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This study investigated the effect of multiwalled carbon nanotubes’ geometry on the dispersion and strength of cement composites.
Mixes with CNTs contents ranging from 0.03 to 0.25% were prepared and tested using CNTs" diameters of 10-20, 20-30, and
30-50 nm and lengths of 0.5-2 and 10-30 ym. The samples’ microstructures were then examined using a scanning electron
microscope. After that, Response Surface Methodologies techniques were implemented to determine the strength functions’
response to the aspect ratio and weight fraction variables. The results showed that CNTs of smaller diameters and longer lengths
resulted in the highest strength values in batches having CNT contents of up to 0.15%. At 0.25% CNTs, the results showed that
those CNTs of shorter lengths attained higher strengths than those of longer ones. SEM images showed better dispersion properties
at lower CNTS’ contents regardless of their geometry. The analysis also indicated that short CNTs of 0.5-2 ym length have better
dispersion properties compared to long ones of 10-30 ym length. The RSM model confirmed this finding. Furthermore, the model
showed that the CN'Ts with the lowest aspect ratio of 83 and highest weight fraction of 0.25% provided the highest strength response

among all batches.

1. Introduction

Carbon nanotubes (CNTs) are molecular-scale shells of
graphene placed in hexagonal arrays. They can be comprised
of single, double, or multiple shells. CNTs have extraordinary
properties such as high strength and thermal and electrical
conductivity [1-4]. These properties raised the interest of
many concrete and cementitious composites researchers to
incorporate the nanofilaments into cement pastes and mor-
tars to develop their properties [5-19]. However, up to date,
it was certainly shown that findings reported in the literature
were contradictory. Some results confirmed an optimization
of the tested composites mechanical properties, while others
showed no improvement or, in some cases, there was a
reduction in the properties. Most studies related the effects
of CNTs addition on the mechanical properties of cement
materials to the different selections of carbon nanofilaments’

aspect ratio and weight fraction, which in return will affect
the dispersion of the filaments within the solution and the
matrix. The unique high aspect ratio (length to diameter
ratio) property of CNTs provides a high surface area to
volume ratio that allows for additional contact between the
tubes and the adjoining hydration products. However, CNTs
of very high aspect ratios are harder to disperse than CNTs
of low aspect ratios [20]. The effect of CNTS’ aspect ratio on
the mechanical properties of cement paste was rarely inves-
tigated. Konsta-Gdoutos et al. [21] conducted a research on
the effects of MWCNTS’ content and aspect ratio on both the
mechanical properties and fresh paste properties of cement.
The study samples were tested on the 3rd, 7th, and 28th
days. The CNTs used were long CNTs with an aspect ratio of
1600 and short CNTs with an aspect ratio of 700. The results
showed that low quantities of long CNTs between 0.025 and
0.048% of cement improved the mechanical properties of
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TABLE 1: Experiment design.
Batch#  Batch name weiz}li Tfi:i?oerrllt(%) Specimen # CNTS(I?;?;neter CNTs length (um) Aspect ratio I:;Izli:;f
Effect of diameter test batches
1 0.03 (LD) 0.03 S1-S18 10-20 10-30 1333 18
2 0.03 (MD) 0.03 $19-S36 20-30 10-30 800 18
3 0.03 (HD) 0.03 $37-S54 30-50 10-30 375 18
4 0.08 (LD) 0.08 S$55-S72 10-20 10-30 1333 18
5 0.08 (MD) 0.08 $73-590 20-30 10-30 800 18
6 0.08 (HD) 0.08 $91-S108 30-50 10-30 375 18
7 0.15 (LD) 0.15 $109-S126 10-20 10-30 1333 18
8 0.15 (MD) 0.15 S127-S144 20-30 10-30 800 18
9 0.15 (HD) 0.15 S145-S162 30-50 10-30 375 18
10 0.25 (LD) 0.25 $163-S180 10-20 10-30 1333 18
1 0.25 (MD) 0.25 S181-S198 20-30 10-30 800 18
12 0.25 (HD) 0.25 §199-S216 30-50 10-30 375 18
Additional batches to compare the effect of length
13 0.03 (LL) 0.03 S217-8234 10-30 0.5-2 83 18
14 0.08 (LL) 0.08 §235-S252 10-30 0.5-2 83 18
15 0.15 (LL) 0.15 $253-8270 10-30 0.5-2 83 18
16 0.25 (LL) 0.25 $271-5288 10-30 0.5-2 83 18
17 Cement (control) 0 $289-S306 — — — 18
cement paste. On the other hand, the results illustrated that 2. Testing Methodology

