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Abstract: Low-dimensional nanomaterials such as graphene can be used as a reinforcing agent in building materials to enhance the strength
and durability. Common building materials burnt red soil bricks and fly ash bricks were reinforced with various amounts of graphene, and the
effect of graphene on the strength of these newly developed nanocomposites was studied. The fly ash brick nanocomposite samples were
cured as per their standard curing time, and the burnt red soil brick nanocomposite samples were merely dried in the sun instead of being
subjected to the traditional heat treatment for days to achieve sufficient strength. The water absorption ability of the fly ash bricks was also
discussed. The compressive strength of all of the graphene-reinforced nanocomposite samples was tested, along with that of some standard
(without graphene) composite samples with the same dimensions, to evaluate the effects of the addition of various amounts of graphene on

the compressive strength of the bricks.
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1. Introduction

The rise of 'wonder material' graphene [1-2], a
two-dimensional allotrope of carbon with a hexagonal lat-
tice, has brought a massive revolution in the field of mate-
rials research because of its unique and outstanding proper-
ties. It is the lightest known single-atom-thick material, and
it features a hexagonal, two-dimensional, tightly packed
layer structure in which each carbon atom is bonded to its
three nearest neighboring carbon atoms via sp> hybridization.
To form the hexagonal structure, among the four valence
electrons of a carbon atom, three valence electrons forms
three sigma (o) bonds with a carbon—carbon bond length of
approximately 0.142 nm with each of its three neighbors. The
remaining valence electron of each carbon atom is oriented
out of the plane and helps layers of graphene stack above each
other via a pi (m) bond to form graphite with an interplanar
spacing of approximately 0.335 nm [3]. This two-dimensional,
single-layered, hexagonal structure contributes to the supe-
rior mechanical properties [3—9] of graphene and to its high
thermal [3,10—-14] and electrical [3,15-19] conductivity be-
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cause of the presence of mobile n-bonds. Several research-
ers have also studied the quantum Hall effect [20-25] and
unique optical properties of graphene [26—-31].

The superior strength of graphene makes it an appropri-
ate candidate for use as a reinforcing agent in different na-
nocomposites. Researchers around the world have used
graphene as a reinforcement material to develop various
composites with excellent mechanical, thermal, and elec-
trical properties [32—-38]. In the field of building and con-
struction materials, demand for materials with greater
strength, better water absorption, and other parameters that
increase their performance and durability is perpetual. Re-
searchers have found graphene, graphene oxide, and carbon
nanotubes to be appropriate reinforcing agents for building
materials such as cement mortar [39-48] to develop new
nanocomposites that can greatly enhance the strength and
structural stability of buildings and other structures. Howev-
er, no work has yet been reported on graphene-reinforced
burnt red soil and fly ash brick nanocomposites, which are
the primary composite materials used in buildings and other
structures. Due to the huge theoretical specific surface arca

@ Springer

© University of Science and Technology Beijing and Springer-Verlag GmbH Germany, part of Springer Nature 2019



J. Sarkar et al., Enhanced strength in novel nanocomposites prepared by reinforcing ... 1323

of 2630 m%/g, graphene can bond with the composite mate-
rials from two sides to develop new nanocomposite mate-
rials. Furthermore, the features of single-layered,
two-dimensional, and densely packed hexagonal structure
would substantially enhance the strength, structural stability,
and reduce the water absorption ability.

In this work, we have prepared the graphene-reinforced
burnt red soil bricks and fly ash brick nanocomposites with
different amounts of reinforcing agent. The effect of rein-
forcing agent on improving the compressive strength was
discussed in comparison with that without reinforcement. In
addition, the water absorption ability of fly ash brick nano-
composite was also investigated.

2. Experimental
2.1. Sample preparation

The primary raw materials required for manufacturing
soil and fly ash brick composites were collected from the
market, and sufficient water was used to prepare paste-like
mixtures. Graphene nanopowders (ADNANO TECH-
NOLOGIES, Bangalore, India) with 14 layers, a thickness
of 2-4 nm, and a surface area of 350 m%g were used for
reinforcement to develop the new nanocomposites. To pre-
vent coalescence of the graphene nanopowders, they were
dispersed in water under ultrasonication for 15 min. Gra-
phene powder samples weighing 0.075, 0.105, and 0.15 g
were added to three different vessels, each containing 300 g
of burnt red soil, and uniformly mixed with an appropriate
amount of water to form a paste-like mixture. Each of the
as-prepared mixture was further divided into two parts to
develop two nanocomposite samples for each composition.
The as-prepared burnt red soil brick nanocomposite samples
were denoted as S1, S2, and S3 on the basis of increasing
graphene content. Normal fly ash brick composites are made
of fly ash, cement, and sand with a mass ratio of 6: 1: 3. The
compositions were taken in the same ratio for two lumps of
300 g, and mixed with water to form a paste-like. Then,
0.038 and 0.053 g of graphene was added and mixed with
the two fly ash paste-like, repectively, both of which were
also further divided into two parts to develop two nanocom-
posite samples for each composition. The fly ash brick nano-
composite samples were denoted as F1 and F2 on the basis of
increasing graphene content.

