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ABSTRACT: The ductility of polymer thin films is critical to many
applications such as organic electronics and separation membranes. Large-
scale molecular simulations are performed to reproduce the experimentally
observed necking, a ductile deformation mode. The simulations show that the
morphology of a necked film differs qualitatively from craze fibrils in brittle
polymers. The micromechanics of thin film necking are revealed with details
transcending the capability of experiments. The free boundary of a thin film
promotes the plane stress condition and allows the onset of a neck via strain
localization. The underlying entanglement network stabilizes the neck by
preventing chain pullout. The strain hardening of entangled polymers in the
neck region compensates for the reduction in thickness and supports stable
neck propagation under a constant tensile force with no bond breaking. Despite
the critical role of entanglements, the width of the neck is much larger than the
entanglement spacing. The Consider̀e construction predicts well the onset of necking but not the draw ratio of necked polymers,
where voids break down the conservation of volume. Krupenkin and Fredrickson’s geometric argument based on the extension of
entanglement network strands is able to predict the draw ratio, as verified by the topological analysis using the Z1+ package. The
ductile thin film necking is consistently observed in the simulations with thicknesses larger than the unperturbed polymer chain size,
temperatures below the glass transition, and deformation rates much higher than the limited monomer mobility.

1. INTRODUCTION
Recent advances in nanoengineering have enabled sub-100 nm
polymer thin films to be fabricated and thus propelled their
applications in organic electronics, coating, filtration, and
separation technologies.1−14 Many functions of polymer thin
films rely on their high strength-to-weight ratio and durability,
both highlighting the significance of their mechanical properties.
One particularly intriguing observation is that a brittle polymer
glass in the bulk state, such as polystyrene (PS), exhibits ductility
in the thin film state via the shear deformation resulting from
necking.6,12,14 This brings film thickness as a new dimension to
the parameter space determining the brittle-to-ductile transition,
which is a central topic in glassy polymer mechanics.15−20 The
microscopic mechanism of ductile thin film necking needs to be
understood to promote the rational molecular design of
stretchable and durable polymer thin films.
Molecular simulations have offered unique insights into

various mechanical processes in glassy polymers21−35 and may
also be used to study necking. This work establishes protocols
for reproducing the experimentally observed thin film necking in
large-scale molecular simulations. The system parameters are
properly chosen to target the necking process with the
nanoconfinement effects in ultrathin films6,12,14 excluded. The
simulations demonstrate that ductile necking relies on an
entanglement network that stabilizes the neck formed under the
plane stress conditions and subsequently supports the

propagation of the neck at a constant tensile force. The
simulations reveal the changes in thin film morphology, the
distributions of local strain and stress, the evolution of chain
conformations during necking, and the spatial variations of
entanglement density, all of which are experimentally hard to
study but essential aspects of micromechanics. Section 2
describes the model and methods for simulations of polymer
thin film necking. Section 3 provides details of the experiments.
Section 4 reports the results of themolecular simulations and the
experiments. The paper concludes with Section 5, where key
results are summarized.

2. SIMULATION MODEL AND METHODS
The generic coarse-grained bead−spring model36 is employed in the
simulations. All beads of size a and massm interact via the pairwise 12−
6 Lennard-Jones (LJ) potential that is truncated at rc. The interaction
strength of the LJ potential is ε. Adjacent beads along a polymer chain
are connected by the finite extensible nonlinear elastic (FENE)
potential. A polymer thin film containing M chains, each of which
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consists of N beads, was constructed by generating random-walk coils
between two confining walls. The two walls were separated by a
distance of 94.3a along the x-direction and interacting with the
monomers via the 9−3 LJ potential. Periodic boundary conditions were
applied in the yz-plane with box sizes of Ly = 61.7a and Lz = 185.2a. The
box dimensions were chosen such that the number density of
monomers ρ = 0.85a−3 and the film thickness are multiple times the
unperturbed average end-to-end chain size. Five thin film samples of N
= 50, 100, 160, 200, and 500 were simulated with M = 18 000, 9000,
5625, 4500, and 1800, respectively. Moreover, a larger sample withN =
500, M = 3600, and Lz doubled to 370.4a was simulated.