higher quantities of short CNTs (about 0.08% of cement
weight) are needed to reach the same level. The strength gain
of all CNTSs’ batches showed a similar incremental behavior to
the plain cement paste batches between the testing dates. Abu
Al-Rub et al. [8] studied the effect of several weight fractions
of long MWCNTs with aspect ratios of 1,250-3,750 and short
MWCNTs with an aspect ratio of about 150 on the mechanical
properties of cementitious composites. The samples were
tested on the 7th, 14th, and 28th days. The long MWCNTs
had a diameter of 9.5nm and a length of 1.5 um, whereas
the short ones had diameters less than 8 nm and lengths
between 10 and 30 ym. The obtained results showed that the
addition of 0.2% short MWCNTs and 0.1% long MWCNTs
increased the flexural strength by 269 and 65%, respectively,
compared to the control cement paste mix. Furthermore, the
results showed a reduction in the strength between the 14th
and the 28th days of few batches. The authors related the
purpose of this reduction to the nonuniform dispersion, weak
bonding, formation of weak hydration products, formation of
expansive ettringite, and leaching of calcium hydroxide. Up
to date, no research was performed on studying the role of
CNTs’ diameters of various weight fractions on the strength
and dispersion of cement and CNTs composites. The aspect
ratio changes if the tube length and/or tube diameter changes.

Therefore, the purpose of this study is to investigate the
effect of MWCNTS diameter and length on the dispersion
and flexural and compressive strength gain of cement paste.
The microstructures of the samples were studied using scan-
ning electron microscope (SEM) to investigate the factors
strength results.

Two CNTs” geometrical variables, which are their diameter
and length, were tested with several CNTs-to-cement weight
fractions. Table 1 shows the experiment design indicating the
prepared batches, geometrical parameters, and CNTs” weight
fraction. The testing methodology commenced by preparing
the samples, followed by measuring their compressive and
flexural strengths using a three-point bending test and a
cubic uniaxial test, respectively. Then, the fractured samples
microstructures were examined by capturing SEM images
from each batch. After that, CNTs dispersion within the
cement hydration products was then qualitatively evaluated.
Then, an RSM model was created to determine the flexural
and compressive strength functions’ response to the aspect
ratio and weight fraction variables. Finally, the relationships
between CNTSs’ geometrical parameters, strength, and disper-
sion were reported.

2.1. Materials and Equipment. Portland cement CEM 142.5R
was used throughout this experiment. To prevent any contact
with air moistures, it was stored in sealed bags during the test
period. Nontreated multiwalled carbon nanotubes differenti-
ated by lengths and diameters were used. They were supplied
by US Research Nanomaterials, Inc. The surfactant used to
disperse the nanofilaments within the aqueous solution was
a polycarboxylate superplasticizer of a commercial name
GRACE ADVA 575. The equipment employed in performing
the study experiment is comprised of an ultrasonic wave
sonicator, a cement paste mixer, a strength testing machine
provided by Controls Inc., a scanning electron microscope,
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FIGURE 1: (a) Mixing of cement composite batch. (b) Sample of casted specimens including CNTs.

40 x 40 x 160 mm steel molds for flexural testing, and 50 x
50 x 50 mm steel molds for compression testing.

