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Abstract The molecular dynamics simulation (MD)
was carried out to investigate the mechanical properties
of pristine polymethylmethacrylate (PMMA) and the
composites of PMMA mixed with the silver nanoparti-
cles (PMMA/AgNPs) at two AgNP weight fractions at
0.60 and 1.77 wt%. From the stress—strain profiles by
the tensile process, it can be seen that the improvement
on Young’s modulus is insignificant at these lower
AgNP fractions. The tensile strength of pristine PMMA
can be slightly improved by the embedded AgNPs at
1.77 wt%, because the local density and strength of
PMMA in the vicinity of AgNP surface within about
8.2 A are improved. For the temperature effect on the
mechanical properties of pristine PMMA and PMMA/
AgNP composite, the Young’s moduli and strength of
pristine PMMA and PMMA/AgNP composite signifi-
cantly decrease at temperatures 0f 450 and 550 K, which
are close to the predicted melting temperature of pristine
PMMA about 460 K. At these temperatures, the PMMA
materials become more ductile and the AgNPs within
the PMMA matrix display higher mobility than those at
300 K. When the tensile strain increases, the AgNPs
tend to get closer and the fracture appears at the PMMA
part, leading to the close values of Young’s modulus and
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Introduction

Developing polymer-based composites by adding dif-
ferent fillers has been demonstrated to be a promising
method for modifying the material properties of poly-
mers, and this fabrication process makes new composite
materials possible for industrial applications (Agag et al.
2001; Rafiee et al. 2009). For examples, properties of
pristine polymers such as mechanical strength (Ahmad
et al. 2010), elasticity (Leszczynska et al. 2007; Zhao
et al. 2012), plasticity (Petersson et al. 2007; Zhi et al.
2009), electrical conductivity (Lu et al. 2003; Zhou et al.
2011), and thermal conductivity (Coleman et al. 2006;
Kendall and Siviour 2014) can be significantly en-
hanced after the polymer matrixes are mixed with the
well-dispersed fillers.

Polymethylmethacrylate (PMMA) is one of the most
widely used thermoplastic polymers because of its ex-
cellent mechanical properties and physical properties.
The density of PMMA is about 1.15-1.19 g/cm® (van
Oss and Good 1989), which is about half of glasses
(2.40-2.80 g/cm’®), but PMMA has the impact strength
about 40-60 GPa, which is 10 times higher than the
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ordinary glasses (Heijboer 1967). PMMA'’s thermal sta-
bility with heat resistance is around 65 to 100 °C
(Gilman 1999), and its melting point is typically 135
to 160 °C (Nishi and Wang 1975). Because of these
excellent mechanical properties and thermal stability,
PMMA is usually applied to bullet-proof glass and the
military aircraft windshield. Many potential fillers such
as graphite (Zheng and Wong 2003), carbon fiber (Zeng
et al. 2004), and epoxy (Park and Jana 2003) have been
mixed with the pristine PMMA for further enhancing its
mechanical properties. These composites have been ex-
tensively used in different fields such as automotive
industry (window, screens) and biomedical applications
(wound dressing) (Jia et al. 1999).

Many experimental approaches have been conducted
to investigate the properties of PMMA composites. For
examples, Banks-Sills studied the mechanical properties
of PMMA blended with functionalized carbon nano-
tubes at different weight percentages by the grafting
from (GF) and the grafting to (GT) methods (Banks-
Sills et al. 2016). They indicated that the elastic modulus
of PMMA/carboxylated CNT composites significantly
increases when the addition of CNTs is higher than
3 wt%. Moreover, the PMMA matrix with the low
CNT content of functionalized and non-functionalized
CNTs possesses the lower elastic modulus than that of
neat PMMA. Blivi studied the mechanical properties
and thermal stability of PMMA blended with the silica
nanoparticles of different sizes (Blivi et al. 2016). Their
experimental results show that all nanocomposites have
the Young’s moduli higher than that of pure PMMA.
The Young’s modulus and the glass transition tempera-
ture of nanocomposites become higher when the smaller
silica nanoparticle is used. Wang reported that PMMA
displays 20% increase in the tensile strength and 50%
increase in the tensile modulus after PMMA is mixed
with the fully exfoliated layered silicate clay at 3 wt%
(Wang et al. 2002). At the low SWNT concentration of
0.114 wt%, Skakalova stated that the tensile strength of
PMMA can be improved 30 times higher than that of
pristine PMMA (Skakalova et al. 2005). Fan investigat-
ed the mechanical properties of PMMA mixed with
functionalized graphene, and their results showed that
the tensile strength and Young’s modulus can be en-
hanced from 9.8 to 63.2 GPa and from 1 to 3.42 GPa
when the functionalized graphene with 0.7 wt% was
blended with PMMA (Fan et al. 2012). Guo studied
the mechanical properties of PMMA blended with the
aluminum nanoparticles of 3 vol%; they found that the
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ultimate stress and Young’s modulus can be enhanced
up to 65 and 85% higher than those of pure PMMA
(Guo et al. 2006).