2.2. Characterization

The burnt red soil brick and fly ash brick were also pre-
pared without graphene reinforcement for comparison of the
compressive strength. All of the samples were cured: the fly

ash brick nanocomposites were cured for 7 d, and the burnt
red soil brick nanocomposites were dried in the sun for 3 d.
Water absorption tests for the fly ash brick nanocomposite
samples were conducted by dipping in 10 L of water for 24
h and then measuring the quality reduction of water. To es-
timate the compressive strength, all the samples were sub-
jected to compression testing. The edges of the samples
were well prepared by grinding before testing. The crushing
strength of different samples was then tested in a triaxial
compression machine (Hydraulic & Engineering Instru-
ments, New Delhi, India) at a strain velocity of 1.2 mm/min.
The compressive strength and water absorption ability were
collected by the average of two samples for each sample in
order to reduce the deviation. The fractured samples were
taken in the form of ground powder, coated with gold, and
examined with a scanning electron microscope (ZEISS
EVO 60, Carl Zeiss AG, Germany) to observe the presence
of reinforced graphene in the form of layers that enhance the
strength of these nanocomposites compared with that of the
normal bulk composites.

3. Results and discussion

The strength of the ordinary fly ash brick composite is
much higher than that of the ordinary red soil brick compo-
site. Therefore, considering the experimental limitation, dif-
ferent quantities of graphene-reinforced red soil brick and
fly ash brick nanocomposite samples were prepared. Fig. 1
shows the preparation of graphene-reinforced burnt red soil
brick and fly ash brick nanocomposites. The dimensions of
the as-prepared samples were smaller than those of the
original burnt red soil and fly ash brick composites for con-
venience of lab-scale testing. Therefore, a representative vo-
lume was considered for samples that can accurately represent
the performance and property of original composites.

3.1. Water absorption

The water absorption tests of fly ash brick nanocompo-
sites are shown in Fig. 2, and the water absorption ability is
listed in Table 1. For class 125 brick composites, the stan-
dard water absorption should not be greater than 20vol%;
for high-class brick composites, it must be less than 15vol%.
The results show a drastic reduction in water absorption of
the developed fly ash brick nanocomposite samples with
graphene reinforcement. Fly ash brick nanocomposite sam-
ples with less graphene exhibited less water absorption. This
is attributed to the reduction of porosity and other internal
defects in the nanocomposite samples after the reinforce-
ment of graphene.
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Fig. 1. Sequential images for the preparation of (a) graphene-reinforced burnt red soil brick and (b) graphene-reinforced fly ash

brick nanocomposite (both containing 0.35wt% graphene).

Fig. 2. Water absorption tests of the as-prepared fly ash brick nanocomposite samples with different contents of graphene: (a)

0.35wt%; (b) 0.25wt%.

Table 1. Average water absorption ability of the as-prepared
fly ash brick nanocomposite samples

Sample Water absorption / vol%
F1 6.66 £0.5
F2 13.33+£0.3

3.2. Compressive strength

The final dimensions of the ground samples of burnt red
soil and fly ash brick nanocomposites before compressive
testing are listed in Table 2. Figs. 3(a) and 3(b) show the
nanocomposite samples during compressive testing, and
Figs. 3(c) and 3(d) show the ruptured samples after testing.
Along with the compressive testing, the samples are sub-

jected to compressive loading along their length; after ab-
sorbing a certain compressive load, the nanocomposite sam-
ples finally ruptured. The compressive loading absorbed by
the nanocomposite samples is obtained from the dial gage
installed on the compressive testing machine, and the com-
pressive strength is calculated from the obtained data. The
average compressive strength is listed in Table 3. As can be
observed, the compressive strength of graphene-reinforced
nanocomposite has increased sharply and it increases with
the increase in the amount of graphene. Especially, when the
graphene increases to 0.5wt% and 0.35wt%, the compres-
sive strength is as much as 3 times that of the unreinforced
sample (~3.1 times for burnt red soil and ~3.7 times for fly
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ash brick, respectively). This is resulted from the maximum single-layer, two-dimensional, hexagonal structure of graphene,
reduction of porosity and other internal defects along with the imparting the brick with superior mechanical properties.