2.2. Mixing Method. Batches mixing started by measur-
ing cement, water, surfactant, and CNTs weights. In each
batch, the cement and water quantities used were 7,000 and
2,800 gm, respectively (considering a water-to-cement ratio
of 0.4). The surfactant weight was set at 4:1 of the chosen
CNTs weight fraction. The temperature of the water was set at
23°C. First, CNTs were mixed with water and the surfactant.
Then, the sonication process was carried out for 30 min
at amplitude of 70%. The solution temperature was kept
less than 30°C to prevent any water evaporation. After the
completion of the sonication process, the solution was kept
to cool down until its temperature reached 23°C. Then, the
water/CNT solution was mixed with cement. The procedure
of mixing was comprised of first installing the water/CNT
solution in the mixer and then adding the cement quantities
in five portions, while the mixer is operating at a slow speed
of 140 rpm. This process lasted about 10 min. After adding
the entire cement amount (Figure 1(a)), the mixing carried
on for another 5min at a medium speed of 285 rpm. The
mix was then poured into the molds and compacted as per
ASTM C348 standard (Figure 1(b)). Finally, the samples were
demolded after 24 hours and installed in a curing tank.

2.3. Flexural and Compressive Strength Tests. The three-point
flexural test of the samples (Figure2(a)) was conducted
according to ASTM C348 standard test method for flexu-
ral strength of hydraulic-cement mortars. The loading rate
was set at 41N/sec. On the other hand, the compression
test (Figure 2(b)) was conducted according to ASTM C109
standard test method for compressive strength of hydraulic
cement mortars. The loading rate used was set at 1,400 N/sec.

2.4. Microstructural Analysis. The microstructural analysis
of the fractures samples using SEM was performed to

understand the effect of the CN'Ts” diameters and lengths on
the flexural and compressive strengths. The samples were first
dried using a vacuum and then coated using gold palladium
to dissipate excess charges and to enhance images resolution.
After that, low-energy Secondary Electron (SE) imaging
option was used to capture images with scales between 1 and
5 pm.

2.5. RSM Analysis. The influence of CNTSs’ aspect ratio and
weight fraction variables on the 28th day flexural and com-
pressive strength factors’ response was investigated using
Response Surface Methodologies (RSM) techniques. Using
JMP software, the Central Composite Design (CCD) method
was used to produce surface plots, contour profiles, and max-
imized desirability functions between the study variables. The
methodology followed to perform this analysis was as follows:

(1) The CNTS’ aspect ratio and weight fractions variables
were coded in the (-1, 1) interval (Table 2).

(2) The factors were modeled by fitting a second-order
polynomial equation model.

Second-order polynomial equations were used to express
the flexural and compressive strength as functions of inde-
pendent variables:

ES=ay+a;x; +ayx, + a11x12 + a22x2 +a;,X1X, "
1

2 2
CS=by+bx; +bx, +byx,” + byyx” +byx,x,,

where ES is flexural strength, (MPa), CS is compressive
strength, (MPa), x, is aspect ratio, x, is CNTs-to-cement
weight fraction, (%), and a,, a,, a,, a,;, 4y, a2, by, by> by, by,
by,, and b, are the response surface coeflicients.

(3) The response surface coeflicients were determined by
using a CCD design type with 2 center points.

(4) The prediction models, R-squared and P values, were
recorded.

(5) The response surface and contour lines were plotted.
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FIGURE 2: (a) Flexural strength test and (b) compressive strength test.
TaBLE 2: Coding of aspect ratio and weight fractions variables for RSM analysis.

Batch Aspect ratio Coded aspect ratio Weight fraction (wt.%) Coded weight fraction
0.03LL 83 -1 0.03 -1
0.08LL 83 -1 0.08 —-0.545
0.15LL 83 -1 0.15 0.09
0.25LL 83 -1 0.25 1
0.03HD 375 -0.53 0.03 -1
0.08HD 375 -0.53 0.08 —-0.545
0.15HD 375 -0.53 0.15 0.09
0.25HD 375 -0.53 0.25 1
0.03MD 800 0.147 0.03 -1
0.08MD 800 0.147 0.08 —-0.545
0.15MD 800 0.147 0.15 0.09
0.25MD 800 0.147 0.25 1
0.03LD 1,333 1 0.03 -1
0.08LD 1,333 1 0.08 —0.545
0.15LD 1,333 1 0.15 0.09
0.25LD 1,333 1 0.25 1

(6) The variables resulting in maximum responses were
determined by optimizing the desirability function.

