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Abstract

The technique for synthesis of poly (methyl methacrylate) (PMMA) by atom

transfer radical polymerization has been strengthened by using graphene

nanoplatelets (GNPs) to enhance the elastic properties of the polymer. In order

to improve practical, economical and mechanical performance, the requirements

for effective implementation of production control as a smart bulk polymer

nanocomposite were determined for cost-effective bulk production. Three-

dimensional inspection (using an ultrasound interrogation method for the whole

volume under test) confirmed the synthesis of the nanocomposite to be free of

agglomeration and bubbles. As a result of this elimination of defects, an

enhancement in compressive strength of 42.7% was achieved and the Rock-

well hardness was increased by 19.9% through the addition of GNPs at 2 wt%

by mass. The deformation and mechanical failure properties have been char-

acterized in the mechanical enhancement of the polymer nanocomposite.

Elastic parameters determined using ultrasound testing identified that

changes in the structural features following the addition of these GNPs were

uniquely connected to the enhancements in these elastic parameters (such as

Young's modulus, Poisson's ratio, shear modulus, and microhardness) of the

PMMA/GNPs nanocomposite.
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1 | INTRODUCTION

Poly (methyl methacrylate) (PMMA) is a clear and
transparent thermoplastic and a lightweight material
with multi-scale functional applications for medical sensors,
solar cells, electronics and aerospace technologies.1–4 Users
in the research or industrial application areas have sought
to make demanding modifications in the elastic parameters
of PMMA by using polymer nanofillers to produce high
quality at low prices.1,2 However, the mechanical properties
of PMMA are poor for high-tech applications.5 The relative

weakness of PMMA under fatigue rupture presents a major
problem for its longer-term use in service applications.6

Nanocomposite materials can improve this poor mecha-
nical performance of the polymer. The nanoparticles can be
used as fillers to improve the structural characteristics
of the polymer.7 Graphene nanoplatelets (GNPs) provide a
lower mass density, superior mechanical properties as
GNPs contain monolayer graphene exhibiting these excel-
lent properties. The production of other carbon-based
nanofillers (such as carbon nanotubes and carbon
nanofibers) usually requires expensive and complex
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equipment and higher energy consumption (utilizing
techniques such as chemical vapor decomposition, arc
discharge, laser ablation). However, high-quality GNPs
can be derived from abundant natural graphite via rela-
tively convenient methods. This makes GNPs a cost-
effective nanofiller to use as a nanocomposite in many
application areas.8 GNP clustering results in several dif-
ficulties at higher GNP concentrations with the conse-
quent deterioration in the mechanical properties of the
polymer nanocomposite.9 The rise in the number of
defects with GNP clustering causes problems as such
defects can serve as the starting points for cracks in the
nanocomposite.10–12 The enhancement of the elastic prop-
erties of the nanocomposite (as a lightweight material)
means that it can provide protection for equipment from
mechanical damage in longer-term service. Systems pay-
loads can be decreased considerably through the develop-
ment of such a modified lightweight polymer. Protection
of equipment against mechanical damage is of potential
interest and significance for telecommunication systems
including lightweight nanocomposites for space applica-
tions.11,12 The atom transfer radical polymerization
(ATRP) technique provides an opportunity to prepare
novel multifunctional materials with good control of the
polymer's molecular weight, polydispersity index and end-
group functionality through the addition of graphene
nanoparticles.13–18 For instance, the use of graphene has
improved the physical properties of PMMA as a rein-
forcing agent for bone cement.16 The ATRP functional
groups are more suitable than ionic polymerization as a
tuning method for industrial applications as the cross-
linkable PMMA can be synthesized in a controlled manner
by using MMA monomers in the ATRP method.12 The
improvement in the mechanical properties with the addi-
tion of GNP at 2 wt% indicated that the influence of
crosslink density on the modification of elastic properties
of the nanocomposite reached an optimum level at of 2 wt
% GNP. The use of traditional polymer composites is
restricted by their bulkiness, high rigidity, and difficulty in
processing. The forces applied can produce compressive
stresses whose magnitude is difficult to determine in prac-
tice. The utilization of newer bulk polymers is better at dis-
tributing these forces (due to the torque transmitted by the
bonded polymer composite parts). The development of
nanocomposites by the addition of nanoparticles modifies
the mechanical properties of nanocomposites and will
likely drive its medical use via the internet of nano things
(IoNT) systems in the near future,17 in particular by the
modification of the elastic properties. Inspection of the
effect of GNPs in improving the elastic mechanical proper-
ties of PMMA using ultrasound techniques has not been
widely reported previously in the literature. The ATRP
method (including the surface-initiated controlled radical

