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Abstract   The  shape  accuracy  and  residual  stress  distribution  of  a  nano-molded  semicrystalline  polymer  are  studied  by  molecular  dynamics

simulations. Semicrystalline polyethylene flakes are obtained by continuous cooling inside templates with four shapes. We find that the curvature

of  contour  curve  near  template  corners  decreases  with  corner  angle.  A  simple  2D  shape  model  of  minimum  surface  energy  is  proposed  to

understand  the  shapes  for  repulsive  and  attractive  templates.  The  confinement  of  template  induces  highly  ordered  chain  packing  in  surface

region.  According  to  the  spacial  distribution  of  local  stress,  we  find  the  contracting  stress  caused  by  volume  shrinkage  during  cooling

concentrates on the chains perpendicular to the direction of relative stress principal. The distribution of von Mises stress indicates the outer layer

of semicrystalline polymer flake has lower distortion. Our results provide a theoretical insight for better nano-molding techniques.
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INTRODUCTION

Crystallization of  polymer  materials  under  nanoscopic  confine-
ment is highly concerned in nanotechnology.[1–7] Due to diverse
requirements  of  industrial  applications and research focuses  in
experiments, the nanoscopic products or experimental samples
have  different  shapes  and  properties.  The  typical  materials  to
confine  polymers  at  the  nanoscale  are  provided  by  aluminum
anodic  oxide  (AAO),[8–11] or  by  the  microdomain  structures
formed  through  microphase  separation  of  block  copolymers,
etc.[7,12–14] Studies  on  the  flow  behaviors  of  polymers  in  nano-
channels  were  reported,[15] by  using  infiltrated  nanochannels
because  polymer  melts  could  wet  and  flow  in  nanochannels
rapidly at a temperature much higher than the melting point. A
silicon mold with the width of the trenches ranges from 40 nm
to  250  nm  is  expected  to  be  small  enough  to  influence  the
polymer crystallization but large enough for keeping crystalline
superstructure of polymers.[4] Usually, the existence of templat-
es changes crystallization behavior including nucleation mech-
anism,  crystal  orientation,  crystallization  kinetics,  and  polymo-
rphic transition, etc.[8] Woo et al.[16] studied the crystallization of
linear  polyethylene  (PE)  infiltrated  in  AAO  templates.  They

found  that  the  crystallization  temperature  (Tc)  decreases  with
pore  size,  and  the  degree  of  crystallinity  is  generally  lower  for
infiltrated  polymers  within  AAO  nanopores  than  that  for  neat
bulk  polymers.[17,18] For  the  chain  arrangement  in  AAO
nanopores,  a  parallel  nucleus  is  formed  at  the  surface  of
nanopore  wall  when  the  size  of  pores  becomes  as  small  as
32−80 nm.[19] It is demonstrated that crystallinity influences the
formation of frozen layer, the internal stresses, and the in-mold shrin-
kage.[20,21] The  investigation  of  how  thermal  stress  induced  by
the coefficient of thermal expansion affects the glass transition
behavior of polystyrene (PS) nanorods located inside cylindrical
AAO nanopores reveals stress is a complex and important role in conf-
inement condition.[22]

Computer simulation can be used as an adminicular method
to  study  polymer  crystallization  under  confinement,  since  it
can provide a unique microscopic insight into the structures,
dynamics  and  forces  arising  from  the  crystallization  proc-
ess.[23–29] In this study, we carry out molecular dynamics (MD)
simulations  to  study  the  crystallization  of  PE  aggregates  in-
side  a  sealed  three  dimensional  (3D)  template.  The  accuracy
of template becomes worse as the size decreases due to the
limited  processing  precision  at  the  nanoscale.[30] It  is  known
that the cooling process to form semi-crystals causes volume
collapse will affect the dimension accuracy of a nano-molded
polymer product.[31] As shape accuracy and mechanical prop-
erties  are  of  the  most  importance  for  a  nanoscopic  product,
our  study  will  focus  on  the  shape  accuracy  and  the  residual
stress  distribution  of  nano-molded  semicrystalline  polymer

 

* Corresponding authors, E-mail: yylu@ciac.ac.cn (Y.Y.L.)
E-mail: luocf@ciac.ac.cn (C.F.L.)