3. Results and Discussion

3.1. Flexural and Compressive Strength Testing

3.1.1. Effect of CNTS’ Diameter. Figure 3 shows the flexural
strength’s results of the diameter test samples showing the
standard deviation in every batch. The flexural strength’s
results of the batches incorporating CNTs were relatively

high. This was also seen in some previous literature studies
[8,9, 22]. In general, the strength results indicated that CNTs
with low diameters and high aspect ratios achieved the high-
est flexural strengths regardless of the CNTSs’ content. This
may be related to the larger contact area between the CNTs’
surfaces and the surrounding cement matrix compared to the
other types of medium and large diameters.

On the 3rd and 7th days, the flexural strengths of the
batches containing low CNTS’ content of 0.03 and 0.08% were
lower than plain cement batch strength, regardless of the
CNTs" diameter. On the other hand, the flexural strengths
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FIGURE 3: CNTs’ diameter test flexural strength results. (a) 0.03%, (b) 0.08%, (c) 0.15%, and (d) 0.25% CNTs.

of the batches with higher CNTs’ content of 0.15 and 0.25%
were comparable to the plain cement batch’s strength. This
finding highlights the role of CNTs in the hydration process.
On the 28th day and for batches prepared at 0.03% CNTs,
the flexural strength increased by 14 and 22% at the medium
and low CNTs diameters of 20-30 and 10-20 nm, respectively
(Figure 3(a)). However, for batches prepared with 0.08, 0.15,
and 0.25%, the flexural strength leveled off between high
and medium CNTs’ diameters of 30-50 and 20-30 nm and
then increased by 10% at low CNTs’ diameters of 10-20 nm
(Figures 3(b), 3(c), and 3(d)). Furthermore, Figures 3(c) and
3(d) showed clear increments in the flexural strength for both
0.15 and 0.25% CNTs that occurred when using low CNTs’
diameters of 10-20nm compared to the results obtained
for the plain cement. For the 0.15% CNT (Figure 3(c)), an
increment of about 16% in the flexural strength was obtained.

A comparable behavior was also observed for the 0.25% CNT
batches (Figure 3(d)), where the batch mixed with a low
CNTs diameter of 10-20 nm displayed a flexural strength
close to 20% higher than plain cement.

Figure 4 shows the compressive strength results of the
diameter effect test batches, including the standard deviation
for each batch. Unlike the flexural strength results, low
standard deviations in the compressive strength results were
observed in the same batches. Furthermore, the results
demonstrated that CN'Ts” diameters did not have a significant
impact on the compressive strength. On the 3rd and 7th
days, the compressive strengths of all batches containing
CNTs were quite lower than plain cement batch’s strength,
regardless of the CNTs” diameter and weight fraction. On the
28th day, batches prepared using 0.03% CNTs showed similar
strength results to the plain cement batch. However, for
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FIGURE 4: CNTS diameter test compressive strength results. (a) 0.03%, (b) 0.08%, (c) 0.15%, and (d) 0.25% CNTs.

batches prepared using 0.08% CNTs, the strength data were
relatively lower than the plain cement batches. For batches of
0.15 and 0.25% CNTs, the compressive strength increased by
10% regardless of the CNTs” diameter type.

3.1.2. Effect of CNTS Length. Figure5 shows the effect of
CNTs length on the flexural strength of the cementitious
composites. On the 3rd and 7th days, the flexural strengths
of the batches containing low CNTS content of 0.03 and
0.08% were lower than plain cement batch’s strength and the
strengths of the batches with higher CN'Ts’ content of 0.15 and
0.25% were higher than or comparable to the plain cement
batch’s strength regardless of the CNTs’ length. The obtained
flexural strength behavior at these ages is nearly similar to the
previous experiment.

