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ABSTRACT

The influence of nanoclay (NC) and calcined nanoclay (CNC) on the mechanical and thermal
properties of cement nano-composites presented. Calcined nanoclay is prepared by heating
nanoclay (Cloisite 30B) at 900° C for 2h. Characterisation of microstructure is investigated using
Quantitative X-ray Diffraction Analysis (QXDA) and High Resolution Transmission Electron
Microscopy (HRTEM). Estimation of Ca(OH), content in the cement nanocomposite is studied
by the combination of QXDA and thermogravimetry analysis (TGA) techniques. Results showed
that the mechanical and thermal properties of the cement nanocomposites are improved as a
result of NC and CNC addition. An optimum replacement of ordinary Portland cement with 1
wt% CNC is observed through reduced porosity and water absorption as well as increased
density, compressive strength, flexural strength, fracture toughness, impact strength, hardness
and thermal stability of cement nanocomposites. The microstructural analyses from QXRA and

SEM indicate that the CNC acted not only as a filler to improve the microstructure, but also as



the activator to support the pozzolanic reaction. Cost-benefit analysis indicates that nanoparticles
are expensive but from economic point of view nanoclay is used in very small amount (i.e. 1 wt.
%) in cementitious materials. As a result nanoclay does not add any significant cost but improves

the mechanical properties significantly.

Keywords: A. Nano-structures; B. Mechanical properties; B. Thermal properties; D. Mechanical

testing; E. Thermal analysis.

1. Introduction

Nowadays, nanotechnology is one of the most active research areas in the civil engineering and
construction materials [1-3]. Nanoparticles are used in polymer, ceramic and construction
materials in order to produce cement nanocomposites that exhibit superior physical and
mechanical properties [4, 5]. In the construction industry, several types of nanomaterials have
been incorporated into concretes or cement based materials such as nano-SiO; nano-Al,0s3,
nano-Fe,03, nano-Zn0,, nano-MgO nano-CaCOs3, nano-TiO,, carbon nanotubes, nano-
metakaolin and nano-ZrO; in order to improve the durability and mechanical properties of
concrete and Portland cement matrix [6-10]. Supit and Shaikh [11] reported that the addition of
1% nano-CaCOjs increased the compressive strength of mortar and concrete significantly. Nano-
silica (NS) has recently been introduced as an advanced pozzolan to improve the microstructure
and stability of cement based system [12]. It has been observed that the NS consumed free lime
(calcium hydroxide) during cement hydration and formed calcium silicate hydrate (CSH) gel due
to its high fineness and reactivity [13]. In addition, the NS is particularly beneficial in acting as a
nucleus to make the cement hydrate dense and improves the interfacial transition zone despite of

small amount of replacement. From some conducted experiments, Zhang and Islam [14] and Jo



et al. [15] reported better performance of concrete containing NS than that containing silica
fume. Nano silica also improved the microstructure and mechanical properties of high calcium
fly ash based geopolymer cured at ambient temperature [16].

Nanoclay (NC) is a new generation of processed clay for a wide range of high-performance
cement nanocomposite [17, 18]. As a kind of nano-pozzolanic material, nanoclay not only
reduces the pore size and porosity of the cement matrix, but also improves the strength of cement
matrix [19]. Furthermore, nanoclay particles enhance hardened properties of cement paste and
mortar. Farzadnia et al. [20] reported that incorporation of 3% halloysite nanoclay into cement
mortars increased the 28™ day compressive strength up to 24% compared to the control samples.
However, little research is reported on the use of calcined nanoclay (CNC) as reinforcement in
cement nanocomposite. In this paper, the effect of different amounts of nanoclay and calcined
nanoclay on the mechanical and thermal properties of cement nanocomposite is studied. Due to
calcination the amorphous contents of nanoclay is increased, which later reacted with Ca(OH),
of the cement hydration products and formed additional calcium-silica-hydrate (CSH) gel. The
benefit of the use of CNC is the improvement of microstructure of the cement nanocomposite.
The microstructures of cement nanocomposite were investigated using Quantitative X-ray
Diffraction Analysis (QXDA) and High Resolution Transmission Electron Microscopy

(HRTEM).
2. Experimental procedure

2.1 Materials

The nanoclay platelets (Cloisite 30B) used in this investigation is a natural montmorillonite

modified with a quaternary ammonium salt, which was supplied by Southern Clay Products,



USA. The specification and physical properties of Cloisite 30B are shown in Table 1. Ordinary

Portland cement (ASTM Type I) was used in all mixes.
2.2 Thermal treatment of nanoclay