Special Issue: Ordered Structure of Polymers
Received  December  31,  2021;  Accepted  February  7,  2022;  Published
online April 22, 2022

Chinese Journal of
POLYMER SCIENCE RESEARCH ARTICLE 
 

   
© Chinese Chemical Society www.cjps.org
     Institute of Chemistry, Chinese Academy of Sciences link.springer.com

 

https://doi.org/10.1007/s10118-022-2712-6
http://www.cjps.org
http://link.springer.com


flakes formed inside templates.  Here,  we design four shaped
templates with different corners to study the shape accuracy
affected by corners of templates. We will study the crystalline
structure,  chain  orientation,  and  local  stress  distribution  of
the semicrystalline polymer flakes.

MODEL AND METHOD

U(r) = 4ε[(σ/r)12 − (σ/r)6]

We  use  MD  simulation  with  united  atom  (UA)  model  to  study
the  shape  accuracy  and  residual  stress  distribution  of  a  nano-
molded  semicrystalline  polyethylene  (PE)  flake.  For  PE  chains,
each methylene or methyl unit (CH2 or CH3) is treated as a bead
and  the  beads  along  a  chain  are  connected  by  springs.  The
interactions  between  beads  are  modeled  by  bonded  (bond,
angle,  and  dihedral)  and  non-bonded  (van  der  Waals)  poten-
tials.  The  parameters  proposed  by  Rigby et al.[32,33] are  used  in
this  study.  The  classical  Lennard-Jones  (LJ)  potential

 with σ=0.38  nm and ε=0.5  kJ/mol  is

used  to  model  the  van  der  Waals  interaction  between  two
polymer beads separated by a distance of r. The cut-off distance
of  the  LJ  potential  is  0.95  nm,  which  equals  to  2.5σ.  In  the  UA
model, the flexibility of a PE chain is dominated by the dihedral
potential  which  reflects  the  degree  of  rotational  freedom.  The
bond  and  angle  potentials  determine  the  local  structure  and
size  of  a  short  segment.  The  template  is  modeled  by  particles
connected  through  hard  springs,  and  the  interaction  between
template  particles  and  polymer  beads  are  modeled  by  a  LJ
potential.  The  template  particles  are  aligned  according  to  the
cubic  lattice  with  distance  of  0.5  nm  (the  lattice  distance  in
cylindrical template is 0.4 nm to ensure the resolution of a circle
shape).  The  interaction  between  polymer  beads  and  template
particles is also modeled by the LJ potential with σ=σ'=0.38 nm.
The template behaves as a repulsive wall if ε'=0.07 kJ/mol, while

as  an  attractive  wall  if ε=ε'=0.5  kJ/mol.  An  illustration  of  a  PE
chain  represented  by  UA  model  and  the  interaction  between
polymer beads and template particles are shown in the insets of
Fig. 1(d).

We  use  the  GROMACS  (version  2019.3)[34] software  to  do
our  simulations,  which  is  a  fast  MD  code  with  acceleration
of  GPU  and  is  widely  used  in  simulations  of  macromolecu-
les.[35,36] A  conventional  leapfrog  integration  method  with  a
time step of 5 fs is applied in this study and the temperature
(T)  is  controlled  by  the v-rescale method.  The v-rescale al-
gorithm in GROMACS includes a stochastic term and can ge-
nerate a conformation with proper ergodicity.

In  this  study,  the  polymer  aggregates  consist  of  300  PE
chains  with  chain  length N=200  (number  of  C  atoms).  We
carry  out  simulations  by  the  following  process,  as  illustrated
in Figs.  1(a)−1(c):  Firstly,  the  polymer  aggregates  are  melted
and  relaxed  under T=600  K  for  50  ns  and  then  put  into  the
template.  Secondly,  the  top  flat  board  is  pushed  down  to
make  the  inside  volume  reach  the  target  value,  1860  nm3,
which corresponds to the density of PE chains at T=600 K and
1 bar by using the same UA model. Considering that there is a
surface  repulsion  layer  with  a  size  about σ,  the  equivalent
density  of  the  inside  polymer  aggregates  is  related  to  a  PE
melt at T=600 K and high pressure (estimated about 100 bar).
Finally,  the  polymer  aggregates  are  cooled  from T=600  K
(melt)  to  150  K  (semicrystal)  in  100  ns  with  fixed  template
volume. We use two kinds of templates (repulsive and attrac-
tive) to do the simulations, as mentioned above and shown in
Fig. 1(d). Two snapshots of the semicrystalline polymer inside
a repulsive template after cooling are shown in the right pa-
nel of Fig. 1(c). To do further analysis, the semicrystalline flake
is  taken  out  from  the  template  and  is  further  relaxed  at T=
300  K  for  a  short  time  of  1  ns.  For  each  condition,  five  inde-
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Fig. 1    Flow chart of simulation process and illustration of studied systems. (a) Putting polymer aggregates (in melt state) into a template which
is drawn by transparency method for visual clarity. (b) Pushing the top board down to make the volume inside the template reaches the target
one. (c) Cooling polymer aggregates inside the template. The right two snapshots are the top- and slice-view of the semicrystalline polymer after
cooling, of which the structural properties and residual stress are analyzed further. (d) Initial melt configuration of polymer aggregates inside the
template in 3D view (middle), snapshots of semicrystalline polymer inside an attractive template (left) and repulsive one (right) viewed from the
top. Here, the attractive and repulsive templates are drawn in orange and blue colors, respectively. Insets illustrate the UA model for a PE chain
and the LJ potential (U) between polymer beads and template particles versus distance (d).
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pendent  runs  (ensemble  samples)  are  performed  to  obtain
more reliable results.