polymerization technique) has been used here in conjunc-
tion with ultrasound monitoring to determine the opti-
mum bulk material size needed to produce a satisfactory
mechanical improvement with low density and optimum
thickness.

The polymer nanocomposites with suitable mechani-
cal performance are only obtained up to ~ 0.5 wt% nano-
particle addition in the literature and this is a relatively
minor amount.9–12 In this study, the synthesis of a
PMMA/GNPS nanocomposite with a suitable mechanical
performance with a GNP content of 2 wt% supports the
development of next-generation nanocomposite systems.
The modulus values rise as GNP concentration increases.
When the GNP concentration is greater than >2%, this
influences its mechanical properties. It is suggested that
the nanoparticle distribution is very important for the
development of the mechanical changes in this study. If
it was more than 2%, the polymer nanocomposite does
not have an appropriate homogeneous structure. Deterio-
ration of the homogeneity of the structure started to
affect adversely the improvement in the mechanical per-
formance of the polymer nanocomposite. The modified
nanocomposite demonstrated the enhancement of its
capability of the elastic parameters (such as the increase
of the shear modulus, Young's modulus and the micro-
hardness). The increase of Young module's (stress/strain)
indicated a stiffer structure with the enhancement of the
nanocomposite density as a result of the increase in GNP
content. Hence, the improvement of the stiffness with the
enhancement of the mechanical functions will help to
prolong the service life of products in markets. The stress
was distributed along the length of the nanocomposite
supporting the development of valuable products derived
from the nanocomposite in this study. Hence, the opti-
mum weight distribution providing protection of the cen-
ter of mass will help to ensure the optimum weight
reduction providing wear reduction at the contact
points. The modified PMMA/GNPs nanocomposite has
proved to be a good candidate in resisting mechanical
damage (such as shearing and compressive stresses) in
this study. Technological modifications in this study
have provided comprehensive and in-depth experimen-
tal investigations of the enhancement of the elastic
properties. The strengthening of this nanocomposite has
helped to improve the engineering capabilities of
PMMA by the addition of GNPs. The modification of
this nanocomposite has helped to provide a deeper
exploration of the elastic features of this polymer
nanocomposite for various applications. The use of this
modified nanocomposite will open up new demands for
advanced substrate applications in industrial areas,
including medical sensors, solar cells, electronics, and
aerospace technologies.
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2 | EXPERIMENTAL

In situ ATRP polymerization was used as the dispersion
method. The schematic diagram displaying the steps in
the polymerization process used to make the PMMA/
GNPs nanocomposite is presented in Figure 1. Copper
(I) bromide (CuBr) was chosen as the catalyst for further
optimization. The use of a catalyst here provided several
advantages, such as higher synthetic efficiency, lower
cost, and a simpler process. The main advantages of this
reaction were the use of readily available starting mate-
rials and optimal product yields.