On the 28th day, the strength results showed that CNTs
with longer lengths and higher aspect ratios achieved slightly

higher flexural strengths up to a CNTs-to-cement weight
fraction of 0.15%. The strength of the batches prepared at
0.03,0.08, and 0.15% long CNTs 0f 10-30 ym length increased
by only 4, 13, and 3%, respectively. However, for batches
prepared at 0.25% short CNTs of 0.5-2 ym length, higher
flexural strength was obtained compared to similar batches
with long CNTs by about 5%. This may be related to the
better dispersion capabilities of the short CNTs at high weight
fractions. Compared to plain cement, the results showed that
batches prepared at 0.15 and 0.25% CNTs concentrations
resulted in higher flexural strengths by about 20%.

Figure 6 shows the compressive strength results of CNTs’
length test batches including the low standard deviations in
most batches. The results showed that CN'Ts’ lengths slightly
influenced the compressive strength. On the 3rd and 7th
days, the compressive strengths of the batches containing low
CNTs’ content of 0.03 and 0.08% were relatively lower than



Journal of Nanomaterials

16 -
14 4
12 1

10 4

Flexural strength (MPa)
[ee)

7
Age (days)

[ 0.03 (LL)
B 0.03 (LD)
B Cement

(a)
16 -

14 -
12 1

10 -

Flexural strength (MPa)
[ele)

Age (days)

[[] 0.15(LL)
£ 0.15 (LD)
B Cement

(c)

16 -

14 4

12 A

10 -

Flexural strength (MPa)
o]

6 -
4 4
2 ]
0 ~
7
Age (days)

0.08 (LL)
0.08 (LD)
Il Cement

(b)

16 -

14 4

12 1

F‘i
X
b
< E,
& Erm
s o=
< 10 4 . %I ]
= = ﬁl-l
o 2 'l: %l:l
c 8 \a e
@ ' %I-I
= 6 A ! %I‘I
o P} E
: > B
24 ol = .
— : : NI-I
- A
2 ] %'—'
1 ] oy
) :
7 28
Age (days)
=1 0.25(LL)
g5 0.25(LD)
B Cement

(d)

FIGURE 5: CNTs’ length test flexural strength results. (a) 0.03%, (b) 0.08%, (c) 0.15%, and (d) 0.25% CNTs.

plain cement batch strength, whereas the strengths of the
batches containing higher CNTs’ content of 0.15 and 0.25%
were higher than or comparable to the plain cement batch’s
strength regardless of the CNTs" length. On the 28th day
and for batches prepared at 0.03% CNTs-to-cement weight
fractions, the compressive strengths were similar to those
of the plain cement batch. However, at batches prepared
using 0.08% CNTs, the strength data were relatively lower
compared to plain cement batches. For batches prepared
using 0.15% CNTs, the compressive strengths of long CNTs
were higher by 10% compared to plain cement. However,
short CNTs of similar weight fraction had the same strength
results as plain cement batches. For batches prepared using
0.25% CNTs, the compressive strengths of both CNTs lengths

of 10-30 yum and 0.5-2 yum were higher by about 12% than
plain cement strength.

3.2. SEM Microstructural Analysis

3.2.1. Effect of CNTS’ Diameter. The microstructure investi-
gation showed several observations linked to the dispersion
and hydration elements of the samples. Figures 7, 8, and 9
illustrate the microstructure of batches containing 0.03 and
0.25% CNTs of high, medium, and low diameters of 20-30
and 10-20 nm, respectively. Even though the samples with the
highest aspect ratios provide the largest contact area between
fibers and cement matrix, the images taken could not illus-
trate this information qualitatively. In terms of CN'Ts” weight
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FIGURE 6: CNTS length test compressive strength results. (a) 0.03%, (b) 0.08%, (c) 0.15%, and (d) 0.25% CNTs.

fraction, the microstructure investigation demonstrated that
batches of 0.03% CNTS content have better dispersion
properties compared to batches containing higher CNTS
content of 0.25%. This is related to the lower weight fraction
of the nanofilaments which allows the tubes to be easily
spread through the sonication process. The microstructural
analysis also showed agglomerations of CNTs found at a few
locations within the cement matrix in batches mixed with
0.15 and 0.25% CNTs of all diameters (Figures 7(b), 8(b),
and 9(b)). These agglomerations indicate the need to provide
additional measures to eliminate CNTs agglomerations. To
compare with the strength results, the existence of CNTs
agglomerations in these batches did not affect their flexural
and compressive strengths, which were higher than those of
lower CNTS contents of 0.03 and 0.08%, as well as the plain
cement batches.

