive

option for 3-D printing applications. In addition, the

MWCNTs fraction influenced the rheological prop-

erties. As a result, in future applications, the yield

stress and plastic viscosity can be tailored by

adjusting the fraction of reinforcing nanomaterials

like MWCNTs so as to simultaneously optimize the

rheological behavior in the fresh state and the

mechanical properties in the hardened state.

Conclusions

We studied four types of metakaolin based potas-

sium geopolymer nanocomposites: a plain geopoly-

mer and geopolymers reinforced with 0.3, 0.6, and 1.5

wt% MWCNTs. XRD, FTIR, and solid-state NMR

were implemented to study the chemical influence of

MWCNTs. Then, we characterized the dispersion

state and microstructure. We implemented scratch

testing to evaluate the fracture behavior at the micro-

scale. We also investigated the mechanical behavior,

including the indentation hardness and indentation

modulus using statistical analyses. Combining the

indentation results for chemical characterization,

dispersion, microstructure, fracture toughness,

mechanical properties, and fresh state rheology

characterization, the following conclusions can be

derived:

1. For dispersion state, the average size of 0.3, 0.6,

and 1.5 wt% MWCNTs geopolymers were 5.4

lm2, 6.6 lm2, and 8.9 lm2 respectively, which can

be considered well dispersed.

2. NMR analysis showed that MWCNTs decreased

Q4(Al2) but increased the fraction of Q4(Al3),

suggesting that MWCNTs accelerated the

geopolymerization reaction. MWCNTs preserved

the amorphous state of geopolymers by XRD

results. MWCNTs connected the pore structure,

and helped the geopolymer matrix denser.

3. The fracture toughness of the plain geopolymer

was 0.57 MPa.
ffiffiffiffi

m
p

. A 10.5% increase was

observed with addition of 1.5 wt% MWCNTs.

MWCNTs act as bridges and pull-out ‘‘fibers’’ to

enhance the fracture toughness of metakaolin-

based geopolymers. Bridging effects dominate for

1.5 wt% MWCNTs.

4. 0.3 and 0.6 wt% MWCNTs increased the strength

and stiffness, for the compensation for fracture

toughness while 1.5 wt% MWCNTs increased the

fracture toughness but for the compensation for

J Mater Sci



strength and stiffness. The addition of 0.6 and 1.5

wt% MWCNTs promoted another main phase, in

terms of indentation modulus and hardness,

which increased from 7.700 GPa (plain geopoly-

mer) to 8.171 GPa (5.30% increase) and 8.114 GPa

(4.57% increase) of indentation modulus, respec-

tively. Statistical deconvolution analyses showed

that MWCNTs strengthened the geopolymer

matrix. The indentation hardness increased from

0.414 GPa (plain geopolymer) to 0.445 GPa (7.49%

increase) and 0.436 GPa (5.31% increase), with the

addition of 0.6 and 1.5 wt% MWCNTs,

respectively.

5. An increase in the plastic viscosity and the shear

yield stress was observed with the addition of

MWCNTs, with the highest being for 1.5 wt%

MWCNTs. The fresh state result may explain the

increase in porosity for high concentration levels.

These results suggest that the plastic viscosity

and the shear yield stress can be tailored with the

addition of MWCNTs, with important implica-

tions for 3-D printing applications.

6. Our novel mixing method yielded high-perfor-

mance metakaolin-based geopolymer nanocom-

posites when reinforced with high concentration

levels of 0.6–1.5 wt% MWCNTs.
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carbon nanotubes on the mechanical fracture properties of fly

ash geopolymer. Procedia Eng 151:321–328. https://doi.org/

10.1016/j.proeng.2016.07.360

[41] Lizcano M, Kim HS, Basu S, Radovic M (2012) Mechanical

properties of sodium and potassium activated metakaolin-

based geopolymers. J Mater Sci 47:2607–2616. https://doi.

org/10.1007/s10853-011-6085-4

[42] Zhang P, Wang K, Wang J et al (2020) Mechanical properties

and prediction of fracture parameters of geopolymer/alkali-

activated mortar modified with PVA fiber and nano-SiO2.

Ceram Int 46:20027–20037. https://doi.org/10.1016/j.ceram

int.2020.05.074

[43] Khater HM, Abd El Gawaad HA (2016) Characterization of

alkali activated geopolymer mortar doped with MWCNT.

Constr Build Mater 102:329–337. https://doi.org/10.1016/j.c

onbuildmat.2015.10.121

[44] Chen X, Mondal P (2020) Effects of NaOH amount on

condensation mechanism to form aluminosilicate, case study

of geopolymer gel synthesized via sol-gel method. J Sol-Gel

Sci Technol 96:589–603. https://doi.org/10.1007/s10971-02

0-05360-6
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