Calcined nanoclay (CNC) was prepared by heating the nanoclay at 800, 850 and 900°C for 2 h in
an electric furnace with a heating rate of 10° C/min. The calcined nanoclay was then
characterized by XRD, EDS and TEM in order to determine the amorphous phase of calcined

nanoclay.
2.3 Sample preparation

2.3.1 Cement nanocomposite

Ordinary Portland cement (OPC) is partially substituted by nanoclay (NC) or calcined nanoclay
(CNC) of 1, 2 and 3 % by weight of OPC. The OPC and NC or CNC were first dry mixed for 5
minutes in a Hobart mixer at a low speed and then mixed for another 10 minutes at high speed
until homogeneity was achieved. The binder is either nanoclay-cement dry powder or calcined
nanoclay-cement dry powder. The cement nanocomposite paste was prepared through adding
water with a water / binder ratio of 0.485. The cement nanocomposite containing 1, 2 and 3 wt%
NC is termed as NCC1, NCC2 and NCC3, respectively. And also the cement nanocomposite
containing 1, 2 and 3 wt% CNC is termed as CNCC1, CNCC2 and CNCC3, respectively. The

cement paste (C) was considered as a control. The mix proportions are shown in Table 2.

2.3.2 Curing and specimens

Regarding each series, five cubes of size 50x50x50 mm and five prismatic plate specimens of

300x70x10 mm in dimension were cast. All specimens were demolded after 24 h of casting and



kept under water for approximately 56 days. Five rectangular specimens of each series with
dimensions 70x20x10 mm were cut from the fully cured prismatic plate for each mechanical and

physical test. For compressive strength test, five cubes of size 50x50%50 mm were cast.

2.4 Material Characterisation

2.4.1 High Resolution Transmission Electron Microscopy (HRTEM)

High resolution transmission electron microscopy imaging was done using 3000F (JEOL
company) operating at 300 kV equipped with a 4x4 k CCD camera (Gatan). Nanoclay and
calcined nanoclay powders were dispersed in ethanol inside small glass containers by using
ultrasonic device for 15 minutes. After that few drops of suspension were mounted onto copper

grid and then kept to dry for 24 hour at room temperature prior to examination.

2.4.2 The Quantitative X-ray Diffraction Analysis (QXDA)

The samples were measured on a D8 Advance Diffractometer (Bruker-AXS) using Cu Ka (A =
1.5406 A) radiation. The diffractometer were scanned from 7° to 70° (20) using a scanning rate
of 0.5°/min. The Quantitative X-ray Diffraction Analysis (QXDA) with Rietveld refinement was
done with Bruker DIFFRAC™"® TOPAS software associated with the International Centre for
Diffraction Data PDF-4 2013 database. Corundum [Al,O3] was chosen to serve as an internal
standard [2, 21-23]. The samples for QXDA were prepared by mixing a dry weight of 3.0 g of
cement paste or cement nanocomposite paste with 0.33 g of Corundum [Al,O3] as the internal

standard [4, 24].

2.4.3 Scanning electron microscopy (SEM)



Scanning electron microscopy imaging was obtained using a NEON 40ESB, ZEISS, equipped
with energy dispersive spectroscopy (EDS). The SEM investigation of samples was carried out
in detail on their microstructures and the fractured surfaces. Samples were coated with a thin

layer of platinum before observation by SEM to avoid charging.

2.4.4 Thermogravimetric analysis (TGA)

The thermal stability of samples was studied by thermogravimetry analysis (TGA). A Mettler
Toledo TGA 1 star system analyser was used for all measurements. Samples with 30 mg were
placed in an alumina crucible and tests were carried out in Argon atmosphere with a heating rate

of 10°C/min from 25 to 1000 °C.

2.5 Physical properties

Measurements of bulk density and porosity were conducted to determine the quality of cement

nanocomposite. The calculation for density was carried out by using the following equation:

D)

Where, p = density in (g/cm®), My - mass of the dried sample (g) and V = volume of the test
specimen (cm®).
According to ASTM C-20 Standard [25], the apparent porosity Ps was calculated using the

following equation:

P, = m, —Mg 100 )



Where M; = mass of the sample saturated with and suspended in water, Mg = mass of the

sample saturated in air.

For the water absorption test, the produced specimens were dried at a temperature of 80 °C until
their mass became constant and then the mass was weighed (Wj). The specimens were then
immersed in clean water at a temperature of 20 °C for 48 h. After the desired immersion period,
the specimens were taken out and wiped quickly with wet cloth, and then the mass was weighed
(W,) immediately. The water absorption (Wa) was calculated by using the formula:

_ W -W,
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2.6 Mechanical properties
2.6.1 Compressive strength

Compressive strength of specimens was tested according to ASTM: C109 using a loading rate of
0.33 MPa/s. The cube samples of size 50x50x50 mm are cast. Five cubic specimens of each

composition were used to measure the compressive strength.

2.6.2 Flexural strength and fracture toughness

Three-point bend tests were conducted using a LLOYD Material Testing Machine to evaluate the

flexural strength and fracture toughness of the specimens. The support span used was 40 mm
with a displacement rate of 0.5 mm/min. The flexural strength o was evaluated using the

following equation:
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Where Pm is the maximum load, S is the span of the sample, W is the specimen depth and B

is the specimen width.