3.2.2. Effect of CNTS" Length. Figures 10 and 11 show the
microstructure of samples containing 0.03 and 0.25% short
and long CNTs of 0.5-2 and 10-30 ym, respectively. At a
lower CNTS’ content of 0.03%, the images illustrated good
dispersion properties for both short and long CNTs. However,
at a high CNTS content of 0.25%, the images illustrated a
better dispersion quality for batches of short CNTs. This could
explain the increase in the flexural strength of these short
CNTs’ batches compared to the ones containing long CNTs
of 0.25%.

The microstructural analysis indicated that CNTs can be
impeded or covered by cement hydration products. This find-
ing was clearly shown for batches of short CNTs (Figure 12).
Furthermore, it was observed that agglomerations of CNTs
were also found at a few locations within the cement matrix
regardless of the CNTSs’ length (Figure 13). It can be concluded
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FIGURE 7: SEM images of large CNTs” diameters of 30-50 nm. (a) 0.03% CNTs and (b) 0.25% CNTs.
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FIGURE 8: SEM images of medium CNTs” diameters of 20-30 nm. (a) 0.03% CNTs and (b) 0.25% CNTs.

from the microstructural analysis that the weight fraction of
the nanofilaments is the major factor affecting the overall
composite strength rather than the length or diameter of
the nanofilaments. Even though batches of lower CNTs
content of 0.03 and 0.08% showed better dispersion quality
at many locations, their strength remained even lower than
plain cement batches. On the other hand, batches of higher
CNTSs’ content of 0.15 and 0.25% have always attained higher
strength results despite the existence of CNTs’ agglomerations
in many spots.

3.3. RSM Analysis. The flexural strength prediction equation
was determined as follows:

FS = 11.06 + 0.244x, + 1.02x, — 0.618x,x, + 1.28x,”
, 2
+0.699x,°.

The R? and P values of the flexural strength predicted model
were determined as 0.76 and 0.0062, respectively.
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On the other hand, the compressive strength prediction
equation was determined as follows:

CS = 73.73 + 1.16x, + 7.19x, + 0.688x, x, + 0.45x,”
i 3)
+2.72x,".

The R? and P values of the compressive strength predicted
model were determined as 0.62 and 0.0512, respectively.

00KV | 53mm | 50000x |
(b)
FIGURE 10: SEM images of 0.03% CNT samples. (a) Short CNTs (0.5-2 ym length) and (b) long CNTs (10-30 ym length).

The response surface plots of both flexural and compres-
sive strength factors against the aspect ratio and weight frac-
tion variables are shown in Figure 14. The flexural strength
model (Figure 14(a)) shows peaks at all boundaries, except at
the point of minimum aspect-weight fraction boundary. This
indicates the effectiveness of CNTs in improving the flexural
strength of cement paste with both minimum and maximum
weight fractions of 0.03 and 0.25%, respectively. On the other
hand, the compressive strength model (Figure 14(b)) shows
the peaks at both largest and smallest aspect ratios of 83 and



Journal of Nanomaterials

24
HV WD mag [
0> | 5.00kV | 5.4 mm 100 000 x

(a)

1

3.00kV | 3.8mm | 50000 x

(b)

FIGURE 11: SEM images of 0.25% CNT samples. (a) Short CNTs (0.5-2 ym length) and (b) long CNTs (10-30 pm length).
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FIGURE 12: Short CNTs (0.5-2 ym length) impeded in cement hydration products. (a) Sample image 1 and (b) sample image 2.