2.1 | Synthesis of PMMA reinforced
with GNPs

The GNPs used in this study was purchased from Merck
99.5+% purified, with a thickness of 6 nm, a surface area
of 150 m2/g, and a surface diameter of 5 μm. The prepa-
ration and measurements were carried out inside an
AtmosBag (Sigma–Aldrich) in argon to achieve practical
and cost-effective polymer nanocomposite production
conditions. Bu4NBr (1.211 g) was used as the solvent and
CuBr (0.067 g, 0.47 mmol) was utilized as the catalyst.
GNPs were added to tubes (8 × 2.5 cm2) at four different
concentrations (0.25, 0.5, 1, 2 wt% in AtmosBag. EBIB
(at 00.092 g) was used as an initiator so that it provided
temperature control of the polymerization process as well
as cost benefits. A regulator was used in the experiments
and extra pure argon has been used during the synthesis.
When the measurements were finished, the tubes were
sealed with a rubber seal and taken out of the AtmosBag.
Methyl methacrylate (28.2 g, 0.282 mol) was used as the

monomer and it was added into the tube. Pen-
tamethyldiethylenetriamine (PMDETA) was added at
0.081 g, 0.47 mmol, being an inexpensive ATRP ligand.
The tubes were put on a rotating shaker to avoid cracking
of the GNP in the polymer solution. The solution was
mixed for 15 min and the mixture was degassed through
a glass frit with pure argon for 60 min for the removal of
dissolved gases from solution and to eliminate bubbling.
The tube was sealed once more with a rubber seal
followed by parafilm. The mixture was taken out of the
AtmosBag and the tubes placed in a silicon oil bath on a
rotating shaker. The mixture was maintained at 60�C
vacuum for 12 h. The samples were prepared by casting
in molds. Then the mixture was placed in a vacuum at
room temperature for 30 min to remove entrapped air.

2.2 | Structural characterization
methods

Fourier transform infrared (FTIR) spectroscopy provided
some information about chemical bonds and the relevant
chemical functional groups.19 The infrared spectrum
in this study indicated the absorption peaks that are a
“fingerprint” of PMMA/GNPs nanocomposites. The
FTIR measurements were carried out using a Bruker
ALPHA spectrometer. XRD analysis was carried out to
investigate the structural characterization by using a
PANALYTICAL diffractometer with Cu Kα radiation
(λ = 1.541 Å) with a scanning speed of 2�/min (operat-
ing at 40 kV and 40 mA).

2.3 | Mechanical tests

Rockwell hardness (M scale) was measured by a Zwick
Roell ZHR hardness tester using a steel ball 6.35 mm in
diameter and a load of 100 kg. Compression tests were
conducted using a Shimadzu Ag-Ic 100 KN universal test-
ing machine. The crosshead speed of the machine was
3 mm/min. The sample height was 4 cm, and the diame-
ter was 2 cm for each sample.

2.4 | Elastic properties of PMMA/GNPs
nanocomposite

Ultrasonic testing was applied to check nondestructively
for imperfections in the PMMA/GNPs nanocomposite.
The reflections (the obtained echoes) have provided to
make an elimination at the volumetric defects in PMMA/
GNPs nanocomposite by using the ultrasonic testing
method. These reflections from bulk tests of the pure

FIGURE 1 A schematic diagram displaying the steps in the

polymerization process used to make the poly (methyl

methacrylate) (PMMA)/graphene nanoplatelets (GNPs)

nanocomposite
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PMMA were compared with the results of PMMA/GNPs
nanocomposite (at different levels of GNP content). The
results of PMMA/GNPs nanocomposite (at 2 wt% GNPs
amount) for Rockwell hardness showed an increase of
19.9%. In addition, the compressive strength rose by
42.7%. The improvement in physical properties is attrib-
uted to the control of production parameters of the
advanced nanocomposite by the use of the ATRP method
in this study compared to other methods in the literature.
Efficient interfacial interactions between GNPs and
PMMA can influence significantly the mechanical prop-
erties of the nanocomposite at low concentrations of
GNPs. The speed of sound in the polymer nanocomposite
was determined using the ultrasonic test technique in
order to calculate Poisson's ratio, the Shear modulus,
Young's modulus, and the microhardness of the bulk
material according to techniques described in the litera-
ture.20,21 Sound waves propagate as both longitudinal
and transverse (or shear) waves in solids, as these can
support both axial and transverse stresses. The speeds of
longitudinal and shear waves respectively are given by
Equation 1–222:

CL =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E 1−νð Þ

ρ 1+ νð Þ 1−2νð Þ

s
, ð1Þ

CT =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E

2ρ 1+ νð Þ

s
=

ffiffiffiffi
G
ρ

s
, ð2Þ

where23:
ρ: density of the solid material.
E: Young's modulus (or elastic modulus), which is the

ratio of stress to longitudinal strain within the elastic
limit.

ν: Poisson's ratio, which is the ratio of lateral strain to
longitudinal strain when the solid material is elastically
stretched.

G: shear modulus, which is the ratio of the tangential
force per unit area to angular deformation produced in
the body.

Solving these equations for E and ν gives.
H: Microhardness, which is defined as the ratio of the

load applied by the indenter (kg) to the unrecovered pro-
jected area A (mm2).24

As ρ, CL, and CT were determined by measurement
then ν, E, G, and H are given in Equations 3–6.

ν=
1−2 CT

CL

� �2

2−2 CT
CL

� �2 , ð3Þ

E=2ρC2
T 1+ νð Þ, ð4Þ

G= ρC2
T , ð5Þ

H =
1−2νð ÞE½ �
6 1+ νð Þ½ � : ð6Þ

During ultrasonic testing, the ultrasound transducer
produces an pulse at the surface of the solid material,
which travels through the material and an echo reflects
wherever there is a change in the acoustic impedance of
the material, as occurs when it meets a crack, for exam-
ple. An ultrasound transducer receives these echoes,
including a final one as the ultrasound pulse reflects from
the opposite face of the material, attenuating over dis-
tance.6 The speed of the longitudinal and transverse
waves in the solid can be obtained from the measured
round-trip transit time, Δt, and the measured thickness
(d) of material via Equation 7.

c=
2d
Δt

, ð7Þ

It is thus possible to obtain Poisson's ratio, Young's
modulus, the shear modulus and the microhardness of
the solid material in the bulk.20

3 | RESULTS AND DISCUSSIONS

The improvement of the interface between the GNPs and
the nanocomposite is of importance.13 The results of
FTIR analysis for both pure PMMA and GNPs/PMMA
nanocomposite samples are presented in Figure 2. The
main absorption peaks for pure PMMA and GNPs/
PMMA nanocomposite are visible at 2992 cm−1 (O CH3,
C H stretching), 2948 cm−l (C CH3, C H stretching),
1729 cm−l (C O stretching), 1434 cm−1 (O CH3 bend-
ing), 1382 cm−1 (C CH3 bending), 1238 cm−1 (C C O
stretching), 1189 cm−1 (C O C bending), 1145 cm−1

(CH2 bending) and 753 cm−1 (C O bending).25–27 There
is not much research available concerning the effect of
bonding interaction between the PMMA and GNPs on
the FTIR spectrum of the composite. The PMMA/GNPs
nanocomposites fabricated here presented similar absorp-
tion peaks as a result of the variations in the bonding
interaction between PMMA and GNPs at different con-
centrations of the GNPs. Interaction between the GNPs
nanofiller and the PMMA polymer matrix indicated
slight changes in the PMMA/GNPs nanocomposite FTIR
spectrum when the GNP reached 2 wt% according to the

MUHAMMETTURSUN ET AL. 4 of 11
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FTIR results. The slight decrease in the intensity of the
peaks at 2 wt% GNP indicated a progressive reduction in
the transmitted intensity at the frequencies highlighted
in Figure 2. However, there was no shift in the peak posi-
tions at any of the doping concentrations which indicates
that the electron distribution in the molecular bonds has
not changed.