For the polymer model used here, the entanglement length Ne ≈
80.37,38 This value corresponds to the “rheological” entanglements that
determine the plateau modulus in the melt state. The “topological”
entanglements that enter the construction of the primitive paths are
about twice more dense.39 Application of the state-of-the-art Z1+
package for entanglement analysis identifies that the average length
between kinks along a primitive path is Nk ≈ 40 ≈ Ne/2 for the model
used. The exact value of Ne extracted from the statistics of primitive
paths depends on the treatment of finite chain size effects as well as the
use of different estimators.37

All samples were equilibrated thoroughly with rc = 1.12a at
temperature T = 1.0ε/kB. The temperature was maintained by a
Nose−́Hoover thermostat with a characteristic damping time

= a m1 1 / . The time step for integrating the equations of motion
was δt = 0.005τ. To accelerate the equilibration, pairs of nearby bonds
may be swapped using the Monte Carlo rules with the Boltzmann
acceptance criterion.40 The bond-swapping process permits the
crossing of polymer chains and speeds up the chain dynamics with
respect to the slow entangled dynamics, where the chains cannot cross
each other. This acceleration algorithm is known as “double bridging”
and realized by the “fix bond/swap” command in the LAMMPS
package.41 Figure 1 shows =C R n nl( ) /n ee

2
0
2 for the thin film withN =

500 andM = 3600, where R n( )ee
2 is the root-mean-square (RMS) end-

to-end size of a chain section of n consecutive bonds and l0 = 0.96a is the
average FENE bond length. Also shown in Figure 1 are the three
components =C R n nl( ) /n i i, ee,

2
0
2, where i = x, y, or z. Cn increases with

n and eventually approaches the characteristic ratio of 1.8. Moreover,
the three components Cn,x, Cn,y, and Cn,z are almost the same. This
indicates that the confining walls in the x-direction have not perturbed
the isotropic chain conformations, as the film thickness 94.3a is larger
than the average chain size = =R n a( 499) 28.8ee

2 1/2 . The equili-
bratedmelt samples were quenched with rc = 1.5a to the glassy state atT
= 0.1ε/kB, which is below the glass transition temperature Tg ≈ 0.32ε/
kB. Details of the quenching simulation and the determination of Tg are

in the Supporting Information. The cutoff rc = 1.5a balances the need to
include the attractive tail of the LJ potential and the computational cost,
as used in previous simulations.21−23,26,28−30,33

The mechanical test on a glassy polymer thin film was conducted by
stretching it along the z-direction at a constant velocity v0 = 0.04a/τ,
which is in the regime where stress depends weakly on strain rate.42 The
confining walls for equilibrating and quenching the thin film in the melt
state were removed during the stretching; as such, there was a free
boundary condition in the x-direction. There is no need to keep the
confining walls, as free boundaries of the glassy thin film with limited
monomer mobility are stable without external deformation. The glassy
polymers could contract in the x-direction, while Ly in the periodic y-
direction remained unchanged. Thus, a plane stress condition was
created with stress vanishing in the x-direction. During the stretching, a
Langevin thermostat with T = 0.1ε/kB and a characteristic damping
time of 1τ was applied only to the y-direction.

A stress tensor is associated with each atom. The symmetric stress
tensor has 6 independent components Sij with ij = xx, yy, zz, xy, xz, and
yz. The tensile stress component

= [ + + +

+ ]
= =S mv z f z f

z f z f

( )/2

( )/2

zz z n
N

z z n
N

z z

2
1 1

LJ
,1
LJ

2
LJ

,2
LJ

1

1
FENE

,1
FENE

2
FENE

,2
FENE

LJ FENE

(1)

where the first term is a kinetic energy contribution from the z-
component vz of the instantaneous velocity of the atom, z1LJ/FENE and
z2LJ/FENE are the z-coordinates of the two atoms interacting via the LJ/
FENE potential, fz,1LJ/FENE and fz,2LJ/FENE are the z-components of the
corresponding forces in the virial terms, and NLJ/FENE are the numbers
of LJ/FENE interactions involving the atom analyzed. To compute the
nominal tensile stress for a deformed thin film, the sample is divided
into slices lying in the xy-plane, which is normal to the z-direction for
the stretching. The width of a slice is 1a. The z-component of the true
stress σlocal(z) in each slice is calculated as the sum of Szz for all atoms in
the slice divided by the volume of the slice. σlocal(z) is at its lowest value
in the thickest slice, corresponding to the grip force in a dog-bone
tensile test. As a result, σlocal(z) in the thickest slice is determined as the
nominal tensile stress σn. All simulations were performed using the
LAMMPS package.41