RESULTS AND DISCUSSION

In order to study the semicrystalline structure of PE chains under
nano-confinement, we studied four shapes of model templates,
of  which  the  top  views  along z-direction  are  shown  in Fig.  2.
Both  repulsive  and  attractive  walls  mentioned  above  are
studied,  and  the  snapshots  of  semicrystalline  polymer  aggre-
gates  obtained  from  continuous  cooling  are  also  shown  in
Fig. 2. The inner length of template side boards in Figs. 2(a), 2(c)
and 2(d)  is  20  nm  and  the  diameter  of  cylindrical  template  in
Fig.  2(b)  is  20  nm,  respectively.  Cooling  and  crystallization
processes  cause  volume  shrinkage  of  the  polymer  aggregates
and  create  vacancies  inside  the  template.  Shapes  of  semicr-
ystalline  PE  flakes  are  different  according  to  attractive  or
repulsive  templates.  For  convenience  of  discussion,  we  first
discuss  the  results  of  repulsive  templates,  which  could  be  the
common situation for a real nano-molding.

When  the  template  repels  polymers,  the  semicrystalline
polymer aggregates collapse inward away from the template
surface, as shown in Figs. 2(a)−2(d). The shape of semicrystal-
line  polymer  flakes  inside  repulsive  templates  is  rather  sym-
metrical  and  the  interface  is  gentler  than  those  in  attractive
condition  as  shown  in Figs.  2(e)−2(h).  If  the  template  is  cyl-
indrical,  the  semicrystalline  polymer  flakes  show  a  circular
shape  in xy-plane.  When  the  templates  have  corners  as
shown  in Figs.  2(a),  2(c)  and  2(d),  vacancies  exist  near  tem-
plate corners and the shape curve of semicrystalline polymer
flakes near the corners is convex. From Figs. 2(c) and 2(d), we
can see that  the vacancies  at  acute corners  of  the templates
are  apparently  larger  than  those  at  obtuse  corners.  We  note
that  all  five  independent  runs  have  the  same  conclusion
about  the  shape  of  semicrystalline  polymer  flakes  inside  the
repulsive templates.

In order to accurately describe the shape characteristics of
the semicrystalline polymer,  we apply the snake model[37] to

y = ax2+
bx + c x = ay2 + by + c

find the two dimensional  contour of  semicrystalline polymer
aggregates  mapped  to  the xy-plane  as  shown  in Fig.  3.  A
snake denoted by the blue contour in Fig.  3(b)  is  an energy-
minimizing  spline  subjected  to  image  forces  which  pull  the
snake  toward  or  push  the  snake  away  from  the  image  fea-
tures such as edges and lines denoted by the black region in
Fig.  3(b).  Here,  the  results  of  five  independent  samples  are
applied.  We  use  the active-contour algorithm  in  the  “scikit-
image”  package,  and  the  parameters  of  snake  model  are
chosen  as ωline=0, ωedge=1, α=0.015, β=10  and γ=0.001.  We
truncate the contour curve near the template corners and fit
the  curve  to  parabola  functions  as  shown  in Figs.  3(c)  and
3(d).  The curvature  of  this  truncated contour  is  calculated as
κ=2a, where a is the parameter in a parabolic equation: 

 or .  We  note  here  that  other  fitting
curves such as a circular arc or a hyper ellipse does not get a
better fitting than the parabolic curve.