In order to determine the fracture toughness, a sharp razor blade was used to initiate a sharp
crack in the samples. The ratio of crack length to depth (V%) was about 1/3. The fracture

toughness was calculated using the following equation [4]:

P.S a
Ic — W f (V_V) (5a)

Where a is the crack length (mm) and f (V%) is the polynomial geometrical correction factor
given by:

f2y - 3(a/W)Y2[1.99 — (a/W)(L—a/W) x (2.15—3.93a/W +2.7a% /W ?)]

372 (5b)
W 2(1+2a/W)(L—a/W)

Five specimens, measuring 70x20x10 mm, of each composition were used to measure the

flexural strength and the fracture toughness.

2.6.3 Impact strength

The impact strength of the specimen was determined using a Zwick Charpy impact tester with 15

Joule pendulum hammer and 40 mm support span. Un-notched samples were used to compute

the impact strength using the following formula:



E
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Where E is the impact energy to break a sample with a ligament of area A . Five specimens,

measuring 70x20x10 mm, of each composition were used to measure the impact strength.
2.6.4 Rockwell Hardness

The hardness of the specimen was determined by the Rockwell hardness test, according to the
specifications of ASTM E-18. Hardness of specimen was measured on an Avery Rockwell
hardness tester using 1/8" H scale steel ball indenter having a major loading capacity of 60Kg.
Before measurement, the surfaces of test samples were ground using a Struers Pedimat polisher
with 10 um diamond polishing wheel. An average of five measurements from each specimen

was used to measure the Rockwell hardness.

3. Results and discussion

3.1 Material Characterisation

3.1.1 Effect of thermal treatment on nanoclay microstructure
3.1.1.1 XRD analysis of calcined nanoclay

Fig. 1 shows the XRD patterns of nanoclay and those calcined at 800, 850 and 900 °C for 2 h,
respectively. XRD patterns of nanoclay show wide diffraction peaks which refer to
Montmorillonite-18A [Nao 3(Al,Mg).Sis0100H,-6H,0] (PDF000120219) and also exhibit
crystalline phase at 20 of 4.82° which indicate the presence of the ammonium salt. Patterns of
calcined nanoclay at 800, 850 and 900 °C show that the ammonium salt peak completely

disappeared at these temperatures. Also other nanoclay peaks gradually disappeared and



transformed to amorphous state (calcined nanoclay) at 900 °C (see curve ‘d’ in Fig. 1). Results of
XRD clearly show the transformation of crystalline phases of nanoclay to amorphous phases due

to calcination [26].

3.1.1.2 Energy dispersive spectroscopy (EDS) analysis of calcined nanoclay

Figures 2a and 2b show typical EDS spectra of nanoclay and calcined nanoclay (at 900 °C). In
Fig. 2a, ammonium salt in the nanoclay is identified by carbon and nitrogen elements (Fig. 3).
The content of nitrogen element is very small, thus EDS cannot detect it but the carbon element
is clearly detected at 2.5 KeV. However, in Fig. 2b, the carbon element disappeared because of
combustion which yielded carbon dioxide during calcination. This result also confirms the

decomposition of ammonium salt in calcined nanoclay which agrees with XRD results.

3.1.1.3 High Resolution Transmission Electron Microscopy (HRTEM) of calcined nanoclay

HRTEM images of nanoclay (Cloisite 30B) at low and high magnification are shown in Figs. 4a-
b. In the high magnification image (Fig. 4b), it can be seen clearly that the distances between the
nanoclay platelets (i.e. layers) were about 1.85 nm and thus this is evidence that the d-spacing of
(001) planes in nanoclay layers was 1.85 nm as shown in Table 1. The HRTEM images for
calcined nanoclay (at 900 °C) at low and high magnification respectively are shown in Figs. 4c-
d. In high magnification image (Fig. 4d), it can be seen that many platelets in calcined nanoclay
were destroyed and some of them broke to small nanoparticles with approximate spherical
shapes ranging 3-8 nm. This result also confirms the amorphous phase of calcined nanoclay

which agrees with the XDR results above.