A structural characterization of the nanocomposite
was carried out using XRD analysis to examine the effect
of the GNPs nanofiller on PMMA. The XRD diffraction
patterns of the nanocomposite displayed characteristic
peaks at ~ 26.5� corresponding to the stacking of the
graphene monolayers at a separation of 0.34 nm.28 XRD
diffraction patterns for PMMA, GNPs and a range of
PMMA/GNPs nanocomposite samples are presented in
Figure 3. A strong sharp diffraction peak around ~ 26.5�

represents the GNPs (002) diffraction plane. Additional
smaller peaks in the GNPs spectrum may be distin-
guished at ~ 44� (100) and at ~ 54� (004). Pure PMMA
produced using the ATRP method was determined to
have a small narrow peak at ~ 23� in this study, which is
attribable to the non-exchanged salt-containing Br–ions
according to the literature.29 The increased intensity of
the diffraction planes at higher concentrations of GNPs is
attributed to the larger number of stacked graphene
layers.7,30–36 The peak at ~ 23� was attributed to the non-
exchanged salt-containing CuBr and solvent Bu4NBr in
PMMA, and it remained clearly visible at all GNPs con-
centrations. However, the GNPs peak was not clearly dis-
tinguishable at the lower sample concentrations. The
characteristic peak of GNPs at ~ 26.5� is barely distin-
guishable at 0.5 wt% GNPs concentration. The increase in
the diffraction peak intensity due to the (002) diffraction
plane indicated an increased crystallinity in the 1 wt% GNPs
sample. Thus we infer that the increased concentration of

GNPs causes a slight increase in the crystallinity of the
nanocomposite samples, which may therefore affect
their mechanical properties, and this is investigated fur-
ther below.

The elastic properties for pure PMMA have been
determined by Afifi et al.37 The increase in hardness in
PMMA/GNPs nanocomposites was investigated by Das
et al. and Al-Saadi et al.38,39 Strong interfacial adhesion
between the GNPs and the polymer matrix is crucial for
effective reinforcement.40 Changes in Poisson's ratio (ν),
shear modulus (G), Young's modulus (E), and micro-
hardness (H) were calculated based on the measured
values of density and the speed of ultrasonic waves deter-
mined using ultrasonic techniques, and the results are
presented in Table 1. The elastic properties are increased
slightly with the increase in the GNPs concentration

FIGURE 2 Fourier

transform infrared (FTIR)

spectra of pure poly (methyl

methacrylate) (PMMA) and

PMMA/graphene nanoplatelets

(GNPs) nanocomposites [Color

figure can be viewed at

wileyonlinelibrary.com]

FIGURE 3 XRD patterns of poly (methyl methacrylate)

(PMMA), graphene nanoplatelets (GNPs) and PMMA/GNPs

nanocomposites [Color figure can be viewed at

wileyonlinelibrary.com]
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according to our measurements. The shear modulus
increased by 19.5%; Young's modulus increased by 16.8%,
and the microhardness of the PMMA matrix increased
by 14.2% with the addition of GNPs at a concentration
of 2 wt%. The ultrasonic signal obtained using non-
destructive testing (NDT) indicated no reflections from
the interior of the material, thereby showing that the syn-
thesis technique at these levels of GNPs concentration
was reliable in producing a bulk material without obvi-
ous defects. The use of ultrasound velocity testing to
determine the polymer samples elastic properties had
some advantages (foregoing the need for DMA test
results). The main advantage of the ultrasound test was
that it was based on wave propagation principles. There-
fore, only small sensors were required to provide sensi-
tive information on the elastic state of the polymer
samples. The density of the samples introduced some
variations in their elastic properties.