We  plot  the  contour  curvatures  (κ)  of  the  semicrystalline
polymer  aggregates  closed  to  the  template  corners  versus
the respective corner angles (θ) at different temperatures dur-
ing cooling (400 K, 275 K, 150 K) in Fig. 4. There are five values
of corner angles in our simulations: θ=60° corresponds to the
left and right corners of template-4, θ=75° corresponds to the
left and right corners of template-3, θ=90° corresponds to the
corners  of  template-1, θ=105°  corresponds  to  the  top  and
bottom corners of template-3, and θ=120° corresponds to the
top  and  bottom  corners  of  template-4,  respectively.  We  can
see  that κ decreases  during  cooling  at  all  the  five  corner
angles,  indicating  that  the  free  surfaces  of  semicrystalline
polymer  aggregate  at  corners  change  towards  flat  due  to
volume  shrinkage.  Thus,  the  final  shape  of  semicrystalline
polymer  flakes  is  blunter  than  the  template.  The  contour
curvature of  semicrystalline polymer aggregates close to ob-
tuse  angles  is  found  smaller  than  that  close  to  acute  angles,
reflected  by  that κ decreases  as θ.  For  example, θ=60°  and
θ=120°  in Fig.  4 correspond  to  the  left  acute  corner  and  the
top  obtuse  one  of  template-4,  where κ=0.35  and κ=0.13  at
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Fig. 2    (a−d) Polymer aggregates reaching semicrystalline state at T=150 K confined in repulsive template. We name the four templates
with different shapes as “template-1”, “template-2”, “template-3” and “template-4”. (e−h) Semicrystalline polymer aggregates confined
in attractive templates at T=150 K. Snapshots are the top view along z-axis. The top flat board of the template is hidden and the bottom
board is shown in small dots for visual clarity.
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T=150 K,  respectively.  We also notice the change of κ during
the  cooling  process  from  400  K  to  150  K  at θ=60°  is  larger
than that at θ=120°, which means the polymers close to smal-
ler angled corners collapse more severely during the cooling
process.  Because obtuse angles of the template are easier to
be infiltrated than acute angles.

In  literature,  researchers  used  diverse  order  parameters
which  reflect  the  ordering  of  particles  to  characterize  crystal

structures, such as the order parameter Q6 = Ql=6(i) for the ith

particle, defined as:[38,39]

Ql(i) = ( 4π
2l + 1

∑l

m=−l ∣qlm(i)∣2)1/2

(1)

qlm(i) = 1

Ñb(i) ∑Ñb(i)
k=0

qlm(k) (2)

Ñb(i)

Ñb(i)

where qlm are the spherical harmonics and  is the number
of  neighboring  beads  of  the ith bead  including  itself. Q6 is  a
conventional  measurement  of  the  local  structure  around  a
particle, which is constructed based on spherical harmonics and
reflect  the  spatial  symmetry  of  particle  positions.  We  use  the
order parameter Q6 to characterize the arrangement of polymer
beads  and  the  local  crystallinity  of  semicrystalline  polymer
flakes. The cut-off distance of  we choose here is 0.74 nm.
We  also  calculate  the  entanglement  length Ne to  describe  the
inter-chain  topology  of  semicrystalline  polymer  chains.[40] The
calculation  of Ne is  based  on  Primitive  Path  Analysis  (PPA)  of
chain entanglements.[41] The basic idea of PPA is to let polymer
chains  shrink  with  fixed  ends  without  chain  crossing,  which
results  in  primitive  paths  consisting  of  kinks  and  straight
segments.  The  straight  segment  could  be  identified  by  the
bending angles  greater  than 175°  between two adjacent  kinks
in  a  primitive  path,  and  the  number  of  beads  in  the  straight
segment  could  be  used  to  calculate  the  local  entanglement
length.  Here,  all  beads in the same straight segment are assig-
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Fig. 3    (a) One snapshot of semicrystalline polymer confined in repulsive template-4 at T=150 K. (b) Projected polymer positions in xy-
plane  and  its  contour  curve.  Here,  the  projected  positions  are  obtained  from  five  independent  runs  and  the  blue  contour  curve  is
calculated by the “active-contour” algorithm. (c, d) Parabolic fitting for corners. The bold part of the contour is used to fit the parabolic
equation, and the red curve denotes the parabola after fitting.
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Fig.  4    Contour  curvatures  (κ)  of  semicrystalline  polymers  versus
relative  angles  of  template  corners  (θ)  at  different  temperatures
during cooling (400 K, 275 K, 150 K), for repulsive templates
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ned by the same Ne value, denoted as Ne(i) for the ith bead.
To  discuss  the  arrangement  characteristics  of  semicrystal-