It is well known that the Ag nanoparticle (AgNP) is
superior to other nanostructured metal particles for
many reasons, such as its unique mechanical, optical,
electrical, and chemical properties (Kim et al. 2007; Lee
et al. 2003; Quang Huy et al. 2013) as well as its strong
inhibiting and antimicrobial effects (Morsy and Al-
Daous 2013; Mulfinger et al. 2007). Therefore, it seems
likely that a PMMA matrix could demonstrate improved
mechanical properties with the addition of Ag nanopar-
ticle filler (Lee et al. 2006). For example, Sodagar
studied the mechanical properties of PMMA/AgNP
composites with the Ag percentage of 0.05 and
0.2 wt%. The results indicate that the flexural strength
is only improved slightly and there are almost no differ-
ences between these two composites in this blending
ratio (Sodagar et al. 2012). In Hamedi-Rad’s study, it
can be seen that the compressive strength can be en-
hanced from 102.16 to 121.19 MPa when PMMA
mixed with silver nanoparticles about 5 wt% (Hamedi-
Rad et al. 2014).

The experimental studies mentioned above have re-
ported that PMMA/AgNP composites can enhance the
mechanical properties of pristine PMMA. However, the
PMMA and AgNP interaction mechanism causing this
enhancement in mechanical properties is very difficult
to obtain by the experimental approach. Consequently,
computer simulation approaches have been used as
alternative methods to illustrate the interaction mecha-
nism between PMMA and AgNP at the atomic scale.
Molecular dynamics (MD) simulation is a powerful
simulation method to investigate the interaction between
atoms on the basis of accurate interaction potential. By
using the MD simulation, Lin studied the mechanical
properties of graphene/PMMA nanocomposites at dif-
ferent temperatures (Zhu et al. 2007). They indicated
that the Young’s modulus increases with the increasing
graphene volume fraction and the PMMA with graphene
of 11% displays the highest Young’s modulus. Howev-
er, the Young’s moduli of all nanocomposites decrease
when the temperature rises from 300 to 500 K. Nayebi
studied the mechanical properties of graphene—
polythiophene (PT) nanocomposite by molecular dy-
namics simulation at different temperatures (Nayebi
and Zaminpayma 2016). They showed that the Young’s
modulus and breaking strain increase with the increas-
ing graphene weight concentration. The breaking strain,
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breaking stress, and Young’s moduli decrease when the
temperature rises from 100 to 700 K due to decrease of
interaction energy. Yang has investigated the influence
of'the Thrower—Stone—Wales (TSW) defect on the phys-
ical behavior of CNT/polypropylene (PP) composites.
The Young’s modulus and the transverse and longitudi-
nal shear moduli of the composites increase due to the
stronger interfacial adhesion between the defected CNTs
and the PP matrix (Yang et al. 2013). Adnan investigat-
ed the effect of buckyball size on the elastic properties of
PE/buckyball composites. Their results demonstrated
that elastic properties of PE/buckyball can be signifi-
cantly improved with the reduction of buckyball size
(Adnan et al. 2007). Zhu studied the mechanical prop-
erties of epoxy Epon 862 matrix with single-walled
carbon nanotubes (CNTs) for three systems—a long
CNT-reinforced Epon 862 composite, a short CNT-
reinforced Epon 862 composite, and the Epon 862 ma-
trix itself. The simulation results show that the long
CNT-reinforced Epon 862 composite is at least 10 times
stiffer than the pure Epon 862 matrix. Even for the short
CNT-reinforced Epon 862 composite, its effective
Young’s modulus also increases by roughly 20% as
compared to the Epon 862 matrix (Zhu et al. 2007).

However, to the best of our knowledge, none of the
large system of polymethylmethacrylate/silver
(PMMA/Ag) nanoparticle composite has been explored
for assessing their physicochemical properties using
simulation technique. In this study, we employed the
MD simulation to model the PMMA/AgNP composites
and compared its mechanical properties to that of pris-
tine PMMA. The Young’s modulus, mechanical
strength, and fracture mechanism of all PMMA—-AgNP
systems were obtained by the corresponding stress—
strain profiles. These results could be further applied to
relevant polymer/nanoparticle systems.

Simulation methods

For exploring the mechanical properties of pristine
PMMA and PMMA/AgNP composites, molecular dy-
namics simulations were carried out by using LAMMPS
(Cheng and Grest 2013). Figure la—e shows the
skematic diagrams of one AgNP, a PMMA chain, pris-
tine PMMA model, PMMA/AgNP composite with one
AgNP, and PMMA/AgNP composite with two AgNPs,
respectively. By the following equation (Stepanov et al.
2002), the AgNPs with the diameter ranging from 2 to

20 nm were blended with the PMMA matrix. Because
of the computational limitation on the atom number for
MD simulation, the AgNP with the 2 nm in diameter
was used, which was directly cut from the Ag F.C.C.
crystal structure. For the F.C.C. metal nanoparticles, the
(111) and (100) planes are two common facets on the
NP surfaces when the NP diameters are larger than
2 nm. In Fig. la, the AgNP with the (111) and (100)
facets can be seen, so the current AgNP can reflect the
structural property of AgNP used in the related
experiment.