The application of ultrasound testing did not require
a separate experiment and was evaluated directly and
practically from the values of the acoustic wavelength.
The main advantage of using the ultrasound technique
(over DMA analysis) was that the ultrasound parameters
were evaluated at the same time, saving considerable
time in analysis, especially where some data needed to be
evaluated separately. The versatility of the ultrasound
technique has significant advantages as it was applied to
the polymer directly in the polymer molding. Hence,
the requirements for effective implementation of produc-
tion control as a smart bulk polymer nanocomposite
were determined for cost-effective bulk production along
with the improvement in the practical, economical and
mechanical performance. The Rockwell hardness value
indicated an increase in hardness with the increase of
GNPs concentration as depicted in Figure 4. The hard-
ness of pure PMMA increased from 85 to 101 HRM with
the addition of 2 wt% GNPs, corresponding to an increase
of nearly 20%. Both the concentration level and the asso-
ciated large surface area of GNPs are important for the
structural improvement in these nanocomposites.2,32

There is an interfacial interaction between the GNPs and
the PMMA.14 The enhancement in compressive strength
at low concentration of GNPs indicated the helpful effect
of GNPs concentration in raising the compressive
strength. Images of the PMMA/GNPs nanocomposite at
the end of the compression test indicate the extent and
nature of the damage (Figure 5(a)). The surface morphol-
ogy of the nanocomposite with a maximal concentration
of GNPs (2 wt%) was investigated to evaluate the surface
properties using an SEM (Figure 5(b)). The structural
characterization results show that the use of GNPs sup-
ports the ideal of obtaining crack-free advanced polymer
nanocomposites for load-bearing component applica-
tions, thereby offering significant potential in advanced
lightweight material applications.

The addition of GNPs into the PMMA increased the
compressive strength of the PMMA (Figure 6). The com-
pressive strength of PMMA was improved from 90.2 to
127.7 MPa as the GNPs concentration increased. The com-
pressive strength reached a maximum value at 2 wt% and
its value increased by 42.7% with respect to pure PMMA.
It is presumed that the stress has been significantly

TABLE 1 The changes in elastic parameters of PMMA/GNPs

GNPs Concent. in
PMMA (wt%)

ρ density
(kg/m3)

CL longitudinal
velocity (m/s)

CT transverse
velocity (m/s)

ν Poisson's
ratio

G shear
modulus
(Gpa)

E Young's
modulus
(Gpa)

H microhardness
(Gpa)

0.00 1180.890 2663.508 1322.011 0.337 2.064 5.517 0.225

0.25 1184.130 2699.876 1338.528 0.337 2.122 5.673 0.230

0.50 1187.920 2736.923 1356.172 0.337 2.185 5.843 0.237

1.00 1193.180 2786.545 1377.294 0.338 2.263 6.058 0.244

2.00 1204.110 2863.278 1414.000 0.339 2.407 6.446 0.259

Abbreviations: GNP, graphene nanoplatelets; PMMA, poly (methyl methacrylate).

FIGURE 4 Rockwell hardness values of poly (methyl

methacrylate) (PMMA)/graphene nanoplatelets (GNPs)

nanocomposites [Color figure can be viewed at

wileyonlinelibrary.com]
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transferred from the PMMA matrix to the GNPs. Hence
it has been possible to obtain a substantial improvement
in the mechanical properties of the polymeric matrix.
Changes to the elastic properties of PMMA/GNPs nano-
composite are summarized (in Table 2). A degradation in
the mechanical performance can result from cracks
(or pores) and GNPs clustering in the PMMA.13–15 The
mechanical test results (Figures 4 and 6) have evidenced
the improvement in the mechanical performance of the
polymer nanocomposite via the addition of GNPs. Some
cracks were visible in the samples of PMMA and PMMA/
GNPs (at 0.25 wt%) according to the compression test
results (Figure 6), but the presence of these cracks
decreased in the PMMA/0.5%–2% GNPs samples. This
improvement in hardness (Figure 4) was supported by the