Table 2. Final dimensions of different nanocomposite samples after grinding

Dimension of the samples

Material Sample [length (cm) X breadth (cm) % thickness (cm)]
S (without graphene) 3.5x2x1.5
S . S1 35x2x1.5
Burnt red soil brick nanocomposites
S2 3.5x2x1.5
S3 3.5%x2x1.5
F (without graphene) 4x2x1.5
Fly ash brick nanocomposites F1 4x2x1.5
F2 4x2x1.5

Fig. 3. Ruptured samples after compression testing: (a,c) burnt red soil brick; (b,d) fly ash brick.

Table 3. Comparison of the average compressive strength 3.3. Scanning electron microscopy (SEM) and ener-
Sample Compressive strength / (kg-cm ™) gy-dispersive X-ray analysis (EDAX)

S (without graphene) 0.45+0.03
s 0.68 = 0.05 The SEM images of fractured nanocomposite samples
) 0.91 + 0.02 and the elemental analysis to confirm the presence of rein-
S3 1.39 £ 0.04 forced graphene are shown in Fig. 4. The SEM images show
F (without graphene) 335+ that single and multilayer graphene sheets are reinforced
F1 51243 within the entire matrix material. The layering of the gra-

F2 11.41+2 phene sheets within the matrix material can be observed
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phene oxide may have formed in open air because the frac-

throughout the presented images and is more prominently

observed in the encircled region. A trace amount of gra-

tured samples were not kept under vacuum.
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Fig. 4. SEM images of (a—) burnt red soil brick nanocomposite samples with different contents of grapheme and (d, e) fly ash brick
nanocomposite samples with different contents of graphene: (a) 0.25wt%; (b) 0.35wt%; (c) 0.5wt%; (d) 0.25wt%; (e) 0.35wt%.
Corresponding EDAX analysis of burnt red soil brick (f) is obtained from Fig. 4(a) and that of fly ash brick (g) is obtained from Fig.

4(e).

The EDAX is conducted for elemental analysis at the en-
circled regions. Figs. 4(f) and 4(g) show that there are C, Al,
and Si in the burnt red soil brick nanocomposite samples
and C, Al Si, and Ca in the fly ash brick nanocomposite
samples, respectively. The peaks of Al, Si, and Ca originate
from the matrix materials of the nanocomposites, and C
element indicates the presence of reinforced agent graphene.

Graphene exhibits ultra-high mechanical properties because
of its single-layer, two-dimensional, hexagonal structure,
and it can bind the matrix material more tightly because it
can bond from both sides, thus reducing porosity and other
internal defects within the nanocomposites. Therefore, the
SEM images confirm that the high compressive strength is
attributed to the reinforced graphene forming single as well
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as multilayered structures within the matrix material, lead-
ing to superior mechanical properties.

4. Conclusions

In this study, the graphene-reinforced burnt red soil and
fly ash brick nanocomposites potentially represent a cut-
ting-edge advancement in the field of building and construc-
tion materials. The results are summarized as follows:

(1) The compressive strength of graphene-reinforced na-
nocomposites increases as much as ~3.1 times for burnt red
soil brick and ~3.7 times for fly ash brick samples. Moreo-
ver, the water absorption capacity of fly ash brick nano-
composites decreases to 6.66% and 13.33% with the adding
of graphene. These results indicate that fly ash brick nano-
composites exhibit excellent durability and low water ab-
sorbing ability.

(2) Graphene reinforcement in burnt red soil and fly ash
brick provides superior compressive strength and reduced
water absorption (for fly ash bricks) by reducing the porosi-
ty and other internal defects. The two dimensional, sin-
gle-layered, and tightly packed hexagonal structure with the
ability to form bonds from both sides is primarily responsi-
ble for the enhanced mechanical properties.

(3) The graphene-reinforced nanocomposites are a non-
toxic, nonflammable, and eco-friendly material with a good
surface finish. These traits reduce the use of filler and fi-
nishing composites in construction work, which in turn re-
duces the cost. The cost of burnt red soil brick nanocompo-
sites will also be substantially reduced because they will not
require a high-temperature treatment, which is currently re-
sponsible for a large portion of the cost and production time
of burnt red soil bricks.

(4) The ease of the manufacturing process enables un-
skilled as well as semi-skilled workers to easily and effi-
ciently manufacture these nanocomposites, which will re-
duce the production cost and inventory. Thus, gra-
phene-reinforced soil and fly-ash brick nanocomposites with
superior properties are good candidates for construction
materials and can be easily used to make stronger, more sta-
ble, and more durable buildings and other structures.
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