The PCFF (polymer consistent force field) force field
(Sun 1994) is used to describe the interactions between
PMMA atoms, because PCFF has been parameterized
and validated for PMMA with the valence terms for
bond stretching, angle bending, dihedral, and improper
interactions as well as the coupling between them. The
non-bonded terms include the electrostatic and Van der
Waals interactions, and the latter is represented by the
Lennard—Jones (LJ) 9-6 potential. The long-range elec-
trostatic interactions were evaluated using the PPPM
(particle—particle—particle-mesh) summation in the cur-
rent study.

The many-body tight-binding potential is used to
model the interaction between Ag atoms of AgNP.
This model sums the band energy, which is charac-
terized by the second moment of the d-band density
of state, and a pairwise potential energy of the Born—
Mayer type, i.e.,

» 1/2
E;= —{zéexp {—zq (ﬂﬂ)] }
Jj r0

@) o

where ¢ is the effective hopping integral, r; is the
distance between atoms i and j, and 7 is the first
neighbor distance. The parameters of tight-binding
potential for Ag are listed in Table 1 (Karolewski
2001).

For accurately modeling the interaction between
the AgNP and PMMA, the optimized PCFF force
field developed by Heinz was used (Heinz et al.
2008). The optimized PCFF force field can precisely
simulate metal and hybrid interfaces with organic,
inorganic, and biological compounds and can also
effectively improve clarity about the various roles
in the mixed (metallic and non-metallic elements)
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(c)

Fig. 1 Schematic diagrams of a Ag nanoparticle, b one PMMA chain, ¢ PMMA model, d PMMA/AgNP (0.60%) model, and e PMMA/

AgNP (1.77%)

system. The Lennard—Jones 9-6 potential is given by
the following equation:

s=c[2(2)5(9) | <

(2)

where ¢ is the depth of the potential well, o is the
finite distance at which the inter-particle potential is
zero, r is the distance between the interaction parti-
cles, r¢ is the cutoff distance. The optimized PCFF
force field parameters of Ag are shown in Table 2
(Heinz et al. 2008). It should be noted that these Ag
parameters were used to determine the interaction
parameters between Ag atom and PMMA atoms of
different types by the sixth power mixing rule as the
following equation:

For the pristine PMMA system, a PMMA chain with
50 monomers was used and a total of 132 PMMA chains
were adopted to construct the simulation system. The
procedure to obtain the equilibrium configuration is de-
scribed as follows: (1) the conjugate gradient method was
used to optimize the structure, and energy convergence
condition was set to 107° kcal/mol, with maximum iter-
ations of 10°. (2) After optimization, the system was
brought to equilibrium at 1000 K for 200 ps at 1 atm.
(3) The system was then quenched from 1000 to 300 K
with a cooling rate of 3.5 K/ps at 1 atm by an isobaric—
isothermal ensemble (NPT). (4) Finally, the MD simula-
tion at 300 K and 1 atm was performed for an additional
200 ps by the NPT ensemble to reach the equilibrium
condition. The density of pristine PMMA system through
the simulated annealing process is about 1.12 g/em®,
which is slightly lower than that of the corresponding
experimental value about 1.15-1.19 g/cm® (van Oss and

1 Cq -
| 2\/Eigj x U?o’? - o + o'? 6 Good 1989) by 3% within the acceptable range.
ey = T o610 W=\T5 (3) For PMMA/AgNP composites, an AgNP with the
! / diameter about 20 A, which consists of 405 Ag atoms,
Table 1 The tight-binding potential parameters of Ag Table 2 The parameters of optimized PCFF force field for Ag
A (eV) £(eV) p 0 ro (A) ¢ (kcal/mol) o (A)
Ag 0.103 1.178 10.928 3.139 2.89 Ag 3.73 3.005
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was used. For investigating the Ag atom fraction effect
on the PMMA/AgNP mechanical properties, the
PMMA matrixes with one and three AgNPs were con-
sidered and the corresponding weight fractions of these
two PMMA/AgNP composites were about 0.60 and
1.77%, respectively. These different weight fraction
composites are hereafter referred to as AgNP (0.60%)
and AgNP (1.77%) for describing our simulation results.
For inserting the AgNP into the PMMA matrix, an empty
spherical space with the radius of 12 A was created
within the interior region of PMMA matrix by the extru-
sion of a virtual repulsive spherical surface with the
radius starting from 0.1 to 12 A. The increment of in-
creasing the radius of virtual repulsive spherical surface is
about 0.01 A, and the geometrical optimization was
carried out before applying the next increment. After
the AgNP was placed into the virtual spherical region,
the system was annealed from 1000 to 300 K with a
cooling rate of 3.5 K/ps for relaxing the PMMA/AgNP
interfacial geometry by the NPT ensemble at 1 atm. The
Nosé-Hoover thermostat and barostat (Hoover 1985)
were used in all MD cases, and the detailed information
of system size at strain of 0, PMMA chain number, Ag
atom number, and the total atom number about three
simulation models can be seen in Table 3.

For the tensile simulation, the strain was applied to x
dimension and the increment is 0.25% and the periodic
boundary conditions were applied in all directions. After
each tensile increment, the MD simulation in the NVT
ensemble that was used for 5 ps was used to relax the
system. Then, the stress was recorded every 0.1 ps in
order to obtain the average stresses for another 5 ps
before imposing the next tensile increment. The tensile
stresses at different strains were determined by the fol-
lowing equation (Ju et al. 2014):

1 1 66(1’,‘j) it
=X ViV Sy — 4
7 VSZ,: m ! ! 2%: al”ij rij ( )

where m; is the mass of atom 7, V; is the system volume,
and V" and V' are the velocities of atom i along the m-

and n- dimensions, 6(r;;) is the potential function, and
ri; and r7; are two components of the vector from atoms i
to j along the m- and n- dimensions.

Results and discussion

Figure 2a, b shows the radial distribution functions
(RDFs) of all pristine PMMA atom pair types and
PMMA/AgNP pair types in the PMMA/AgNP systems,
respectively. It should be noted that the RDF origin of
the PMMA/AgNP system is located at the mass center
of AgNP. In Fig. 2a, the RDF profile shows three
distinct narrow peaks at 1.1, 1.7, and 2.2 A for the
bonded C-H, C—C, and C-O pairs. The broader peak
ranging from 1.7 to 3.1 A represents the first peak of the
non-bonding RDF profile, indicating that the influence
distance of the non-bonding interaction around one at-
om is about 3.1 A for the pristine PMMA. For the
PMMA/AgNP composite, the prominent first two peaks
at 14.7 and 18.2 A can be seen in Fig. 2b, and their
thickness from the AgNP surface is about 8.2 A, indi-
cating that atoms of PMMA chains within 8.2 A in the
vicinity of AgNP surface still have strong interaction
strength with AgNP and possess higher local density.
Figure 3 shows the stress—strain curves of the pristine
PMMA and PMMA/AgNP composites at AgNP (0.60%)
(one AgNP) and AgNP (1.77%) (three AgNPs) of Ag
atoms under tensile loading at 300 K. For these three
stress—strain curves, it can be seen that, from 0 to about
0.05, the stress is linearly proportional to the strain, then
increases parabolically with the increasing strain up to the
point of ultimate stress. One can see the ultimate stresses
roughly fluctuate at a constant value within certain strain
ranges for these three cases. After the strain exceeds the
strain range corresponding to the ultimate stress, the stress
gradually decreases for these three cases. It can be seen
that the ultimate stresses of two PMMA/AgNP composites
are very similar to that of pristine PMMA. The Young’s
modulus was obtained from the slope of linearly fitted line

Table 3 The detailed information about pristine PMMA, PMMA/AgNP (0.60%), and PMMA/AgNP (1.77%)

Box dimensions (A%) Number of PMMA chains Number of Ag atoms Total atom numbers
PMMA 131.4 x 86.1 x 86.2 132 0 99,264
PMMA/AgNP (0.60%) 131.9 x 86.8 x 85.4 132 405 99,669
PMMA/AgNP (1.77%) 134.8 x 86.6 x 86.3 132 1215 100,479
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Fig. 2 Radial distribution functions (RDFs) for a pristine PMMA and b PE/AgNP (0.60%). It should be noted that the origin of PMMA/
AgNP (0.60%) RDF is the mass center of AgNP

with the data at strains smaller than 0.02. In Fig. 3, how- lower tensile strain increments (0.1, 0.05, and 0.01%) were
ever, one can see that all the curves in the elastic region are used to prepare more fitting data within the elastic region
perfectly superimposed and the tensile stress does not for the least-square method. The Young’s moduli derived

seem to increase with the Ag weight fraction. For getting from the fitted slopes display no relationship with the
better linearly fitted slopes of stress—strain curves, several AgNP fractions at 0.60 and 1.77%, and their

Fig. 3 Stress—strain curves of 300
pristine PMMA, PMMA/AgNP

(0.60%), and PMMA/AgNP

(1.77%)

Pristine PMMA
PMMA/AgNP (0.60%)
PMMA/AgNP (1.77%)

Ultimate stress

200 =

Stress (MPa)

100 =

—>Linear-elastic regime

| ' | . | ’
0 0.1 0.2 0.3 0.4
Strain
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Table 4 The Young’s modulus and ultimate stress of pristine
PMMA at different Ag weight fractions

AgNP weight fraction (%)
Ultimate stress (MPa)

0
242.43

0.60
237.69

1.77
247.82

average values are close to 5.6 GPa. For ultimate stress or
tensile strength, it can be seen from Table 4 that the tensile
strength can be slightly enhanced from 242.43 to
247.82 MPa for PMMA/AgNP (1.77%).

To investigate the local structural rearrangement, the
atomic local shear strain niMiseS of an individual atom,
introduced by Shimizu et al. (2007), was used to mon-
itor the development of shear transition zones (STZ).
The detailed definition of ni™*** can be found in refer-
ence (Wang et al. 2010) and is therefore not introduced
here. A large ni™* value indicates that atom i is under
local plastic and shear deformation, whereas a small
NiMise value implies that atom i undergoes a small
amount of movement relative to all its first neighbor
atoms or atom i is under local elastic deformation. The

@ ®

0.12 (ultimate stress)

0.1475 (abrupt drop ends)
Fig. 4 Uniaxial tensile deformation snapshots of pristine PMMA

at a strain 0 0.02, b 0.08, ¢ 0.1, d 0.12 (ultimate stress), e 0.1225
(ultimate stress), f 0.125 (abrupt drop begins), g 0.1475 (abrupt

0.08

distributions of atomic local shear strain were calculated
and shown by OVITO (Stukowski 2009), and the struc-
tures at strain of O for all three cases are the references
for calculating the atomic local shear strains at different
tensile strains.

Figure 4a—h shows the snapshots of pristine PMMA
with atomic 1;V** values at strains of 0.02, 0.08, 0.1,
0.12 (ultimate stress), 0.1225 (ultimate stress), 0.125
(abrupt drop begins), 0.1475 (abrupt drop ends), and
0.3. Three snapshots within the strain range (0.12,
0.1225, 0.125) with the constant ultimate stress are used
to investigate the development of local structural defor-
mation. In the n;"V**® distribution at strain of 0.02, which
is the upper bound of strain for calculating the Young’s
modulus, Fig. 4a demonstrates that the 1, values of
most atoms are close to 0, indicating that local elastic
deformation is dominant at this strain. As the strain
continuously increases from 0.02 to 0.1, some local
regions with atoms having larger n;""*** values distrib-
ute randomly within the pristine PMMA as shown in
Fig. 4b, c. At the strains of 0.12 and 0.1225 shown in

0.1

0.3

drop ends), and h strain of 0.3. The atoms are colored by their
corresponding local shear strain values according to the referenced
structure at strain of 0
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Fig. 4d, e, the local deformation distributions in Fig. 4c
gradually become wider. As the strain reaches the value,
at which the stress just begins the abrupt drop from the
ultimate stress, voids within the PMMA appear and the
atoms around these voids undergo serious local shear
deformation as shown in Fig. 4f. It can be seen that the
local deformed structures with higher n;M* values as
shown in Fig. 4e have been relaxed when the voids
appear. When the strain becomes further larger, the
voids at strain of 0.125 have continuously grown, lead-
ing to the fracture of PMMA, as shown in Fig. 4g, h.
The snapshots for PMMA/AgNP (0.60%) and
PMMA/AgNP (1.77%) during the tension process are
shown in Figs. 5 and 6, respectively. The Ag nanopar-
ticles within the PMMA matrixes are indicated by the
red circles. For PMMA/AgNP (0.60%), as the strain
increases from 0.02 to 0.08, the distributions of niMiseS
values in the vicinity to the AgNPs become more sig-
nificant as shown in Fig. 5c. This indicates that the
PMMA atoms in this region are easily to undergo local
shear deformation because of the interface formed by
two materials with significantly different elasticity. The

@ _(b)

0.02
(d)

0.095 (ultimate stress)

(9)

0.1325 (abrupt drop ends)
Fig. 5 Uniaxial tensile deformation snapshots of PMMA/AgNP

(0.60%) at a strain 0£ 0.02, b 0.06, ¢ 0.08, d 0.095 (ultimate stress),
e 0.1 (ultimate stress), f 0.105 (abrupt drop begins), g 0.1325

@ Springer

same situation can be seen in Fig. 6¢c for PMMA/AgNP
(1.77%) at strain of 0.08. At strains with the ultimate
stresses as shown in Figs. 5—f and 6d—, the distributions
of nM5 values in the vicinity to the AgNPs become
larger. Although the local shear deformation of PMMA
for these two PMMA/AgNP composites are more sig-
nificant near AgNPs, the fracture of PMMA is not
located at the region around AgNPs as shown in Figs.
5d and 6g. In Fig. 2b, one can see that the interaction
between the AgNP and PMMA in the vicinity of AgNP
surface leads to higher PMMA density around AgNPs,
which also enhances the local strength of PMMA
around AgNPs. Because the influence distance of the
AgNP surface on the PMMA density is about 8.2 A
according to the RDF result, the voids are distributed at
regions over 8.2 A away from the AgNP surfaces. These
voids grow continuously when the strain becomes larg-
er, as shown in Figs. 5h and 6h.

To study the variation in porosity of each system
during the tensile process, the porosity of system is
calculated according to the following equation
(Stukowski 2014):

©

0.1 (ultimate stress)

(h)

0.3
(abrupt drop ends), and h strain of 0.3. The atoms are colored by

their corresponding local shear strain values according to the
referenced structure at strain of 0
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(a) ()

0.02

0.0925 (ultimate stress)

(9)
e

0.145 (abrupt drop ends)

Fig. 6 Uniaxial tensile deformation snapshots of PMMA/AgNP
(1.77%) at a strain of 0.02, b 0.06, ¢ 0.08, d 0.0925 (ultimate
stress), e 0.1 (ultimate stress), f 0.12 (abrupt drop begins), g 0.145

total volume—solid volume

Porosity = % (5)

total volume

where total volume is the volume of simulation system
and the solid volume occupied by all atoms, as deter-
mined by the OVITO with a probe size of 5 A. Figure 7
displays the porosity percentages of all cases at different
strains. The porosity percentages at strains smaller than
0.04 are close to zero, indicating that the local damage is
insignificant at this strain range. When strain increases
from 0.04 to those of ultimate stresses, the porosity
percentages slightly increase with the increasing tensile
strain. When strains are larger than those of ultimate
stresses, the porosity percentages significantly increase
with increasing strain. At this strain range, it is obvious
that, at the same strain, the porosity of pristine PMMA is
higher than those of PMMA/AgNP (0.60%) and
PMMA/AgNP (1.77%), with the porosity percentage
lower at the higher Ag wt%. Comparing the fracture
mechanism shown in Figs. 4, 5, and 6, one can see that
the sizes of voids within the PMMA matrix are

0.06

0.~l (ulli:;ie élres)

0] - . 0.0

0.12 (aBrupl dobegi.ns). -

0.3
(abrupt drop ends), and h strain of 0.3. The atoms are colored by

their corresponding local shear strain values according to the
referenced structure at strain of 0

relatively smaller at higher Ag wt%, because the inter-
action between the PMMA and AgNP enhances the
local strength of PMMA. Consequently, the porosity at
the lower Ag wt% is relatively higher, resulting in a
lower PMMA strength.

The increase of free volume was used to investigate
the excess local volume increase during the tensile pro-
cess. The definition of free volume increase percentage
(FVIP) is

_ YV Vi(e)-XX, Vi(0)

FVIP(¢) = ¥ 7.0 (6)
i=1"i

where Vj(¢) is the volume of atom i at strain of ¢, and
V(0) is the initial volume of the system at strain of 0. To
obtain the atom volume created by the reference atom
with its first neighbor atoms, the following equation,
derived by Srolovitz, was used (Srolovitz et al. 1981):

L )
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Fig. 7 Porosity percentage 30
profiles of pristine PMMA,
PMMA/AgNP (0.60%), and
PMMA/AgNP (1.77%) at differ-
ent strains -
20 =
s
£
‘@
=)
=
o
-
10 =
0

Pristine PMMA
= = PMMA/AgNP (0.60%)
= PMMA/AgNP (1.77%)

Ultimate stress
N

where q; is the average radius of atom i and ry; is the
distance between atom i and its neighbor atom j. It
should be noted that the first non-bonded neighbor
atoms of a referenced atom at strain of 0 were used for
calculating the atom volume during the tensile process.

Figure 8 shows the FVIP profiles at different strains
for the pristine PMMA, as well as PMMA/AgNP
(0.60%) and PMMA/AgNP (1.77%). In all profiles, the
FVIP displays a distinct linear jump from 0 to 4% when
the strain increases from 0 to 0.0025. It can be seen from
Figs. 4a, 5a, and 6a that most atoms possess small local
shear strain values, indicating that the volumes of most
atoms conduct elastic expansion at this strain range. As
the strain continuously increases from 0.02, the FVIP
increases with increasing strain for all cases. At strains
lower than that of ultimate strain, one can see that the
FVIP profiles of these three cases closely match each
other. When the strain is higher than that at ultimate
stress, the FVIP of pristine PMMA increases more sig-
nificantly than those of two PMMA/AgNP composites,
indicating that the void sizes within the pristine PMMA
grow more pronounced with increasing strain, as can be
seen in Figs. 4h, 5h, and 6h. The FVIP of PMMA/AgNP
(1.77%) is the lowest among three cases at all strains
because the interaction between the AgNPs and PMMA

@ Springer

0.1

0.2
Strain

0.4

chains improves the strength of the PMMA matrix con-
siderably more than that of PMMA/AgNP (0.60%).

For exploring the local structural variations around
different atom types, the variation in average distance of
all non-bonded first neighbor atoms around a reference
atom was determined for different atom types. The
definition of the first neighbor distance variation of atom
;18

_ Xri(e)"ZEry(0)

Rile) = =50

(8)

where Y7,(¢) is the sum of the distances between the
referenced atom 7 and all its nonbonded first neighbor
atom j at strain of ¢, and X;7;/(0) is the sum of the
distances at strain of 0.

For demonstrating our calculation results clearly, the
symbols H, C2—C8, and OS5, O6 are designated as the
averaged distances of hydrogen atoms, carbon atoms,
and oxygen atoms in PMMA. C2-type carbon atoms
represent the methyl group of PMMA, and C3, C7, and
C8 represent the backbone carbon atoms of PMMA,
respectively. For the AgNP, the average distances for
the surface Ag atoms and interior Ag atoms that do not
contact PMMA atoms were also calculated. It should be
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Fig. 8 Free volume increase 30
percentage profiles of pristine
PMMA, PMMA/AgNP (0.60%),
and PMMA/AgNP (1.77%) at
different strains 7
20 =
S
& -
>
==}
10 —
0

Linear-elastic regime

Pristine PMMA
= = = = PMMA/AgNP (0.60%)
= PMMA/AgNP (1.77%)

“4
—> Ultimate stress

noted that only the first non-bonded neighbor atoms
around a referenced atom at strain of 0 were used for
calculating the average distance during the tensile pro-
cess. In Fig. 9, the profiles of average first neighbor
distance variations are shown for the pristine PMMA,
PMMA/AgNP (0.60%), and PMMA/AgNP (1.77%). An
abrupt increase in the average first neighbor distances of
all types can be seen from strain of 0 to 0.02 because of
the elastic expansion under tensile loading. One can see
from Fig. 9a—c that the C2 profiles display relatively
sharp increases when the strains exceed those of the
ultimate stresses in all cases, implying that breakage of
the PMMA matrix by the tensile loading is initiated at the
regions around the methyl group of PMMA chains. For
the AgNP, the average first neighbor distance variation
increases from 0 to about 0.01 at strain of 0.02 and then
fluctuates at a constant of about 0.01. For the surface Ag
atoms, the profiles of average first neighbor distance
variation are most pronounced at strain of 0.02, as shown
in Fig. 9b, c, indicating that the local atomic volume
expansions of surface Ag atoms are more significant at
the elastic region. As the strain increases from 0.02, the
profiles display a turning point on ultimate stress; then,
the curve of average first neighbor distance is shaked
around after the strain over this turning point. This

! |
0.2
Strain

0.1 0.3 0.4

phenomenon shows that the movement of surface Ag
atoms is more significant. For the average first neighbor
distance of the interior Ag atoms, the values almost keep
constant (not exceed 1%) after the elastic range, indicat-
ing that the interior Ag atoms of AgNP are not influenced
during the tensile process.

The temperature effect on mechanical properties of
PMMA and PMMA/AgNP composites was also investi-
gated by the molecular dynamics simulation. Only the
simulation results of pristine and PMMA/AgNP (1.77%)
were discussed. The NPT ensemble for 100 ps was applied
to the temperature elevation process from 100 to 800 K at
pressure of 1 atm. To obtain the melting temperatures (7,,)
of pristine PMMA and PMMA/AgNP (1.77%), the sys-
tem volumes at different temperatures were sampled from
100 to 800 K at a temperature increment of 25 K.

Figure 10a, b shows the specific volume profiles at
different temperatures. One can see that these profiles
increase linearly from 100 K to the specific temperatures
and then increase with sharper slopes at temperatures
higher than these specific temperatures. The melting
temperature was determined by the intersection of two
linear lines from the initial (100-300 K) and final ranges
(370-800 K), as plotted in Fig. 10. The predicted melt-
ing temperature of PMMA is about 460 K, which is
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Fig. 9 The profiles of average first neighbor distance variation of a pristine PMMA, b PMMA/AgNP (0.60%), and ¢ PMMA/AgNP

(1.77%) at different strains

close to the experimental value between 408 and 433 K
(Nishi and Wang 1975). Because the specific volume
profiles at higher temperatures are not completely linear,
this is an approximate way to get the system melting
point. The melting temperatures obtained by this way
were only used for setting the simulation temperatures at
which the structures are different from those below the
melting temperature.

@ Springer

For further understanding the temperature effect on
the mechanical properties of pristine PMMA and the
PMMA/AgNP composite, tensile simulations were car-
ried out both at their melting points and at temperatures
higher than these melting points. Figure 11a, b shows
the stress—strain curves of the pristine PMMA and the
PMMA/AgNP composite and 1.77 (three AgNPs) wt%
under tensile loading at tempertuares 300, 450, and
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Fig. 10 The specific volume at different temperatures during the temperature elevation process for a pristine PMMA and b PMMA/AgNP

(1.77%)

550 K. It can be seen that ultimate tensile strength and
Young’s modulus of PMMA at 300 K are higher than
450 and 550 K for both cases, indicating that the tem-
perature has strong effect on the mechanical properties
of both PMMA and PMMA/AgNP composites and the

(@
Pristine PMMA
300K
Melting point
550K
~
<
o)
=
=
w»
@
o
=
-
»n
T T T T T
0.2 0.3
Strain

mechanical properties undergo significant reduction at
high temperatures. Details of mechanical properties of
pristine PMMA and PMMA/AgNP (1.77%) derived
from the stress—strain profiles of Fig. 11a, b are listed
in Table 4. For pristine PMMA at temperatures of 300,

(b)

Stress (MPa)

PMMA/AgNP (1.77%)
— 300K
Melting point
550K
T T T T T
0.2 0.3 0.4
Strain

Fig. 11 Stress—strain curves for a pristine PMMA and b PMMA/AgNP (1.77%) at 300, 450, and 550 K
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Table S The Young’s modulus and ultimate stress of pristine PMMA and PMMA/AgNP (1.77%) at different temperatures

PMMA PMMA/AgNP (1.77%)
Temperature (K) 300 450 550 300 450 550
Young’s modulus (MPa) 5537.42 4772.34 4091.58 5842.94 5087.25 4201.23
Ultimate stress (MPa) 243.42 166.34 119.24 247.82 175.60 123.96

450, and 550 K, the Young’s moduli are about 5537.42,
4772.34, and 4091.58 MPa, respectively. At 450 and
550 K, these reductions in Young’s moduli are about 14
and 26% of pristine PMMA at 300 K. For ultimate stress
or tensile strength at 450 and 550 K, it can also be seen
in Table 4 that the tensile strength can be reduced from
243.42 to 166.34 and 119.24 MPa, decreased by about
32 and 51% of pristine PMMA at 300 K.