line polymer aggregates inside templates, we show the snap-
shot of Q6 and Ne in Fig. 5, where the top and middle slices of
both Q6 and Ne in different templates are displayed. An illus-
tration of top and middle slices is displayed in Fig. 6. The top
and  bottom  boards  of  the  template  in xy-plane  cause  the
structure  difference  between  surface  and  inside  regions  of
polymers,  as  shown  in Fig.  5(a).  We  can  see  from Figs.  5(a),
5(c),  5(e) and 5(g) that in the top slice, Q6 is  higher in the re-
gions where polymer chains are regularly arranged than that
in the regions where polymer chains arrange randomly. Com-
paring the distribution of Q6 in the top slice with the middle
one, we can see chains in the surface layer (top slice) arrange
more regularly than that in the middle one. This result indic-
ates  an  enhancement  of  crystallization  due  to  the  confine-
ment  effect  of  templates.  Comparing  the  distributions  of Q6

and Ne,  we can see that  most  crystalline regions with higher
Q6 have higher Ne too,  where chains  are  regularly  folded. Q6

and Ne match  well  in  some  crystalline  regions,  for  example
the region noted by red circles in Figs. 5(c) and 5(d). For total
space of both top and middle slices, Q6 and Ne exhibit a weak
but notable correlation. This phenomenon shows regularly ar-
ranged chains  are  less  tangled in  the surface  region and the
template  board  enhances  the  regularity  of  chain  arrange-
ment,  which  is  consistent  with  our  previous  simulations  of

coarse-gained polymers confined within two plane walls.[42]

The  chain  arrangement  and  orientation  in  the  top  and
middle  slices  are  different,  indicated  by  the Q6 in Fig.  5.  It  is
clear that chains in the top slices are more aligned in xy-plane,
from the chain conformations of two thin slices shown in Figs.
6(a)  and  6(b).  Due  to  the  confinement  of  template  boards,
polymer chains form oriented folded structure during crystal-
lization.  To  analyze  the  chain  orientation,  we  calculate  the
Herman's  bond  orientational  order  parameter  along z-direc-
tion by:

Pz =
1
2
(3 ⟨cos

2ϕ⟩ − 1) (3)

−→
Cij

−−→
C13

−−→
C24

−−→
C35

−−→
C46

where ϕ is  the  angle  enclosed  by  a  bond  direction  and  the z-

axis. We define  the vector from bead i to bead j in a polymer

chain.  Because  beads  in  the  UA  model  of  a  PE  chain  take  a
zigzag  conformation,  we  calculate  the  bond  orientation  for
every two carbon-carbon bonds, as , , , ··· The order
parameter Pz can  take  values  between  −0.5  and  1.  If  all  the
bonds are aligned along the z-direction,  then Pz=1; If  all  bonds
are  in  random  directions,  then Pz=0;  If  all  bonds  are  perpen-
dicular  to  the z-direction,  then Pz=−0.5.  We  plot Pz versus
normalized z direction  of  the  semicrystalline  polymer  flakes  in
four repulsive templates in Fig. 6(c). We can see the four curves
show the  same tendency: Pz comes  up to  the  highest  value  in
the  middle z region  and  reaches  the  minimum  value  when z
approaches 0 or 1. The minimum value of Pz is close but slightly
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Fig. 5    Top and middle slices of both Q6 and Ne of  semicrystalline polymer aggregates in four different repulsive templates.  The structures of
semicrystalline polymer chains are shown in the left column by the orange color. We calculate Q6 and Ne only for polymer beads by taking them
out from the templates. The red dashed circles denote the areas with high regularity of chain packing, in which Q6 and Ne are relatively higher.
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higher  than  −0.5,  indicating  chains  near  the  top  and  bottom
surfaces arrange perpendicularly  to z-axis  (i.e.,  in xy-plane).  The
highest value of Pz is slightly lower than 0. This does not mean
the  chains  are  in  amorphous  structure  but  means  that  the
orientations of small crystallites are in nearly random directions.
We note that P is still negative even in the middle region, since
the thickness (in z-direction) of the semicrystalline flakes is small
compared to the radius of gyration for polymer chains and the
chain orientations are affected by the confinement effect for the
whole aggregates.