improvement shown by the compression test results
(Figure 6) when the GNPs concentration increased to 2 wt%
GNPs. Raman spectroscopy can be used as an excellent tool
to structurally characterize carbon materials and it can indi-
cate changes in the GNPs concentration (deduced from at
~ 1350, ~ 2900, and ~ 1580 cm−1).41 The peak intensities of
GNPs gradually diminish with the increased number of
graphene layers in the previous studies.42 Raman analysis
results have demonstrated three main peak changes in
Figure 7 dependent on the GNP concentration (~ 1350,
~ 2700, and ~ 1580 cm−1) in this study. The intensities of
the Raman peaks decreased slightly for all peaks as a result
of the increase in the number of graphene layers. Moreover,
FTIR analysis results (Figure 2) have exhibited a similar
slight peak intensity decrease with the rise in GNP concen-
tration in this study.

It is proposed that the use of the synthesis process
results in an optimal interaction between the GNPs and
the PMMA matrix in this study. It was possible to avoid
agglomeration, cracks and pores in the nanocomposite
structure based on control of the production parameters
in this study, such as the quantity of the chemicals used,
synthesis time, and the use of a neutral argon atmosphere
during production. GNPs at a concentration of 2 wt%
have emerged as a promising nanofiller for PMMA based
nanocomposites due to their remarkable mechanical
properties, and optimal production parameters have been
established by the application of NDT. It is noted that the
physical performance relates to the structural characteris-
tics of PMMA and its performance can be changed with
the formation of PMMA/Colemanite composite.11,43–53

Investigations of the matrix base PMMA used in this

FIGURE 5 The images of poly (methyl methacrylate) (PMMA)/graphene nanoplatelets (GNPs) nanocomposite samples after the

compression test [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 6 The changes in compressive strength of poly

(methyl methacrylate) (PMMA)/graphene nanoplatelets (GNPs)

nanocomposites [Color figure can be viewed at

wileyonlinelibrary.com]
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TABLE 2 Comparison of the physical properties of PMMA/GNPs nanocomposite samples produced by the ATRP method in this study

and in the literature

Researchers Applied method Thermal properties Changes in mechanical properties

Gil et al.15 Solution mixing The temperature at 10% weight
loss was improved ~ 50�C at
2 wt% by using graphene oxide

Elastic modulus improved ~ 16%; Tensile strength
improved ~ 18% at 1 wt%, higher concentration
of GNPs resulted in a deterioration of the
mechanical properties.

Zhang et al.13 In situ fast
polymerization

5% weight loss temperature
increased ~41�C at 2 wt% by
using graphene nanosheets

Elastic modulus improved ~ 14%, Rockwell
Hardness (C scale) improved ~ 5%, Tensile
strength improved ~ 41% compare to pure
PMMA at 0.3 wt% GNP concentration, higher
GNPs concentration resulted in a deterioration
of the mechanical properties.

Wang et al.14 In situ
polymerization

5% weight loss temperature
increased ~40�C at 1 wt% by
using graphene nanosheets

Tensile strength ~60% at 1 wt%, higher GNPs
concentration resulted in a deterioration of the
mechanical properties

This study In situ ATRP
polymerization

5% weight loss temperature
increased by ~46�C at 2 wt%

Elastic modulus improved ~ 16.8%, Rockwell
hardness (M scale) improved ~ 19.9%,
Microhardness improved ~ 14.2%, Shear
modulus improved ~ 19.5%, Compressive
strength improved ~ 42.7% compared to pure
PMMA at 2 wt% GNP concentration. Tensile
strength test (as the maximum stress) was not
conducted in the same sample mold (which was
used for other mechanical tests in this study).
Tensile strength tests (for maximum stress
achievable) were not able to be conducted in
the same sample mold (which was used for
other mechanical tests in this study).

Abbreviations: ATRP, atom transfer radical polymerization; GNP, graphene nanoplatelets; PMMA, poly (methyl methacrylate).