3.1.2 Quantitative X-ray Diffraction Analysis (QXDA) of cement nanocomposite
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The XRD patterns of cement paste, cement nanocomposite containing 1, 2 and 3 wt% CNC and
cement nanocomposite containing 1 wt% NC are shown in Fig. 5 a-e, that included Corundum
[Al;O3] (PDF 000461212) phase as the internal standard. Table 3 shows the results of
quantitative analysis with Rietveld refinement of cement paste and cement nanocomposite
containing NC and CNC. Three important phases are noticed in this study: portlandite [Ca(OH);]
(PDF 00-044-1481), tricalcium silicate [C3S] (00-049-0442) and dicalcium silicate [C,S] (PDF
00-033-0302). Moreover, four less important phases are also noticed: Ettringite
[CagAlx(SO4)s(OH)12.26H,0] (PDF 000411451), Gypsum [Ca(SO4)(H.0);] (PDF 040154421),
Quartz [SiO,](PDF 000461045) and Calcite [CaCO3](PDF 000050586) [2, 21, 23, 27]. As can be
seen in Table 3 and Fig. 5 b, the addition of 1 wt% CNC reduced the amount of Ca(OH), from
16.8 wt% to 12.1 wt%, about 28% reduction compared to cement paste. Also the intensities of
major peaks of Ca(OH), were significantly reduced compared to cement paste (Figs. 5 b and a).
Furthermore, the amorphous content was increased from 70.1 to 74.8 wt%, about 6.7% increase.
This indicates that an obvious consumption of Ca(OH), crystals mainly due to the effect of
pozzolanic reaction in the presence of amorphous CNC and good dispersion of amorphous
calcined nanoclay in the matrix, which leads to more calcium silicate hydrate gel (C-S-H) being
produced. This explanation is also confirmed by an increase in the amount of unreacted C3S (2.0
wt %) and C,S (6.6 wt %), relative to the cement paste. Wei et al. [28] reported that pozzolanic
reaction decelerates the hydration reaction of C3S and C,S during the curing time of 28-90 days.
In this study, these unreacted phases could react with water later to produce more C-S-H gel after
56 days. Recently, Shaikh et al. [29] reported that the cement nanocomposite containing 2wt %

nano-silica exhibited less calcium hydroxide but slightly more C,S than the control cement paste.
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On the other hand, as can be seen in Table 3 and Fig. 5e, the NCC1 cement nanocomposite
shows lower amounts of C3S and C,S and also higher amount of Ca(OH), compared to CNCC1
cement nanocomposite but slightly higher amounts of C3S and C,S and also lower amount of
Ca(OH), compared to CNCC3 cement nanocomposite. This result confirms that less pozzolanic
reaction has occurred in NCC1 cement nanocomposite than CNCC1 cement nanocomposite. In
contrast, as can be seen from Table 3 and Fig. 5d for cement nanocomposite containing 3 wt%
CNC, the amount of Ca(OH), was decreased from 16.8 wt% to 14.1 wt%, about 16% reduction
compared to cement paste. Also the intensities of major peaks of Ca(OH), were slightly
decreased compared to cement paste (Fig. 5 a and d). But this reduction of amount of Ca(OH) is
less than the reduction in cement nanocomposite containing 1 wt% CNC. Moreover, the amounts
of C3S (1.4 wt %) and C,S (5.4 wt %) are also lower than cement nanocomposite containing 1
wt% CNC. This may be attributed to agglomerations of CNC at high contents which lead to
relatively poor dispersion of CNC and hence relatively poor pozzolanic reaction [2, 30]. Table 3
also shows that the calcite content varies in all samples. For example, the content of calcite
decreased from 3.7 to 2.1 wt% in cement nanocomposite containing 1 wt% CNC. This indicates
that little carbonation occurred over the 56 day curing period. Table 3 shows that Ettringite is
slightly less in cement nanocomposite than cement paste. For example, it decreased from 2.0 to

1.3 wt% in cement nanocomposite containing 1 wt% CNC.

3.1.3 Calculation of Ca(OH), content in cement nanocomposite by the combination of QXDA

and TGA techniques

The Ca(OH), content (CH) is calculated from the TGA curves using the following equation [31]:

MW,

CH (%) =WL, (%) (7)

H,0
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Where WL, (%) is corresponds to the weight loss attributable to Ca(OH), decomposition,
MW_,, is the molecular weight of CH (74.01 g/mol) and MW, , is the molecular weight of

H,0 (18 g/mol). The thermograms (TGA) of cement paste and cement nanocomposite containing
CNC and NC are shown in Fig. 6. Table 4 summarises the CH content of above measured by
QXDA and TGA techniques. Results in Table 4 indicate that TGA is at least as good as QXDA
for quantifying the amount of calcium hydroxide [27]. It can be seen that there is good
agreement between the two techniques, where both measured amounts are very close to each
other [28]. However, the amounts of CH by TGA are slightly lower than the QXDA. This
observation is in agreement with the work done by Scrivenera et al [24] and Korpa et al. [32], in
which they reported that this discrepancy could be attributed to the possible error sources of each
method itself that were difficult to quantify. Nevertheless, inside the error margin there is a good
correlation of the values assessed by both techniques employed [32]. And also the above
consistency added a new evidence for reliability of the QXRD method to characterize
quantitatively the hydration of cement systems [28]. The TGA and QXDA results in Table 4 also
confirm the reactivity of 1 wt% CNC in reducing the CH content in cement nanocomposite. The
CNC is mainly amorphous material and behaves as a highly reactive artificial pozzolan. The CH
content by the TGA and QXDA in cement nanocomposite containing 1 wt% CNC was 10.7 and
12.1 wt%, respectively. It is also be seen that the CH content in cement nanocomposite
containing 1 wt% CNC is reduced significantly when compared to cement paste and cement
nanocomposite containing NC and CNC such as cement nanocomposite containing 1 wt% NC .
This could be due to the reactivity of 1 wt% CNC in cement nanocomposite and the consumption

of CH by the pozzolanic reaction.
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3.2 Porosity, water absorption and density