Residual  stress  is  an  important  property  which  affects  the
application of a nano-molded product. However, the residual
stress  is  very  difficult  to  detect  in  experiments,  especially  at
the nanometer scale. Here, we study the local stress distribu-
tion  of  the  semicrystalline  polymer  aggregates  and  a  result
for the repulsive template-4 is shown in Fig. 7. One would ex-
pect  that  the  local  stress  distribution  is  not  only  affected  by
the crystalline-amorphous regions but also the template, due
to  the  confinement  of  templates.  The  calculations  of  local
stress tensor are performed with the GROMACS-LS 4.5.5 pack-
age.[43,44] We calculate the stress principals in x-direction (σxx),
y-direction (σyy), z-direction (σzz) and the von Mises stress (σv).
The  stress  principals  are  the  diagonal  elements  of  the
Cauchy's  stress  tensor  and  can  reflect  the  compress-stretch
condition of a given polymer region. The von Mises stress (σv)
reflects  the  shear  deformation  of  the  relative  region  and  is
usually used to predict the yielding of plastic materials under
multiaxial 3D loadings. It is defined as:

σv =
√

3
2
sijsij (4)

where sij is components of stress deviator tensor σdev:

s = σdev = σ −
tr(σ)

3
I (5)

We show the local stress distribution according to beads of
the top and middle slices respectively in Fig. 7, similar to the
above  treatment  to  show  the  structural  difference  between
surface  and  inside  layers.  In  the  top  slice  perspective, σxx is
smaller  if  chains  arrange  along x-axis  (blue  dashed  circle  in
Fig.  7a),  and σxx is  larger  if  chains  arrange  along y-axis  (red

dashed circle in Fig. 7a).  Identically, σyy is smaller if  chains ar-
range along y-axis (blue dashed circle in Fig. 7c), and σyy is lar-
ger if chains arrange along x-axis (red dashed circle in Fig. 7c).
This phenomenon shows that the contraction force along the
x-direction acts on the chains which arrange perpendicular to
the x-direction,  and  this  rule  also  applies  to  the  contraction
force along the y-direction.  We can see that von Mises stress
σv in the top slice in Fig. 7(g) and the side surface at the con-
tour in Fig.  7(h) is  lower,  and σv in the middle of semicrystal-
line polymer aggregates is higher. This means the outer layer
of  semicrystalline  polymer  flakes  has  lower  distortion,  prob-
ably  due  to  those  chains  in  a  surface  region  can  relax  their
conformations easier than those in the inside region. Our re-
sults of local stress distribution shown anisotropic properties
related  to  the  chain  conformations  but  no  obvious  effect  of
templates.  Further  investigations  according  to  the  relation
between  local  stress  distribution  and  chain  structure  are
needed in our future work.

When the template attracts polymers, the shape of semicry-
stalline  polymer  flakes  is  less  regular  than  that  of  repulsive
templates, as shown in Figs. 2(e)−2(h). As the existence of at-
traction  between  template  particles  and  polymer  beads,  the
polymer  aggregates  would prefer  to  contact  larger  template
surface  during  the  shrinkage  caused  by  cooling.  For  an  at-
tractive cylinder template,  the contour shape in xy-plane is a
cut circle with a straight line, as shown in Fig. 2(f). For attract-
ive  cornered  templates,  the  vacancies  near  corners  are  re-
spectively larger than that in repulsive templates and the con-
tour curve near corners becomes concave.

Ω = y(x) f [Ω]

To give a simple understanding of the shape for semicrys-
talline  polymer  aggregates  inside  templates,  a  simple  2D
shape  model  is  proposed  as  illustrated  in Fig.  8(a).  The  con-
tour  of  polymer  aggregates  is  divided  into  lines  (Li)  contac-
ing with the inner  surface of  a  template  and curves  (Ci)  near
the  template  corners.  The  final  shape  is  determined  by  the
polymer-template  interaction  and  surface  tension  at  a  given
volume (area in the 2D model) under the confinement of tem-
plates. This is an optimization problem to find a contour curve

 with the minimum of surface energy :
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Fig. 6    (a,  b) Top and middle slices of a semicrystalline polymer aggregate in xy-plane, for repulsive
templates;  (c)  Herman's  bond-orientation  order  parameter  along z-direction  (Pz)  versus  normalized
thickness of polymer aggregates in z-direction. The result is averaged from five independent runs.
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min
sub,AΩ=A0,Ω⊂Γ

f [Ω] = ∑4

i=1
(ηLi + Ci) (6)