FIGURE 7 Raman spectra

of the poly (methyl

methacrylate) (PMMA)/

graphene nanoplatelets (GNPs)

nanocomposite samples [Color

figure can be viewed at

wileyonlinelibrary.com]
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research have been carried out in space research at the
International Space Station.11,50,51 There is a relationship
between the molecular weight and the mechanical proper-
ties of polymers in general increasing the molecular weight
improves of the mechanical properties of the polymers.51

The molecular weight of the PMMA (which is synthesized
using the ATRP method) is enhanced with respect to our
previous study and the average molecular weight of the
PMMA synthesized reached around 270.000 g/mol.51 In
addition, the increase of the amount of graphene in the
PMMA results in an increase of the molecular weight.11

The improvement in crystallinity with the addition of
graphene enhances the mechanical performance of polymer
nanocomposites.54–56 The details regarding the enhance-
ment of the mechanical properties of the polymer
nanocomposite have provided some insight into their rela-
tionship to their structural properties in this study.

The results have indicated a potential future applica-
tion for protection of space vehicles from mechanical
damage. The mechanical enhancement has allowed prac-
tical examination of properties and the crucial benefit for
this application of a reduced vehicle mass, which is criti-
cal for aerospace applications. Furthermore, this modi-
fied PMMA/GNP nanocomposite has further potential
applications in harsh mechanical environments. It was
assumed that the specifics of the modified PMMA/GNP
nanocomposite were suitable to use in harsh mechanical
environments such as in medicinal implants (in joints).
Moreover, there is compatibility with IoNT systems to
transport medicines to unhealthy parts of the body (even
at the cellular level) by using polymer nanocomposites
including graphene.57 This improvement in mechanical
properties has offered a potential solution for the need to
improve particular properties (e.g., strength and cost) for
the ideal selection of materials with synthetic structures.
This polymer nanocomposite presents an opportunity for
use in load-bearing applications as it has demonstrated a
substantial increase in mechanical strength. One area of
proposed future work is to extend the use of acoustic sig-
nals for monitoring and analysis by applying more
advanced acoustic detection and processing techniques
used elsewhere,58,59 in order to investigate potential fail-
ure mechanisms. It is anticipated that the insight gained
by a greater understanding of these failure mechanisms
can inform future production of nanocomposites with yet
further improved mechanical properties.

4 | CONCLUSIONS

The addition of a range of concentrations of GNPs to
PMMA has provided reinforcement to avoid deformation
and mechanical failure in a polymer nanocomposite. The

use of ultrasound testing has helped to determine elastic
parameters for mechanical modification in the PMMA/
GNP nanocomposite synthesized by the “in situ polymer-
ization method” and has been used as an effective
method to obtain a suitable modification of this thermo-
plastic engineering material. The GNPs, at a concentra-
tion level of 2 wt%, were effective in dispersing uniformly
in PMMA for the production of a nanocomposite with a
defect-free structure as determined by NDT. The addition
of GNPs as a nanofiller has changed the mechanical
behavior of the nanocomposite, and in particular a GNP
concentration of 2 wt% increased the compressive strength
and hardness of the PMMA/GNP nanocomposite, while
also reducing the brittleness. NDT test results have been
used to support the determination of reliable, rapid and
affordable alternative production parameters for the
PMMA/GNP nanocomposite. This work, importantly, has
also demonstrated that this technique can substantially
extend the doping range of GNPs beyond the 1% wt con-
centrations achieved by previous workers without the
consequent deterioration in mechanical properties, but
rather with a continuing improvement that follows the
trend from lower concentrations. The NDT results have
shown that the process used results in a defect-free
nanocomposite, as well as providing a method for
nondestructive measurement of these mechanical proper-
ties. The results of this study indicate that the improve-
ment in mechanical properties through the production of
a homogeneous PMMA/GNP nanocomposite can offer
improved possibilities for the deployment of this material
in advanced applications compatible with IoNT systems in
the near future.
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