3. EXPERIMENT DETAILS
Polystyrene (number-averaged molecular weightMn = 173 kDa,
dispersity = 1.06) was purchased from Polymer Source and used
as received. Poly(sodium 4-styrenesulfonate) (PSS) was
purchased from Sigma-Aldrich and used as received. Polystyrene
solution (20 mg/mL in toluene) was spun-cast on the Si
substrate covered with a water-soluble PSS layer (≈30 nm) to
form a bilayer composite film structure with a PS film of 84.7 nm
thick (from the atomic force microscopy (AFM) measurement
of the step height between the PS film and bare silicon wafer).
Then, the polymer film was laser etched into a dog-bone shape.
The dog-bone-shaped film (2 mm in width and 8 mm in length)
was floated onto water, followed by careful lowering of two
aluminum tensile grips coated with a thin layer of
polydimethylsiloxane (PDMS) (approximately 0.5 mm). The
polymer film was securely bonded to the PDMS pads through
van der Waals forces.
The thin film tensile test was performed by a pseudo free-

standing tensile test method. In the test, the strain of the thin
film was applied via a motorized linear stage equipped with a
digital encoder (Micronix Inc.), while the force exerted on the
film was monitored using a high-resolution load cell (KYOWA
Inc.). Stress−strain curve was derived from the force−
displacement curve, with stress calculated as the force divided
by the cross-sectional area of the thin film. The strain was
determined by measuring the displacement in the sample length
relative to the original length of the film. More details of the

Figure 1. =C R n nl( ) /n ee
2

0
2 and its three components for the

equilibrated thin film of N = 500 and M = 3600 at T = 1.0ε/kB.
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pseudo free-standing tensile test method are presented in our
previous publications.9,13 The stretched film was transferred to a
silicon substrate for the ZEISS microscope. AFM image was
obtained on an Asylum Research Cypher S AFM in tapping
mode. The film was transferred to the top of the flat silicon
substrate for AFM. The height of the shear deformation zone is
measured by the step height between the shear deformation
zone and the substrate.

4. RESULTS
4.1. Stress−Stretch Curve and Neck Profile. The

nominal stress σn as a function of the stretch ratio λ = Lz/Lz0,
where Lz

0 is the length of the film in the z-direction prior to the
stretching, depends on N with respect to Ne ≈ 80. As shown in
Figure 2a, the initial elastic stress rise, the yielding, and the

subsequent stress drop due to strain localization are all
independent of N. However, there is a remarkable N-
dependence of the mechanical response upon a larger
deformation. For the shortest N = 50 < Ne, σn continues to
drop to zero with increasing λ. Accordingly, the film fails at the
point of strain localization via chain pullout, as illustrated by the
side profiles of the film in Figure 2b.With increasingN, the stress
drop is delayed to a larger λ. ForN = 160 = 2Ne, the failure mode
of the film is still chain pullout. However, for N = 200 and 500
above 2Ne, there is a plateau in the stress−stretch curve. In the
plateau regime, the initial strain localization is stabilized and a
neck propagates throughout the sample steadily, as illustrated by
the side profiles forN = 500 in Figure 2c. After the plateau ends,
σn rises again, corresponding to further stretching of the
completely necked film. In short, Figure 2 demonstrates that the
entanglements in long polymer chains with N > 2Ne act to
prevent catastrophic chain pullout, providing a necessary
foundation for necking. Movies of stable thin film necking in
the simulations are provided in the Supporting Information.

Using the pseudo free-standing tensile tester,43 the necking in
a sub-100 nm thin filmmade of well-entangled (N≈ 10Ne) PS is
observed. As shown in Figure 3, shear deformation zones
(SDZs) of reduced thickness alternate with thicker regions along
the direction of tensile loading. The engineering stress−strain
curve in Figure 3c exhibits a global failure strain of about 12%,
indicating the necking-induced ductility. While the local stress−
strain behavior is not experimentally tractable, the AFM enables
a measurement of the local variation in the film thickness. Figure
3d shows that the film thickness is reduced from the original 84.7
to 16.5 nm in the SDZ. Comparing the simulations and
experiments, one sees that local necking in the experiments is
reproduced well by the simulations. Note that, using a ≈ 0.76
nm for PS,39 the film thickness 94.3a in the simulations may be
mapped to 72 nm, which is comparable to the thickness in the
experiment.

4.2. Morphology and Micromechanics of Necking.
More aspects of thin film necking, which are difficult if not
impossible to study experimentally, are examined by the
simulations. As shown in Figure 4a for the thin film with N =
500 andM = 3600, a neck exists between a thick α region and a
thin β region during stable necking. The colored contour plot of
the von Mises local shear strain invariant εv over a global
increment δλ = 0.05 indicates that the neck is the region of large
nonvanishing local strain (see Supporting Information for the
calculation details). The cross sections at different locations of
the neck depict the changes in the thin film morphology during
necking. The scattered cavitation in the neck renders a thin film
perforated with voids in the β region. Because of the voids, the
density of monomers in the β region is reduced to ρβ ≈ 0.75a−3