The porosity, water absorption and density of cement paste and cement nanocomposite
containing NC and CNC are shown in Table 5. It is noticed that the addition of CNC or NC
decreases the porosity and water absorption of these cement nanocomposites when compared to
control cement paste. In CNCC1 cement nanocomposite, the porosity and water absorption
decreased by 31.2% and 34%, respectively compared to cement paste. This indicates that 1 wt%
CNC has a filling effect in the porosity of cement nanocomposite. This result is in agreement
with the work done by Jo et al. [15] where the porosity of cement mortar is decreased by the
addition of nano-SiO, particles. Supit and Shaikh [33] reported that the addition of 2 wt% nano-
silica significantly reduced the porosity of high volume fly ash (HVFA) concrete. Furthermore,
In Table 5, the addition of 1 wt% CNC increased the density of control cement paste from 1.76
to 1.93 g/cm®, about 9.7% increase. This improvement demonstrates that cement nanocomposite
with 1 wt% CNC yields consolidated denser microstructure. However, further addition of CNC
or NC leads to an increase in porosity and water absorption and a decrease in density. This could
be attributed to the poor dispersion and agglomerations of the high CNC or NC contents which

create more voids in the matrix [3, 34].

SEM examinations of the microstructure of cement paste, CNCCland CNCC3 cement
nanocomposite are shown in Figs. 7 a-c. For cement paste, Fig. 7a shows more Ca(OH), crystals
and Ettringite as well as more pores which revealed a weak structure. Fig. 7b shows the SEM
micrograph of CNCC1, which is different from that of cement paste, the structure is dense and
compact with few pores and more C-S-H gel. On the other hand, in Fig. 7c, the CNCC3 shows

more pores than CNCC1which relatively weaken the structure.
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3.3 Mechanical properties

3.3.1 Compressive strength

The compressive strength of the cement paste, cement nanocomposite containing NCC and
CNCC are presented in Fig. 8. It can be noticed from results in Fig. 8 that the addition of NC and
CNC to cement paste increases the compressive strength of all cement nanocomposite pastes. For
instance, the cement nanocomposite containing 1 wt % CNC exhibited an enhancement in the
compressive strength from 53.1 to 74.2 MPa or 40% increase, whereas in the cement
nanocomposite containing 1 wt % NC, the compressive strength reached 69.8 MPa. The increase
in compressive strength of cement nanocomposite containing 1 wt % CNC is due to amorphous
state of CNC (i.e. small particle size) and extremely large surface area, in which the CNC reacts
more quickly with free lime in the hydration reaction than NC and subsequently produced more
secondary C-S—H gel and filled the capillary pores in the matrix efficiently [2, 35]. Thus the
microstructure of the matrix is densified by the nanoparticles. Chang [36] reported that the
addition of 0.6 wt% nano-montmorillonite into cement paste increased compressive at age of 56
days from 46 to 52.1 MPa (i.e. 13.2% increases) compared to the cement paste. Li et al. [37]
noticed 26 % improvement in 28 days compressive strength of cement mortar containing 3 %
nano silica. Despite benefits of CNC and NC, it is important to note that the nano particles have a
tendency to agglomerate when using at high content (i.e. more 3 wt % CNC) in the mixes [3, 38].
This aggregation forms weak zones and consequently prevents the formation of homogenous
hydrate microstructure. Therefore, the appropriate proportion of CNC content should be taken

into account.

3.3.2 Flexural strength
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Flexural strengths of cement paste, cement nanocomposite containing NC and CNC are shown in
Fig. 9. Overall, the incorporation of CNC or NC into the cement matrix led to significant
enhancement in the flexural strength of all cement nanocomposites. The flexural strength of
cement nanocomposite containing 1, 2 and 3 wt% CNC is increased by 42.9%, 34.8% and
30.6%, respectively compared to cement paste. While the flexural strength of cement
nanocomposite containing 1, 2 and 3 wt% NC is increased by 32.1%, 29.3% and 24.7%
respectively compared to cement paste. This improvement clearly indicates the effectiveness of
CNC in consuming calcium hydroxide (CH), supporting pozzolanic reaction and filling the
micro pores in the matrix [2, 38]. Thus the microstructure of cement nanocomposite is denser
than the cement matrix, especially in the case of using 1 wt% CNC, which is evident from its
higher flexural strength. Hosseini et al. [39] studied the effect of nanoclay (Cloisite15A) on the
mechanical properties of cement mortar at 28 days with water/binder ratio of 0.4. They reported
that addition of 1 wt% nanoclay improved the flexural strength from 7.0 to 9.1 MPa, about 30%
increase. Qing et al. [13] studied the influence of 3 wt% nano-SiO, (NS) addition on properties
of hardened cement paste. They observed that the flexural strength increased by about 72%
compared to control cement matrix. They attributed this improvement to the pozzolanic and filler
effects of nano-SiO, particles.

However, the addition of more than 1 wt% CNC caused a marked reduction in the flexural
strength. This could be attributed to the relatively poor dispersion and agglomerations of the
CNC in the cement matrix at higher CNC contents, which create weak zones, in the form of
micro-voids which cause stress concentration [2, 40]. Moreover, the addition of more CNC (i.e.
2 wt %) led to a significant reduction in the flexural strength due to an increase in porosity.

Nevertheless the addition of CNC improved the flexural strength of cement nanocomposite. For

16



example, in this study, although the flexural strength of cement nanocomposite with 3 wt% CNC
decreased compared to cement nanocomposite with 1 wt% CNC but it is still higher than the

control cement paste.

3.3.3 Fracture toughness

Fracture toughness of cement paste and cement nanocomposite containing NCC and CNCC are
shown in Fig. 10. As shown in Fig. 10, the fracture toughness of cement nanocomposite
containing 1, 2 and 3 wt% CNC were 0.49, 0.47 and 0.44 MPa.m"?, respectively. It can be seen
that the fracture toughness of CNCC1 cement nanocomposite is increased by 40 % compared to
cement paste. This is attributed to the fact that the CNC modified the matrix through pozzolanic
reaction and reduced the Ca(OH), content. Alamri and Low [41] reported that the addition of 1
wt% halloysite nanotubes (HNTS) into epoxy matrix significantly increased the fracture
toughness from 0.85 to 1.33 MPa.m"? (i.e. by 56.5 %) compared to epoxy matrix. However,
facture toughness of CNCC cement nanocomposite gradually decreased when CNC contents are
increased after the optimum content of 1 wt%. This is attributed to the poor dispersion of high

content of CNC into the matrix, which leads to increase in porosity [4, 42].

3.3.4 Impact strength

The impact strength is defined as the ability of the material to withstand impact loading [43]. The
impact strengths of cement paste and cement nanocomposite containing NCC and CNCC are
shown in Table 6. Generally, it can be seen that the impact strength of cement paste is
significantly improved due to the addition of CNC or NC. The impact strength of NCC1 cement
nanocomposite is 3.1 KJ/m?, about 29.4 % increase compared to the cement paste. While the

impact strength of CNCC1 cement nanocomposite is 3.2 KJ/m?, about 33.6 % increase compared
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to cement paste. Alamri and Low [44] reported that the addition of 5 wt% nanoclay to epoxy
matrix increased the impact strength from 5.6 to 7.8 kJ/m? about 39.3 % increase compared to
epoxy matrix. However, as CNC loading increased after the optimum content of 1 wt% the
impact strength is decreased. For example, the impact strength of CNCC3 cement nanocomposite
was 3.1 KJ/m?, about 4% decrease compared to CNCC1 cement nanocomposite. This reduction
in impact strength at higher CNC loading was due to the formation of CNC agglomerates and

voids which led to weaken nanocomposite [3].
3.3.5 Rockwell Hardness

The Rockwell hardness of cement paste and cement nanocomposite containing NCC and CNCC
are shown in Table 6. Generally, the addition of CNC or NC into the cement matrix led to
significant enhancement in the Rockwell hardness of all cement nanocomposites. As shown in
Table 6 the Rockwell hardness of cement nanocomposite containing 1, 2 and 3 wt% CNC were
91.3, 89.0 and 86.3 HRH, respectively, which corresponds to about 31.1%, 27.7% and 23.9%,
respectively increase compared to cement paste. While the Rockwell hardness of cement
nanocomposite containing 1, 2 and 3 wt% NC is increased by 25.3%, 21.0 % and 18.6%
respectively compared to the cement paste. This improvement demonstrates that the
microstructure of cement nanocomposite is denser than the cement matrix, especially in the case
of using 1 wt% CNC. That is because of the efficiency of CNC in promoting pozzolanic reaction
and filling effect [3, 45, 46]. In an analogous research, Gupta et al. [47] reported that the
hardness number (HRH) of the Fe-Al,O3 metal matrix nanocomposite was much higher in
comparison to the cast iron specimen. However, the addition of high CNC or NC contents e.g.

3% did not show any improvement in the hardness when compared to 1 wt% CNC [4].
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3.4 Thermal stability

Weight loss (%) curves of cement paste and cement nanocomposite containing CNCC and NCC1
are shown in Fig. 11. The char yields at different temperatures are summarized in Table 7. The
TGA analysis shows three distinct stages of decomposition in these samples. The first stage of
decomposition is between room temperature and 230 °C, which may be related to the
decomposition of Ettringite and dehydration of C-S-H gel (loss of water). The second stage of
decomposition is between 400 °C and 510 °C, which corresponds to Ca(OH), decomposition.
The third stage of decomposition is between 670 °C and 780 °C, which correspond to CaCO3
decomposition [48, 49]. In the first stage, generally all cement nanocomposites exhibited slightly
better thermal stability than cement paste due to higher resistance of CNC or NC to
decomposition [3, 5]. Concerning the cement nanocomposite containing CNCC in second and
third stage, the CNCC1 cement nanocomposite shows better thermal stability than CNCC2,
CNCC3 and NCC1 cement nanocomposite due to dense and compact nanocomposite through
consumption of calcium hydroxide and formation of secondary CSH gels during pozzolanic
reaction [28]. In contrast, NCC1 cement nanocomposite shows lower thermal stability than
CNCC2 cement nanocomposite but slightly higher than CNCC3 cement nanocomposite. This
result confirms that slightly poor pozzolanic reaction has occurred and hence this NCC1
nanocomposite is less dense when compared to CNCC1 and CNCC2 cement nanocomposites.
From Table 7 at 1000 °C, the char residue of cement paste, CNCC1, CNCC2 and CNCC3
cement nanocomposite was about 74.6, 77.1, 76.7 and 75.9 wt%, respectively. It can be seen that
the CNCCL1 cement nanocomposite performed better in thermal stability with higher char residue

of about 3.3% and 1.5% more than cement paste and CNCC3 cement nanocomposite,
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respectively. In a similar study, Chen et al. [50] reported that addition of 10 wt% nano-TiO; into

cement paste improved the thermal stability of cement nanocomposite considerably.

4. Cost-benefit analysis and Applications

There is a huge optimism on the use of nanomaterials in construction and building applications
although the nanoparticles are expensive and could limit their applications [1, 51]. However,
nano particles exhibit unique characteristics which result in new generation of concrete that is
stronger and more durable [52]. With progress of manufacturing technologies the cost of nano
particles is also expected to drop in future. Moreover, the nanoparticles are used in very small
amount in the concrete or other cementitious nanocomposites. For example, in this study 1wt%
calcined nanoclay in cement nanocomposite led significant improvement in mechanical
properties. From economic point of view, the addition of 1% calcined nanoclay in cement
nanocomposite will not add any significant cost but improved the mechanical properties by about
40%. Shaikh and Supit [28] stated that although the use of nano-CaCO3; was first considered as
filler to partially replace cement or gypsum, some studies have shown advantages of using 1%
nano-CaCO3 nanoparticles in terms of compressive strength, accelerating effect and economic

benefits as compared to cement and other supplementary cementitious materials.

5. Conclusions

The influence of nanoclay (NC) and calcined nanoclay (CNC) on the microstructures,

mechanical and thermal properties of cement nanocomposite has been presented. Results of the
combination of QXDA and TGA techniques indicate that TGA is at least as good as QXDA for
quantifying the amount of Ca(OH),. The optimum content of CNC was found to be 1 wt%. The

cement nanocomposite containing 1 wt% CNC decreased the porosity (by 31.2%), water
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absorption (by 34%) and increased the density (by 9.7%), compressive strength (by 40% )

flexural strength (by 42.9%), fracture toughness (by 40%), impact strength (by 33.6%) and

Rockwell hardness (by 31.1%) as well as improved thermal stability (by 3.3%) compared to the

control cement paste. The microstructural analysis such as QXDA and SEM showed that the

addition of 1 wt% CNC in cement matrix enhanced the microstructure of cement nanocomposite

through the filler and pozzolanic reaction effects. However, the addition of more NC or CNC

(beyond 1 wt %) into cement nanocomposite adversely affected the mechanical and thermal

properties. In fact, it could be recommended that much research is needed to overcome the
agglomerations of NC or CNC and identify the best method of mixing which leads to good

dispersion of CNC in the matrix.
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Figure Captions

10.

X-ray diffraction patterns of nanoclay and calcined nanoclay.

EDS analysis with SEM images of: (a) nanoclay, (b) calcined nanoclay (at 900 °C).
Chemical structure of quaternary ammonium salt.

TEM images of nanoclay and calcined nanoclay (at 900 °C) at: (a, ¢) low magnification,
(b, d) high magnification.

XRD patterns of: (a) cement paste, cement nanocomposite containing: (b) 1 wt% CNC
(CNCC1), (c) 2 wt% CNC (CNCC2), (d) 3 wt% CNC (CNCC3), (e) 1 wt% NC (NCC1).
Numbers indicate to: 1=Corundum [Al,O3] phase, 2= Portlandite [Ca(OH),] phase,
3=Tricalcium silicate [C3S] phase, 4=Dicalcium silicate [C,S] phase, 5= Ettringite
phase, 6= Gypsum phase, 7=Quartz phase, 8=Calcite phase.

