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Yielding and plastic behaviour of amorphous atactic poly(oxypropylene)
under uniaxial compression: an atomistic modeling approach
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Abstract

The yielding and plastic behaviour of atactic poly(oxypropylene) (a-POP) was simulated under the uniaxial compression condition using
atomistic modelling, and compared with the result under the uniaxial extension condition. Typical stress—strain curves showing yielding and
plastic behaviour were obtained under the uniaxial compression condition. It was observed that the stress under uniaxial compression is
greater than that under uniaxial extension. This observation suggests that the difference of stress level between the two conditions is not
related intrinsically to the structural defects in the sample. When the energetic state of a-POP was analysed by monitoring the change of
energy component with strain, it revealed that the change of total energy with strain was governed dominantly by non-bonded interaction,
such as van der Waals and Coulombic interaction. The role of Coulombic interaction is more important under compression than under

extension© 1998 Elsevier Science Ltd. All rights reserved.
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1. Introduction parameterized force field, the procedure consisting of
deformation and relaxation was implemented in a simula-

Until the present day, the yielding and plastic behaviour tion cell, whose structure was equilibrated beforehand by a
of polymers has not been thoroughly understood at the molecular dynamics technique. In some papers, instead of
microstructural level. Why the nature of yielding and molecular mechanics, a molecular dynamics technique
plastic behaviour of amorphous polymers still remains was used for the mechanical simulation of polymers
veiled, is attributed to the shortcomings involved in the [7,8,12—14]. Although molecular dynamics has an advantage
experimental and theoretical approach. In the experimentalthat it can directly examine the temperature effect on the
approach, microscopic and/or macroscopic defects in deformation process, it is very time-consuming when
samples can mislead the conclusion, whereas in thecarried out with a full atomistic model. On the other hand,
theoretical approach, excessive assumptions introduced fomolecular mechanics requires relatively short computing
simplifying mathematical calculation may reduce the time without a significant loss of its predictability.
predictability of the theory for physical properties. An It is well known that atactic poly(oxypropylene) (a-POP,
atomistic modelling approach makes a rigorous description —(CH,CH(CH3)O),—) can be synthesized from racemic
of polymeric system possible, by removing and/or con- mixtures of propylene oxide in the presence of KOH
trolling such shortcomings mentioned above. Indeed, in catalyst [15], and has often been used as a soft segment in
recent years, the atomistic modelling of polymers has the synthesis of polyurethane elastomers. Its flexibility and
provided us with a lot of useful information for predicting low glass transition temperatur(= 198 K) [16] imparts a
and interpreting the mechanical properties of various good elastic recovery to polyurethane. In addition, a-POP is
polymers [1-9]. strongly resistant to hydrolysis and has a low ability to

In order to simulate mechanical properties of amorphous crystallize [17]. In this study, the yielding and plastic
polymers, a molecular mechanics technique [10,11] was deformation of amorphous a-POP was simulated under
adopted in this work. Using molecular mechanics with a the uniaxial compression condition using an atomistic

modelling technique, and the results were compared with

* Corresponding author. those [18] obtained under uniaxial extension.
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2. Model and simulation cell was compressed by 0.2% of the initial cell dimension,
and then relaxed by the energy minimization using con-

Full atomistic models of a-POP with 90 repeating jugate gradient algorithm. This procedure was repeated
units (902 atoms) were prepared. In the simulation, the until the strain reached 15%.
commercial modelling software,Cerius2 (Molecular
Simulation Inc.) was used. The initial conformation of the
a-POP chain in the cell was generated in a cubic cell with 3. Results and discussion
periodic boundary conditions by the RIS method, as shown
in Fig. 1. The initial density, 1.3 g/chwas optimizedtothe  3.1. Validation of simulation
value comparable with the experimental one. As the
initial structure has very high energy and is far from the  In order to obtain reliable mechanical properties of the
mechanical equilibrium state due to overlap of van der polymer from molecular simulation, the cell dimension
Waals spheres, the structure should be relaxed andshould be larger than the persistence length of the polymer.
optimized as follows. The amorphous cell was equilibrated If the cell dimension is smaller than the persistence length,
at 1000 K for 50 ps, and then at 298.15 K for 50 ps by the the simulation may not properly describe the mechanical
canonical ensemble (NVT) molecular dynamics with a time behaviour, because movement of a segment influences itself
step of 1 fs. Thereafter, in order to obtain an isotropic stress through the periodic boundary conditions through its self-
state, the isothermal—isobaric ensemble (NPT) molecularreplica. The average dimension parameters of optimized
dynamics was carried out at 298.15 K for 100 ps, and finally cells (—20 A) were three times larger than the persistence
cell optimization was performed by molecular mechanics. length of a-POP (5.6 A[18]. The average cell density was

The universal force field [19] was used to calculate 1.009+ 0.018 g/cni comparable with the experimental one
potential energies of atoms, and the charge equilibration [15] (0.998—1.097 g/cri). As another criterion to determine
method [20] was used to assign partial charges to atoms.whether the energetic state of the cell properly describes the
The Ewald method [21] was used to calculate the long-range state of the real material, and whether the force field adopted
interactions, such as the van der Waals and Coulombicis suitable for the material, the solubility parameter was
interactions. The total potential enerdy,di,) of the system calculated [18.90+ 0.32 (J/cni)Y3. This value is in good
is calculated by using Eq. (1): agreement with 18.9 (J/cijt”? predicted by the group cgn-
Etota = Ep + Ee + E¢ + Evaw + Ecoulomb =+ Einversion (1) gll)k?[;'i:;oend f:(r;renore{(pézril’en?:?zggi?. 154-20.3 (Jlé)ﬁ
whereE, is the bond stretching energl, is the valence It is important to ascertain whether the simulated
angle bending energyt, is the dihedral angle torsion structure in the cell is amorphous. The fundamental dif-
energy, Eyqw is the van der Waals interaction energy, ference between the crystalline and amorphous states is
Ecoulom iS the Coulombic interaction energy, abhyersion the existence of long-range order found in the former,
is the inversion energy. The details of energy function which is absent in the latter. The pair correlation function,
were given by Rappet al. [19] After equilibration and  also referred to as the radial distribution function, can
optimization, a-POP cell was uniaxially compressed. The describe this long-range order [25]. The pair correlation
function is defined as the probability of finding a pair of
all kinds of atoms in the system at a distan@part, relative
to the probability expected for a completely random
distribution at the same density. The total pair correlation
function for a cell is shown in Fig. 2. From the fact that the
g(r) approaches the value of 1rat> 3 A, it is obvious that
there exists no long-range order in the cell, and hence, this
structure shows a typical feature of the amorphous state. The
peaks in the regime of < 3 A are due to the atomic
connectivity in repeating units of a-POP.

The molecular weight of a-POP simulated in this study
may be thought of as relatively small. It has been reported
that mechanical properties of the polymer are dependent
upon its molecular weight. However, it should be noted
that the molecular mechanics technique, as a quasi-static
method, removes the molecular weight effect on the
mechanical properties of the polymer due to the following
reasons. Firstly, the model used in this simulation does not
have any structural defect which may initiate the fracture.
Fig. 1. Typical structure of an amorphous a-POP cell. Secondly, the chain scission is assumed not to occur, since
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Fig. 2. The total pair correlation function of the undeformed a-POP chain. Fig. 3. The stress—strain curve of a-POM) (under uniaxial extension
condition; @) under compression condition.

the force field used in this simulation does not allow the

bond breakage. Thirdly, because the strain is imposed tobetween two conditions is not related intrinsically to the

the cell very slowly at 0 K, as mentioned in the previous Structural defects in the sample.

section, the polymer chain in the cell has enough time to be  The change in structure of a-POP was investigated in an

relaxed without sudden chain slippage, that dependsattempt to correlate the characteristic change in structure

strongly on the entanglement molecular weight of the with the yielding and plastic behaviour of a-POP. The

polymer. Therefore, the simulation in this study is change in chain dimensions, such as the end-to-end distance

progressed in an ideal condition, which excludes the effectsand the radius of gyration of a-POP with strain, is shown in

of structural defect and molecular weight on mechanical Fig. 4. Obviously, the change in chain dimensions is

properties. negligible under both conditions. Fig. 5 shows the
change of bond orientation function with the strain. Bond

3.2. Yielding and plastic behaviour under uniaxial orientation function is given by

extension/compression P, = %[3«:0520) Y @)

The uniaxial compression was imposed on the cell, where § is the angle between each bond and an axis.
thereby a stress—strain curve typically observed in experi- The initial value ofP, close to zero indicates that bond
ments was obtained and compared with that under uniaxial orientation of a-POP is random in the undeformed state.
extension [18], as shown in Fig. 3. Under both conditions, As the strain increases, the valueRgji parallel to the strain
elastic responses were the same up to the strain of 2%. Sincealirection slightly increases linearly under the uniaxial
stress begins to deviate from the straight line, with an initial extension condition, whereas that B, slightly decreases
slope at about 2% strain in both cases, it is clear that thelinearly under the uniaxial compression condition. In any
plastic deformation begins to occur after 2% strain. Itis also case, however, the change in the orientation function is very
observed that the stress under compression is larger tharsmall up to 15% strain, indicating that the a-POP chain
that under extension, and that the difference of stress atremains almost randomly oriented after plastic deformation.
the same strain between extension and compressionlt is generally known that extension/compression causes
becomes greater up to the apparent yield poirl3% anisotropy in the structure by reorienting the chains.
strain), defined as a maximum load point. This feature of However, the strain-induced structural anisotropy in the
the stress—strain curve is in agreement with experimentalamorphous phase is far slower than in the crystalline
results [26—28]. Experiments show that the stress underphase [29,30], which is consistent with the result of this
uniaxial-compression is larger than that under uniaxial simulation.
extension. The reason has often been explained by con- The change in chain conformation with strain was
sidering the presence of macrostructural and/or micro- analysed in this study. In order to investigate the change
structural defects in the sample. In other words, it is of chain conformation, the distribution of dihedral angles
because the crazing easily developed from defects underin the a-POP backbone chain was calculated at various
the uniaxial extension condition does not occur under the strains under the uniaxial extension/compression condi-
uniaxial compression condition. Our simulation results also tions. There exists three kinds of dihedral angles in an a-
show the higher stress level under the uniaxial compressionPOP backbone chain, such as CC*@Q( C*OCC* (¢,)
condition as compared with the uniaxial extension con- and OCC*O ¢3) shown in Fig. 6a, and the distribution of
dition, although there is no structural defects in the simula- these dihedral angles of the undeformed state is shown in
tion cell, indicating that the difference of stress level Fig. 6b. In order to analyse the conformational change
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Fig. 4. The change of chain dimension with strain for a-POP. The sym®jlar(d @) represent end-to-end distance and radius of gyration, respectively.
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Fig. 5. The change of bond orientation function with strain for a-POP. The sym@plsnd @) represenP,; andP, ,, respectively.

quantitatively, the change in amount of each dihedral
angle havingtrans state (2w — 7/6 < ¢ < 2nw + /6,
n=0,1,2,...) was calculated with the strain. Fig. 7 shows
that the amount of dihedral angles havitigans state
remains almost unchanged with the strain under both
conditions. Therefore, it is concluded that the chain con- CH, ¢ O ¢35 CH
formation does not change significantly with the strain, / AN o 21 N/
and hence, the yielding and plastic behaviour does not H CH
originate from the change in the chain conformation. |
Generally, the volume of glassy polymer whose Poisson’s CHs
ratio is smaller than 0.5 increases with the strain under

uniaxial extension, and decreases under uniaxial com- @
pression. In this study, the change in cell volume with the
strain was monitored under compressiosn and compared
with that under extension, as shown in Fig. 8. Under the
uniaxial compression condition, the change in cell volume
is more complicated than that under the uniaxial extension
condition, where the volume increases monotonously with
the strain. Under the uniaxial compression condition the cell
volume decreases in the elastic region, as expected from the 0.01
Poisson’s ratio. Thereafter, the cell volume remains almost

constant up to 10% strain, and then increases with the strain. 0.00
Fig. 8 shows that the Poisson’s ratio of a-POP remains

almost constant under uniaxial extension, whereas, under

uniaxial compression, it increases up to almost 0.5 and

levels off in the range of 3—10% strain, and then increases (b)

again. As the mass of the system is conserved duringFrig. 6. The definition of dihedral angles in the a-POP backbone chain (a),
simulation, the change in cell volume must occur due to and their distribution (b).
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Fig. 7. The change in amount of each dihedral angle hatvams state with strain for a-POP#() CCOC; @) C*OCC*; (A) OCC*O.

the change of free volume in the cell. In our previous paper field consisting of all energy components, and the other is
[18], we measured the Voronoi volume, which corresponds the modified force field. First of all, it is very suggestive that
to the free volume, and its distribution under extension. The the yielding and plastic behaviour appears in all the stress—
result showed that the size of the Voronoi volume is not as strain curves. Particularly, the elastic response under each
large as microscopic voids. Therefore, it is obvious that the condition is identical regardless of the force field used, and
increase of free volume in the polymer is suppressed underthe trend of curves is very similar. Considering the result
the uniaxial compression condition rather than under the shown in Fig. 9, it may be concluded that the yielding and
uniaxial extension condition. This difference of volume plastic behaviour of a-POP is attributed mainly to the van
change between two conditions can be related to the differ- der Waals interaction.
ence between stress levels under these two conditions, as Another point to be noteworthy is that Fig. 10 shows
shown in Fig. 3. As the cell volume of a-POP is rather a different stress level in the stress—strain curve under
contracted under the uniaxial compression condition, the different force fields. Under the uniaxial extension con-
hydrostatic pressure under compression becomes highedition, the stress level using the modified force field is
than that under extension, and thus, the stress componentower than that using the universal force field, whereas
in the direction of compression is greater than that in the under the uniaxial compression condition the stress levels
direction of extension. This explanation for the nature of the are almost the same within their standard deviations.
difference between extension and compression is also sup-Although it is reasonable to consider that the valence
ported by Crist [31]. angle bending and dihedral angle torsion energies of the

The energetic state of a-POP was analysed by monitoringuniversal force field play an important role under the
the change of each energy component with strain. The uniaxial extension condition rather than under the uniaxial
changes of energy components under both conditionscompression condition; future work is necessary to explain
show almost the same trend as shown in Fig. 9. The changethese results in detail.
of total energy with strain seems to be governed dominantly In summary, the non-bonded interaction, such as the van
by non-bonded interaction, such as van der Waals and
Coulombic interactions, the former being far more dominant 600
than the latter. Another feature to note is that the role of
Coulombic interaction is more important under compression
than under extension because, at the same strain, the cell
under compression is more closely packed than under
extension, and thus, the Coulombic attraction between
methylene hydrogen and ether oxygen, depending strongly
upon the inter-atomic distance, becomes more important
under the uniaxial compression condition than under the
uniaxial extension condition. In order to specify the role
of van der Waals interaction, the supplementary simulation
was carried out using a modified force field that consists of
only a bond stretching and a van der Waals interaction

. . L 2200 | | | I

component, a-POP chain being regarded as a self-avoiding 000 003 006 009 012 015
and non-intersecting chain without restriction from the
valence or dihedral angles. Fig. 10 shows the stress—strain Strain
curves under uniaxial extension/compression condition rig. 8. The change of cell volume with strain for a-POM) (under
using two different force fields: one is the universal force extension; @) under compression.
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Fig. 10. The stress—strain curves of a-POP obtained using different force #9ldn{versal force field; M), modified force field.

der Waals interaction, is sensitive to strain, whereas thecell. This suggests that the difference in the stress level
chain conformation does not change significantly with between the two conditions is not related intrinsically to
strain, because the van der Waals interaction calculated bythe structural defects in the sample. From various analyses
the Lennard—Jonnes 12-6 function is strongly dependent onof chain conformation of a-POP, it is obvious that the
inter-atomic distance, whereas the chain conformation is yielding and plastic behaviour of a-POP requires no specific
less sensitive to the inter-atomic distance. Therefore, it is change in chain conformation under both the uniaxial

concluded that the contribution of the van der Waals inter- extension and compression conditions. The change of total
action to the yielding and plastic behaviour of a-POP is energy with strain seems to be governed by non-bonded

dominant.

4. Conclusions

interactions, such as van der Waals and Coulombic inter-
actions, the former being far more dominant than the latter.
The role of Coulombic interaction is more important
under compression than under extension, because the cell
under compression is more closely packed than that under

Using atomistic modelling, the vyieldidg and plastic extension.
behaviour of a-POP was simulated under the uniaxial com-
pression condition, and compared with the result under the
uniaxial extension condition for the first time. The density References
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