with respect to the density ρα ≈ 1.0a−3 in the α region, as seen in
the density profile in Figure 4b. In experiments, transmission
electron microscopy of the fractured PS thin film of thickness 80
nm showed no clear voids in the SDZ far from the crack tip but
noticeable voids in those near the crack tip.12
The morphology of the β region differs distinctively from that

induced by crazing, which is a brittle failure mode of glassy
polymers under tensile loading.21,22,44−47 As shown by previous
simulations21,22,33,46,47 as well as the simulations and movie in
Supporting Information, crazing leads to a forest of fibrils with
voids between them. The replacement of crazing by necking in
the simulations arises from changes in the boundary conditions
in the plane normal to the stretching direction. While crazing
relies on both directions in the plane being periodic, necking
requires one direction to be free. This difference in boundary
conditions corresponds to contrasting stress conditions: triaxial
stress for crazing whereas plane stress for necking. For the
experiments shown in Figure 3, the plane stress condition is
facilitated by the sub-100 nm thickness of the PS film. Additional
experiments of thicker PS films of thickness above 200 nm show
that no necking-induced SDZs may be observed, indicating the
difficulty in producing the plane stress condition as films become
more bulk-like.
By visual inspection, the neck region in Figure 4a is wider than

the entanglement spacing de ≈ 8a, which corresponds to the
RMS end-to-end size of a strand consisting of NK = 40
monomers between kinks along the primitive path. An analytic
solution of the neck profile has been derived,48 which may be
simplified to an exponentially decaying profile as in a liquid jet,
but it does not capture the smooth joint between the neck and
the α region. Without a theory-informed function, one could
alternatively fit the neck profile to an empirical function. Figure
S4 in Supporting Information shows the thickness profile of the

Figure 2. (a)Nominal tensile stress σn as a function of the stretch ratio λ
for the glassy polymer thin films of indicated chain length N. Side
profiles of the thin films of N = 50 and 500 during the mechanical test
are shown in (b,c), respectively.
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film in Figure 4 is fit well by h(z) = Δh tanh[(z − z0)/w] + h0,
where z0, h0, w, and Δh are the fitting parameters indicating the
center of the neck, the film thickness at the center, the width, and
the thickness variation with respect to the center, respectively.
The best fit result is w = 31.4a. The region of width 2w = 63a
around the neck center is indicated in Figure 4a. Such a region is
much wider than de, in contrast to the active zone width in
crazing being comparable to de (see Figures S3 and S4 for a
comparison).
The propagation of the neck along the stretching direction

occurs under a constant tensile force. Figure 4c shows that the
local tensile stress σlocal(z) is higher in the β region than in the α
region. There is a gradual decrease in the σlocal(z) across the
neck, which is commensurate with the thickness profile. The
product of σlocal(z) and the cross-sectional area A(z) = h(z)Ly in
the xy-plane is local tensile force f(z). Figure 4e shows that a
constant tensile force is relayed from the α region through the
neck to the β region.
The dominant contribution to σlocal(z) is from the LJ potential

in the α region but is from the FENE potential in the β region.
This is revealed by the decomposition of σlocal(z) to σLJ(z) and
σFENE(z) in Figure 4d. The kinetic energy contribution to σ(z) is
minor in the glassy state and hence is not shown. From the α
region to the β region, the stress carried by intermolecular LJ
interactions only slightly decreases due to the small reduction in
ρ. By contrast, the stress carried by intramolecular bonds
significantly increases and raises the total stress. Further

calculations on the statistics of bond length show that the
average bond length does not change much during necking,
although the probability distribution function becomes wider
(see Figure S5). These results suggest that the entanglement
network forces the chain conformations to adapt to the necking
profile without inducing much average bond tension along the
chain backbone.
To further demonstrate that bond breaking does not play a

role in thin film necking, an additional simulation with breakable
quartic bonding potential21,49 was performed. The quartic
bonds have the same equilibrium length as the FENE bonds.
However, unlike FENE bonds with tension diverging at large
extension, the quartic bonds break with vanishing bond tension
at large extension. Quartic bonds have been shown to capture
the bond-breaking behavior in glassy polymer mechanics. If
bond breaking played a role in thin film necking, it would emerge
in the alternative simulation with quartic bonds. As shown in
Figure 5, stretching the same thin film as in Figure 4, but with the
FENE bonds replaced by the quartic bonds, gives a similar
stress−stretch curve. The yield stress and the plateau drawing
stress for neck propagation are observed for the quartic bonds
(Figure 5a), although their values are lower than those for the
FENE bonds. Moreover, the necked thin film with the quartic
bonds exhibits a similar morphology as the film in Figure 4. One
sees the coexistence of the α and β regions during necking
propagation (Figure 5b). