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ABSTRACT: The method of molecular dynamics (MD) simulations was used to investigate the interaction between the PLA and the
attapulgite, and the influence of the temperature on the mechanical properties of the PLA and the PLA-attapulgite. After the PLA
blends the attapulgite, the structures and properties of the PLA and the attapulgite change due to their strong interaction. However,
this interaction weakens gradually with temperature increasing. The isotropy of the composite of PLA-attapulgite is strengthened in
comparison with the PLA. In addition, the temperature can change the mechanical properties of the PLA-attapulgite, but the me-
chanical properties of the PLA are hardly influences on the temperature. The PLA-attapulgite is more rigid and tough than the
PLA at the room temperature but the toughness of the composite of PLA-attapulgite becomes worse than that of the PLA at 350 K.
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INTRODUCTION

Polylactic acid (PLA) is a chain aliphatic, thermoplastic and
biodegradable polyester produced from renewable resources.
However, some properties of PLA like low melt viscosity, low
heat distortion temperature, and bad gas barrier limit its vari-
ous applications.'™ The PLA nanocomposites based on layer sil-
icates of montmorillonite, sepiolite, calcium sulfate and calcium
carbonate were prepared to overcome these limitations.”™'® At
present, attapulgite, as polymer additive, has attracted wide
attention all over the world. Attapulgite can reinforce benefits
of epoxy polymer, for example, improvements in tensile proper-
ties at low loadings levels of 2 and 5% (w/w) and increasing the
viscosity of the prepolymer.!' Compared with neat polyamide 6
(PAG6), tensile strength of attapulgite (ATB)/PA6 composites
reaches a maximum value with incorporation of 4 wt % ATB
and bending strength reaches a maximum value with incorpora-
tion of 2 wt % attapulgite. There are strong interactions
between ATB and PA6.'> The addition of attapulgite can
improve the heat distortion temperature and Young’s modulus
of poly(butylene succinate) nanocomposites.'> The attapulgite
enhance mechanical properties of polyurethane, reinforce its
shape-memory and decrease glass transition temperature and
hardness due to the presence of moisture as well as the clay’s
structure and surface hydroxyl groups.'® Although there were
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reports of the attapulgite/polymer composites, there are no ex-
perimental and theoretical studies on the attapulgite/PLA.

Computer simulations have played an important role in the
field of materials. Simulations may provide an understanding of
the structure—performance relationships in materials, which in
turn can help design better and more efficient experiment. A
force field method, especially molecular dynamics (MD)
method, is an important and effective method to study the
structure and performance of materials at present.'”'®

In this article, we investigate the interaction of attapulgite and
PLA, and predict their mechanical properties at the different
temperature by molecular dynamics (MD) method. It is hoped
that our studies provide some information and guidance for
attapulgite/PLA composites formulation design.

MATERIALS AND METHODS

Experimental Materials and Instrumentation

The PLA and the attapulgite (100) surface were selected as the
investigated system. The cubic box of the PLA is processed by the
amorphous cell module of the Accelrys materials studio (MS)
software.!” Its box contains 902 atoms and the box size is 2.101
nm x 2.101 nm X 2.101 nm. Thus the density of the obtained
PLA is 1.29 g cm >, which is consistent with the one of the

0
PLA crystal.'”® The PLA is made up of a chain of —(—()—(_‘H—é!’-};
“H3
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Figure 1. (a) Structure of lactic acid; (b) Initial configuration of poly-lactic-acid 902 atoms; (c) Initial configuration of interacting with poly-lactic-acid

and attapulgite (100) surface 503 atoms. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

(n = 100), whose end groups are saturated by two H atoms. The
attapulgite (100) surface of a 1 x 4 X 1 super-cell containing 503
atoms is constructed from orthorhombic attapulgite crystal,"
which contains 32 H,O molecules, 51 Mg atoms, 64 Si atoms, H
atoms of Si—O—H bond and O atoms. Finally, the attapulgite
(100) surface of 503 atoms and the PLA of 902 atoms are
assembled together by the “build layers” command of MS software.
The box for the compound of the attapulgite and the PLA is sepa-
rated from the attapulgite (100) surface by 3.0 nm of vacuum
along c axes, and the box size with cubic box of a x b x cis 1.79
nm x 2.08 nm x 4.21 nm. The density for the compound of the
PLA-attapulgite is 1.48 g cm ™.

The models of the PLA and the attapulgite (100) surface were
constructed on Pentium IV computer by the amorphous cell
module of the Accelrys materials studio (MS) software,'” based
on the experimental data of the PLA and the attapulgite crystal.
In addition, all MD simulation computations of the constructed
models were performed on 36-CPU cluster computers by the Dis-
covery module of the Accelrys materials studio (MS) software.

Simulation Methods

Smart minimizer method was initially carried out for 10,000 iter-
ations to equilibrate the system. Starting from the final mini-
mized structure, the MD simulations were subsequently carried
out with the temperature of 300, 350, and 400 K at the pressure
of 0.1 GPa. All MD simulations were performed in the NVT en-
semble (constant number of particles, volume, and temperature)
with the COMPASS force field.*® The periodic box of the PLA
and the box with the composite of PLA and attapulgite were
simulated 1.4 ns with the MD method. The first 1.0 ns is to get
the equilibrium configurations, and during the latter 0.4 ns 200
trajectories data are collected for subsequent analysis. A fixed
time step size of 1 fs (1 x 107> s) was used in all cases. The
Andersen thermostat method*' was employed to control the sys-
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tem at all temperatures. In all of the simulations, periodic nature
of the crystal has been considered by using periodic boundary
conditions in all dimensions, and the equations of motion for the
molecules and simulation cells were integrated using the Verlet
leapfrog scheme.*” The interactions were determined between the
sites in the simulation box and the nearest-image sites within the
cutoff distance 0.95 nm. The Coulomb and van der Waals long-
range, nonbond interactions were handled by using the standard
Ewald and atom-based summation methods, respectively.”” The
electrostatic charges were determined and assigned automatically
by the selected COMPASS force field. We have tested the influ-
ence of atomic charges on the crystal structures and properties by
manually scaling the charges of atoms in the unit cell based on
the COMPASS force-field-assigned charges. It was found that
there is a little discrepancy between the predicted results from the
force-field-assigned charges and manually assigned specific
charges. All simulations are performed by Discover module.** In
all simulations, atoms under lower Mg atoms of the attapulgite
were fixed, other atoms of the upper layers for attapugite and
PLA were relaxed. Figure 1 gives the structure of the lactic acid,
the initial configuration of the PLA and the initial configuration
of interacting between the PLA and the attapulgite (100) surface.

RESULTS AND DISCUSSION

Equilibrium Configuration

After the MD simulations, we give the equilibrium configura-
tions with the temperature of 300, 350, and 400 K at the pres-
sure of 0.1 GPa. Figure 2 gives the equilibrium configurations
of the PLA with the temperature of 300, 350, and 400 K at the
pressure of 0.1 GPa. Figure 3 gives the equilibrium configura-
tions for the composite of PLA-attapulgite with the temperature
of 300, 350, and 400 K at the pressure of 0.1 GPa.

From Figure 2, the configurations of PLA become incompact,
compared to the initial one [ie., Figure 1(b)]. The
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Figure 2. The equilibrium configurations of different temperature after MD at the pressure of 0.1 GPa for the poly-lactic-acid. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

configurations of different temperature are similar to each
other. This shows the influence of the temperature on the struc-
ture of the PLA is small. From Figure 3, the PLA become
incompact; the relaxed Mg, O (except O atoms of Si—O bond)
atoms and some relaxed H,O molecules of the attapulgite dif-
fuse away from the attapulgie (100) surface to the PLA. What’s
more, the Si—O and Si—O—H bonds of the relaxed distort
badly. With increasing temperature, these changes are not
obvious. This infers the temperature affect little the structure of
the PLA and the attapulgite.

Binding Energy

The binding energy can accurately reflect the features for differ-
ent composites. The molecular interaction can be evaluated by
the single point total energy of each component in the stable
system, and the average binding energy (E;,q) between the PLA
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and the attapulgie can be expressed as eq. (1),
Ebind = Etotal - (EPLA + Eattapulgitc) (1)

Where E is the average total energy for the composite of
PLA and attapulgite, Epps and Eyyapugice are the average single
point energy for the PLA and the attapulgite, respectively.

Table I gives the binding energy of the PLA and the attapulgite.
As seen from Table I, the largest binding energy (Eping) is -991.2
kcal at 300 K, but the smallest one is -883.3 kcal at 400 K. The
Epina decreases with increasing temperature at the pressure of
0.1 GPa, which indicates the interacting between the PLA and
the attapulgite becomes weak with temperature increasing.

Radial Distribution Functions
The interaction of PLA and attapulgite can be further analyzed
by the radial distribution functions (RDF). The RDF has many

Thewihiv
.

400K

Figure 3. The equilibrium configurations of different temperature after MD at the pressure of 0.1 GPa for interacting with poly-lactic-acid and attapul-

gite (100) surface. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Table I. Binding Energy (E;nq) between the Polylactic Acid and the
Attapulgite

300
-991.2

350
-920.0

400
-883.3

Temperature (K)
Ebmd/kcal

applications in structural investigations of both solid and liquid
packing (local structure), in studying specific interactions, and
in statistical mechanical theories of liquids and mixtures.”>?® A
more quantitative analysis can be performed using RDF that
correlates the relative positions of selected atoms or atomic cen-
ters of mass. The RDF values for C atoms with O and H atoms
of the PLA were shown in Figure 4. Whereas, Figure 5 gives the
RDF values for Mg atoms with O atoms of the PLA and O
atoms with H atoms of Si—O—H bonds.

As seen from Figure 4, the first peak of g(r) for C—O of the
PLA appears at the 1.13-1.25 A, and the C=0 bond length
(1.22 A) is within this distance range. The second one appears
at the 1.25-1.75 A, and the C—O bond length (1.43 A) lies
within the distance range. The third one is at the 1.95-3.00 A,
and this length range corresponds to the length of the non-
bonding C—O. The first peak of g(r) for C—H of the PLA
appears at the 0.95-1.22 A, and the C—H bond length (1.09 A)
is within this distance range. The second one appears at the
1.90-2.35 A, and this length range corresponds to the length of
the nonbonding C—H. As the temperature increases, all peak
values for g(r) decreases gradually. This shows the intra-action
of the PLA weakens gradually with temperature increasing.

From Figure 5, the peak values of g(r) for Mg atoms with O
atoms of the PLA are 1.75-2.25 A and 4.00-4.25 A, respectively.
The highest peak value of g(r) for O—H of the Si—O—H bonds
is 0.89-1.13 A. At large values of 1, g(r) goes to 1. Based on
these data and Figure 5, it can be concluded that Mg atoms of
the attapulgite diffuse to the PLA and the interacting of Mg
atoms with O atoms of the PLA is very strong, which indicates
the interacting between the PLA and the attapulgite is also
strong. In addition, the interacting between the PLA and the
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Figure 4. The radial distribution function for C atoms with O and H
atoms of polylactic acid at different temperature.
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Figure 5. The radial distribution function for Mg atoms of the attapulgite
with O atoms of the polylactic acid, and O atoms with H atoms of the
Si—O—H bonds at different temperature.

attapulgite becomes weak with temperature increasing because
the highest peak values of g(r) for Mg atoms O atoms decrease
with the temperature increasing. However, the O—H bond
length of the Si—O—H bonds changes slightly.

Mechanical Properties

Based on the NVT-MD simulation trajectories, each structure is
subjected to uniaxial tensile and pure shear deformations by the
elastic-static method, and then the stress tensors are obtained
from the Virial formalism in atomistic calculations. Conse-
quently, the elastic coefficient matrix can be estimated from the
first derivatives of the stress with respect to strain.”” The tensile
(Young’s) modulus and Poisson ratio are computed from the
least-square fits of the average tensile stress versus tensile strain
and of the average lateral strain versus tensile strain, respec-
tively. Other effective isotropic mechanical properties such as
the bulk modulus, shear modulus, and Lamé coefficients then
can be obtained correspondingly.

Generalized HooKk’s law states the most general relation of a ma-
terial between stress and strain; that is, a stress can be expressed
by the linear combination of strains, and the coefficient Cj; is
an element of the elastic coefficient matrix of 6 x 6. In princi-
ple, all mechanical properties of a material can be derived from
its elastic coefficient matrix. Because of the existence of strain
energy, the elastic coefficient matrix of a bulk should satisfy the
formula Cj; = Cj; even for an extremely anisotropic body, and
there are 21 independent elastic constants. The symmetry can
further reduce the number of independent elastic coefficients.
For an isotropic solid, there are only two independent elastic
constants. Accordingly, each modulus and Possion’s ratio can be
obtained from two Lamé coefficients (4 and p). The static
method in MS program assumes each material to be isotropic
and accordingly gives effective isotropic mechanical properties.

The predicted elastic constants and effective isotropic mechanical
properties (tensile modulus, bulk modulus, shear modulus, and
Poisson ratio) were collected in Table II for the PLA and the
composite of PLA-attapulgite, respectively. Because up to now
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Table II. Elastic Constants Cj; and Mechanical Properties of PLA and PLA-Attapulgite (in GPa)

Element PLA PLA-attapulgite

Temperature (K) 300 350 400 300 350 400
Ci1 116.56 122.68 68.66 189.27 155.45 202.95
Co2 109.28 114.45 63.05 186.54 155.99 210.67
Css 118.04 126.17 74.06 2.26 83.41 -4.14
Cya 44.37 45.80 23.17 30.32 61.05 38.90
Css 46.32 45.84 27.59 14.43 41.27 18.48
Ces 44.43 45.85 21.97 32.29 8.86 46.72
Ciz 24.78 26.68 11.87 119.94 120.41 109.39
Ci3 26.12 27.07 17.64 4497 —-34.74 53.64
Cos 26.00 26.48 15.94 48.65 -45.34 53.76
Cis -0.54 -0.74 -2.96 -58.01 43.52 90.22
Cos 1.47 0.48 -0.45 -42.33 38.96 91.07
Cas -1.27 -0.78 -0.92 64.24 -65.63 -70.01
Cus 0.70 1.12 0.14 -1.74 -6.66 -0.65
Tensile modulus (E) 105.40 111.54 63.55 104.56 129.32 99.65
Bulk modulus (K) 55.16 58.06 31.65 45.88 67.84 54.20
Shear modulus (G) 44.60 47.28 27.71 64.84 41.16 64.22
Poisson’s ratio (v)? 0.18 0.18 0.16 0.14 0.02 0.09
K/G@ 1.24 1.23 1.140 1.41 0.69 1.18
C12-Cya -19.59 -19.12 -11.30 89.61 59.36 70.49

®Their units are 1.

there are no experimental and theoretical studies on their stress-
strain relationships, we cannot make any comparison but only
compare the results of the composite of PLA-attapulgite with
those of the neat PLA. In comparison with other smaller elastic
constants, the larger diagonal elements of the tensor C; and C,,
Ci3, Cy; indicate that the crystal PLA has considerable anisot-
ropy. For the composite of PLA-attapulgite, Cy;, C,, and C), are
larger than other elastic constants. The larger C;;, Gy, and Ci,
imply that, to reach the same strain, the composite of PLA-
attapulgite need a larger stress. A majority of elastic constants
(except Css, Cis, Cy, and Cys) of the PLA increase first, and
then decrease with temperature increasing. What’s more, some
elastic constants (Cs3, Cyy Css, and Cy,) of the composite of
PLA-attapulgite increase first, and then decrease with temperature
increasing. The Cy;, G,y and Cj, of the composite of PLA-
attapulgite are larger than those of the crystal PLA at the same
temperature, whereas some elastic constants (Css, Css, and Cgg)
are smaller than those of PLA. This average tendency of elastic
coefficients shows that the anisotropy of the composite of PLA-
attapulgite is weakened as blending the bulk attapulgite in small
quantities, namely, the isotropy of the composite of PLA-
attapulgite is strengthened in comparison with the PLA. This is
mainly that because the attapulgite is mineral and has random
cores, which have good isotropic properties. What’s more, the
elastic constants of the PLA decrease obviously when the temper-
ature reaches 400 K. This is because the PLA starts to melt when
the temperature is close to the melting point (448 K).

As can be also seen from Table II, tensile modulus (E) and bulk
modulus (K) for the composite of PLA-attapulgite are larger
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than those of the pure PLA at the temperature of 350 and 400
K. On the contrary, E and K of PLA-attapulgite are smaller than
those of the pure PLA at 300 K. The shear modulus (G) for the
composite of PLA-attapulgite is larger than those of the PLA at
the temperature of 300 and 400 K, whereas G for the composite
of PLA-attapulgite is smaller than that of the PLA at 350 K.
These indicate that the composite of PLA-attapulgite is more
rigid than the PLA at room temperature, while the elasticity
and plasticity of the composite of PLA-attapulgite are worse
than those of the PLA at room temperature. Meanwhile, these
variations also suggest that the composite of PLA-attapulgite
deform hardly and is broken easily at room temperature,
because the resistance to plastic deformation is proportional to
the elastic shear modulus G and the fracture strength for mate-
rials is proportional to the bulk modulus K.*® Poisson’s ratio (v)
of the PLA is 0.18 at the temperature of 300 and 350 K, and
the v are 0.16 at 400 K. With temperature increasing, the v of
the PLA decrease slightly. This shows the influence of tempera-
ture on rigid and plastic properties of the PLA is small. As com-
pared to the PLA, the v of PLA-attapulgite decrease from 300 to
400 K. Commonly, the Poisson’s ratio of a plastic is 0.2-0.4.
Thus, it is further demonstrated that the composite of PLA-
attapulgite possesses more rigid than the PLA. Meanwhile, this
indicates the influence of temperature on rigid or plastic prop-
erties for the composite of PLA-attapulgite is obvious.

Additionally, the ratio of bulk modulus to shear modulus, that
is, K/G, is an indication of the extent of the plastic range for a
material. A higher value of K/G is associated with toughness
and a lower value with brittleness.”® According to this, it can be
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deduced from the K/G values in Table II that the toughness of
the PLA change hardly with temperature increasing, while the
toughness for the composite of PLA-attapulgite become better
at 300 K in comparison with PLA. In addition, the toughness of
the composite of PLA-attapulgite becomes worse at 350 K. This
indicates the temperature influences the toughness of the com-
posite of PLA-attapulgite.

On the other hand, the Cauchy pressure (C;,—C,4) can be used
as a criterion to evaluate the toughness or brittleness of a mate-
rial. As a rule, the (C;,—Cy4) value of a toughness material is
positive, contrarily, the negative value corresponding to a brittle
material. Meanwhile, the more positive the (C;,—C,y) value is,
the more tough the material is. According to this, the data in
the last column of Table II indicate that the PLA is brittle due
to its negative (C;,—Cy4) at the temperature of 300 to 400 K,
whereas the composite of PLA-attapulgite is toughness due to
its positive (Cj,—Cyy), which agrees well with the conclusion
drawn from the G and K/G.

The glass transition temperature of the PLA is at the range of
328-423 K, and the melting point of the PLA is 448 K. The
temperature can change the state of the PLA. It can be con-
cluded that the temperature can influence the mechanical prop-
erties of PLA and PLA-attapulgite. The temperature of 300 K is
very close to the room temperature, i.e., the service temperature
of PLA, and the temperature of 400 K is among the range of
the glass transition temperature. Therefore, the maximum or
minimum of the mechanical properties of PLA and PLA-atta-
pulgite is in the temperature range of 300—400K.

Synthetically considering all moduli, the poisson’s ratio, the ra-
tio of bulk modulus to shear modulus and the Cauchy pressure,
mechanical properties of the PLA change slightly when the tem-
perature is from 300 to 350 K. However, mechanical properties
of the PLA change obviously when the temperature reaches 400
K. The mechanical properties for the composite of PLA-
attapulgite are different from each other at the temperature of
300-400 K. Compared to the PLA, the toughness of PLA-
attapulgite is strengthened at room temperature.

CONCLUSION

The interaction and mechanical properties of the PLA and the
attapulgite have been investigated by the molecular dynamics
method. The major findings can be summarized as follows.

1. When the PLA blends the attapulgite, the PLA become
incompact; the Mg, O (except O atoms of Si—O bond) atoms
and some H,O molecules of the attapulgite diffuse away from
the attapulgie (100) surface to the PLA. As the temperature
increases, the diffusion of these atoms and molecules increases,
too. The Si—O and Si—O—H bonds distort badly.

2. The maximum binding energy (Epinq) is —991.2 kcal at 300
K, and the minimum one is -883.3 kcal at 400 K. The Ey;,q
decreases with the temperature increasing at the pressure of 0.1
GPa, which indicates the interacting between the PLA and the
attapulgite weakens with the temperature increasing.

3. As the temperature increases, all peak values of g(r) decreases
for the PLA. This shows the intra-action of the PLA weakens with
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the temperature increasing. For the PLA-attapulgite, the highest
peak value of g(r) for Mg atoms with O atoms of PLA is 1.75—
2.25 A, which indicates that the interacting between the PLA and
the attapulgite is very strong. The interacting weakens gradually
with the temperature increasing because the highest peak value of
g(r) for Mg atoms with O atoms decreases. However, the O—H
bond length of the Si—O—H bonds change slightly.

4. The isotropy of the composite of PLA-attapulgite is strength-
ened in comparison with the PLA. The composite of PLA-
attapulgite is more rigid and tough than the PLA at room tem-
perature, but the toughness of the composite of PLA-attapulgite
becomes worse at 350 K. It is concluded that the temperature
can change mechanical properties of the PLA-attapulgite. How-
ever, the mechanical properties of the PLA change hardly with
the temperature increasing.
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