1,333 of the highest weight fraction of 0.25%, respectively.
This response shows the importance of having CNTs’ weight
fraction as high as 0.25% to obtain the maximum compressive
strength response.

Figure 15(a) shows the combined contour profiles of the
aspect ratio and weight fraction variables versus the flexural
and compressive strength. The shown shaded areas include
all flexural and compressive strengths falling below the
strengths of plain cement paste batch’s flexural and compres-
sive strengths. This analysis shows the importance of having

a CNTS weight fraction of more than 0.166%, regardless
of the aspect ratio or geometry in case an improvement
of both flexural and compressive strengths of cement paste
is required. Figure 15(b) shows the maximized desirability
strength function behavior of both aspect ratio and weight
fraction variables. The results showed that the maximum
behavior would occur at the lowest aspect ratio of 83 at the
highest weight fraction of 0.25%. The maximum predicted
flexural and compressive strengths are 14.4 and 82.3 MPa,
respectively. Compared to the plain cement batch, these
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FIGURE 13: Agglomerations of CNTs within the cement matrix. (a) Batch with short CNTs (0.5-2 ym length) and (b) batch with long CNTs

(10-30 gm length).
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FIGURE 14: RSM models of strength factors against aspect ratio and weight fraction variables. (a) Flexural strength function’s response and

(b) compressive strength function’s response.

values present an improvement of 26 and 10%, respective-

ly.
4. Conclusions

The effect of CN'TS’ geometry on the dispersion and flexural
and compressive strengths of cement paste composites was

investigated. The following conclusions are warranted at this
time:

(i) CNTs diameter has a relatively slight effect on both
flexural and compressive strengths’ results.

(ii) CNTs of the lowest diameter of 10-20 nm and high-
est aspect ratio of 1,333 achieved higher strength
results than CNTs of medium and high (20-30 and
30-50 nm) diameters, respectively.

(iii) CNTs with longer lengths of 10-30 ym and higher
aspect ratios of 1,333 achieved slightly higher flexural



Journal of Nanomaterials

0.25

0.195

0.166
=
=1
2
k3]
& 0
&
=
=y
2

0.085

0.03 = T T T T
83 395.5 0 1020.5 1333
Aspect ratio
(a)
=
i
S~ 14436
E s
[Z ="
= & [13.0534,
= < 15.819]
8
[
¢ £
g S 82267
£ 5 [72.6268,
B
E 2 91.9066]
L
O &
12}
= 0.75 - |
= 1 1
S 0.872926 05 | |
! !
a 0.25 1 !
I I
041 i
rr——r—rr—rr—r—rT—rT—r 1T T 1T T 1
-1 =05 0 05 1-1 -05 0 05 10 025 05 075 1
-1 1
Aspect ratio CNT weight Desirability

fraction (wt.%)

(®)

FIGURE 15: Aspect ratio and weight fraction variables. (a) Contour profiles and (b) maximized desirability functions.

13



14

strengths using a CN'Ts’-to-cement weight fraction up
to 0.15%.

(iv) At a 0.25% CNTs content, short CNTs of 0.5-2 ym
length achieved higher flexural strengths than similar
batches with long CNTs of 10-30 ym length.

(v) Compared to plain cement, samples reinforced with
0.15and 0.25% CNTs attained higher strengths in both
flexure and compression testing.

(vi) The microstructural qualitative analysis illustrated
that better dispersion properties could be observed at
lower CNTs’ contents, regardless of the CNTs” geom-
etry.

(vii) SEM analysis indicated that short CNTs (0.5-2 ym
length) have better dispersion properties compared
to long ones (10-30 ym length) at high CNTs” weight
fraction.

(viii) RSM showed that maximum flexural and compressive
strength responses were obtained at the lowest aspect
ratio of 83 at the highest weight fraction of 0.25%.

5. Future Work

This study aimed at investigating the effect of MWCNTS’
geometry on the strength properties of the nanocementitious
composites. Future work will be directed towards investigat-
ing the load-deflection curves to study such effect on other
properties such as ductility, elasticity, and toughness.
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