For PMMA/AgNP (1.77%) at 450 and 550 K, the
Young’s moduli are about 5087.25 and 4201.23 MPa,
decrease about 13 and 28% of PMMA/AgNP (1.77%) at
300 K. Additionally, it can be seen that the ultimate
tensile strength is reduced from 247.82 to 175.60 and

@ (b)

0.02

0.1275 (ultimate stress)

(9)

0.2 (abrupt drop ends)
Fig. 12 Uniaxial tensile deformation snapshots of pristine

PMMA at a strain 0£0.02, b 0.08, ¢ 0.1, d 0.1275 (ultimate stress),
e 0.1325 (ultimate stress), f 0.135 (abrupt drop begins), g 0.2
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. 1325 (ultimate ‘stréss)

123.96 MPa at 450 and 550 K, a decrease of about 29
and 50% (Table 5).

Figure 12a—h shows the snapshots of pristine PMMA
with atomic 1;¥"*** values at strains of 0.02, 0.08, 0.1,
0.1275 (at ultimate stress), 0.1325 (ultimate stress), 0.135
(abrupt drop begins), 0.2 (abrupt drop ends), and 0.3 at
450 K. Compared with the snapshots at the correspond-
ing strains for pristine PMMA at 300 K shown in Fig.
4a—h, Fig. 12h shows a void with a relatively smaller size
than that shown in Fig. 4h, indicating that the pristine
PMMA becomes more ductile when the temperature is
close to its melting point. For PMMA/AgNP (1.77%) at
450 K, Fig. 13a-h indicates that the AgNPs possess

(©)

03
(abrupt drop ends), and h strain of 0.3 at 450 K. The atoms are

colored by their corresponding local shear strain values according
to the referenced structure at strain of 0



J Nanopart Res (2018) 20: 1

Page 150f17 1

(@

0.02

0.1825 (abrupt drop ends)
Fig. 13 Uniaxial tensile deformation snapshots of PMMA/AgNP

(1.77%) at a strain 0£ 0.02, b 0.06, ¢ 0.08, d 0.105 (ultimate stress),
e 0.11 (ultimate stress), f 0.12 (abrupt drop begins), g 0.1825

higher mobility within the PMMA matrix as compared
with those in Fig. 6a—h. These AgNPs get closer when
the strain increases, and the void appears within the
region only having PMMA as shown in Fig. 13d.

Conclusions

The mechanical behaviors of PMMA and PMMA/
AgNP composites with different Ag weight fractions
were investigated by the molecular dynamics tensile
simulation. According to the RDF profiles at strain of
0, the AgNP surface shows stronger interaction strength
and longer interaction distance with the PMMA chains
than those between PMMA chains, resulting in the
higher local PMMA density in the vicinity to the AgNP
surface about 8.2 A. At 300 K, the increases in Young’s
moduli of PMMA/AgNP (0.60%) and PMMA/AgNP
(1.77%) are insignificant, and the tensile strength can

0.06

0.08

0.3

(abrupt drop ends), and h strain of 0.3 at melting point 450 K.
The atoms are colored by their corresponding local shear strain
values according to the referenced structure at strain of 0

slightly be enhanced from 242.43 MPa for pristine to
247.82 MPa for PMMA/AgNP (1.77%), respectively.
The niM** evolution at different strains shows that
the ni™** values of PMMA atoms in the vicinity to the
AgNP surface are relatively significant during the tensile
process, indicating that the PMMA atoms in this region
are under considerable shear deformation because of the
interface formed by two materials with so different me-
chanical properties. By the analysis of average first
neighbor distance, the variation of Ag atoms on the
AgNP surface is more significant at the elastic region.
After the strain increases to 0.02, the damaged areas
appear on the methyl group of PMMA, but the backbone
of PMMA is less affected during the tensile process.
For the temperature effect on the mechanical proper-
ties of pristine PMMA and PMMA/AgNP (1.77%), the
tensile simulations were conducted at 450 and 550 K,
which are close to the predicted melting point about
460 K of pristine PMMA by the temperature elevation
process from 100 to 800 K. The simulation results show
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that the PMMA materials at 450 and 550 K become
more ductile than that at 300 K, because the void begins
to appear at higher tensile strain. The Young’s modulus
and ultimate strength of PMMA decrease considerable
with the increasing temperature. For PMMA/AgNP
(1.77%) at 450 and 550 K, the AgNPs within the
PMMA matrix show the higher mobility than those at
300 K and the AgNPs get closer as the strain increases.
Accordingly, the fracture appears at the PMMA part of
PMMA/AgNP (1.77%), resulting in the close Young’s
moduli and ultimate strengths of pristine PMMA and
PMMA/AgNP (1.77%) at 450 and 550 K.
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