Ωwhere  is  the  contour  consists  of Li and Ci confined  in  the

template  region Γ.  The  area  inside  the  contour  is AΩ which

should be constrained as a constant A0 according to the shrin-
king rate.  The parameter η reflects  the relative interaction bet-
ween polymers and template surface. The template is repulsive
if η>1, and attractive if η<1. The minimization can be done nume-
rically and the final contour curves are displayed in Fig. 8(b) for

Top slice

1358 bar

−1056 bar

1629 bar

−1214 bar

1442 bar

−889 bar

2026 bar

0 bar

Middle slice

σxx

σyy

σzz

σv

a b

c d

e f

g h

y

xz

y

xz

y

xz

y

xz

y

xz

y

xz

x

z

x

z

 
Fig. 7    Stress distribution of the semicrystalline polymer aggregates in template-4. We calculate the
stress principals in x direction (σxx), y direction (σyy), z direction (σzz) and von Mises stress (σv). The top
and middle slices of the spacial distribution are shown in the left and right columns, respectively.
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Fig. 8    (a) Illustration of a simplified 2D shape for polymer aggregates. The contour is modeled by four contact
lines (L1 to L4) and four curves (C1 to C4). (b) Optimized shapes with minimum surface energy for repulsive and
attractive templates, as shown in the upper and lower panels, respectively.
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both repulsive and attractive templates. Comparing with Fig. 2,
we can see that the shapes obtained by simulations agree fairly
well  with  the  simple  2D  model,  with  exceptions  that  regions
near  obtuse  corners  for  attractive  templates  where  the  simul-
ations may be trapped in a local minimum.

We do not find any obviously different conclusion from the
structural  parameters  such  as Q6, Pz and Ne between  the  at-
tractive  and  repulsive  templates.  The  distribution  of  local
stress  is  also  found no apparent  differences  between the  re-
pulsive  and  attractive  templates,  except  for  the  detailed  val-
ues near corners.

CONCLUSIONS

We study the shape accuracy and residual stress distribution of
nano-molded semicrystalline polymer, by using MD simulations.
Four templates with different shapes are used to investigate the
influences induced by template corners  on the morphology of
semicrystalline  polymer  flakes.  Both  repulsive  and  attractive
templates  are  studied.  We  characterize  the  curvature  of  sem-
icrystalline polymer flakes close to template corners and find the
curvature decreases with corner angle. The curvature decreases
during  cooling  process  due  to  volume  shrinkage,  which  indic-
ates  a  decreasing  effective  interfacial  affinity  between  poly-
mers  and  templates  at  corners.  A  simple  2D  shape  model  of
minimum surface energy is proposed to describe the contour of
semicrystalline polymers  confined within  templates.  It  is  found
that  polymer  chains  at  the  upper  and  lower  boundaries  are
more ordered than in the center. Highly ordered chain-packing
is  induced  by  the  surface  constraints  where  chains  near  the
surfaces are orientated in xy-plane and perpendicular  to z-axis.
Moreover,  we  exhibit  the  spatial  distribution  of  local  stress  for
the semicrystalline polymer flakes to study the stress anisotropy
according  to  the  microstructure  of  polymer  chains.  The  stress
principal  concentrates on chains oriented perpendicular  to the
present  direction,  for  example, σxx concentrates  on  the  areas
where  chains  are  oriented  along  y-axis,  which  is  resulted  from
the  squeezing  induced  by  volume  contraction  during  the
cooling process primarily acting on the normal direction of the
crystallized  area.  The  von  Mises  stress  is  found  primarily
concentrated  in  the  center  of  a  polymer  aggregate,  which
indicates  surface  compresses  the  center  body  due  to  volume
shrinkage during the cooling process.  There are two important
factors which can affect the shape accuracy, crystalline structure
and  residual  stress  distribution:  the  confinement  of  nanoscale
templates  and  the  volume  contraction  during  cooling.  Our
results  provide  a  theoretical  guidance  to  understand  and  im-
prove  the  shape  accuracy  and  mechanical  properties  of  nano-
scale polymer products.
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