TGA curves of cement paste (C) and cement nanocomposite: CNCC1, CNCC2, CNCC3
and NCCL1.

SEM micrographs of: (a) cement paste, cement nanocomposite containing: (b) 1 wt%
CNC, (c) 3 wt% CNC. Numbers indicate to: 1= [Ca(OH),] crystals, 2= Ettringite,
3=pores, 4=C-S-H gel.

Compressive strength as a function of calcined nanoclay (or nanoclay) content for
cement paste and cement nanocomposite.

Flexural strength as a function of calcined nanoclay (or nanoclay) content for cement
paste and cement nanocomposite.

Fracture toughness as a function of calcined nanoclay (or nanoclay) content for cement

paste and cement nanocomposite.
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11. Weight loss (%) curves by TGA of cement paste (C) and cement nanocomposite:

CNCC1, CNCC2, CNCC3 and NCC1.
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Table 1

Physical properties of the nanoclay platelets (Cloisite 30B)

Physical properties of the (Cloisite 30B )

Colour

Density (g/cm®)
d-spacing (001) (nm)
Aspect ratio

Surface area (m?/g)
Mean particle size (um)

Off white
1.98

1.85
200-1000
750

6

Table 2

Mix proportions of specimens

Mix proportions (wt %)

Sample Cement NC CNC Water/binder
C 100 0 0 0.485
NCC1 99 1 0 0.485
NCC2 98 2 0 0.485
NCC3 97 3 0 0.485
CNCC1 99 0 1 0.485
CNCC2 98 0 2 0.485
CNCC3 97 0 3 0.485
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Table 3

QXDA results for cement paste (C) and cement nanocomposite containing 1, 2 and 3 wt% CNC and

1 wt% NC.
Weight % (Phase abundance)

Phase C CNCC1 CNCC2 CNCC3 Ncc1
Portlandite [Ca(OH),] 16.8 12.1 13.2 14.1 13.8
Ettringite [CagAl,(SO04)3(OH)12.26H,0] 2.0 1.3 15 1.8 1.6
Tricalcium silicate [C3S] 1.3 2.0 1.7 1.4 1.5
Dicalcium silicate [C,S] 4.4 6.6 6.1 54 6.1
Gypsum [Ca(S04)(H20)2] 0.7 0.4 0.6 0.4 0.4
Calcite [CaCOs3] 3.7 2.1 2.7 3.3 3.0
Quartz [SiO;] 0.9 0.6 0.4 0.7 0.5
Amorphous content 70.1 74.8 73.7 72.8 73.0

Table 4

Calculation of Ca(OH), content in cement paste and cement nanocomposite

containing 1, 2 and 3 wt% CNC and 1 wt% NC by QXDA and TGA techniques

Sample TGA (wt %) QXRD (wt %) Difference (wt %)
C 15.5 16.8 1.3
CNCC1 10.7 12.1 1.4
CNCC2 12.1 13.2 1.1
CNCC3 13.0 14.1 1.1
NCC1 12.3 13.8 1.5
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Table 5

Porosity, density and water absorption values for cement paste (C), (NCC) cement
nanocomposite containing NC and (CNCC) cement nanocomposite containing
CNC.

Sample Porosity (%) Density (g/cm®)  Water absorption (%)
C 23.9 1.76 13.4

NCC1 18.7 1.87 10.2

NCC2 19.6 1.78 11.0

NCC3 19.9 1.76 11.3

CNCC1 16.5 1.93 8.9

CNCC2 17.6 191 9.6

CNCC3 18.9 1.85 10.3

Table 6

Impact strength and Rockwell hardness values for cement paste (C), (NCC)
cement nanocomposite containing NC and (CNCC) cement nanocomposite

containing CNC.

Sample Impact strength (kJ/m°) Rockwell hardness (HRH)
C 2.38 £ 0.06 70x1
NCC1 3.08 £ 0.15 87+2
NCC2 3.01+0.11 84+1
NCC3 2.92 £ 0.08 83t1
CNCC1 3.18 £ 0.05 91+1
CNCC2 3.14 + 0.08 89+1
CNCC3 3.05+0.14 86 £ 2
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Table 7

Thermal properties of cement paste (C) and cement nanocomposite containing 1, 2 and 3 wt % CNC

and cement nanocomposite containing 1 wt % NC.

Char yield (%) at different temperature (°C)

Sample 100 200 300 400 500 600 700 800 900 1000
C 95.82 88.82 86.03 83.57 79.57 7844 76.37 75.69 75.09 74.61
CNCC1 96.19 89.32 86.83 84.88 81.75 8086 79.01 7833 77.61 77.10
CNCC2 96.02 89.20 86.59 84.57 81.04 80.09 7851 77.86 77.18 76.67
CNCC3 95.82 88.82 86.03 83.96 80.03 79.02 77.60 77.05 76.45 75.93
NCC1 95.72 89.10 86.37 83.96 80.56 79.60 78.12 77.49 76.85 76.35
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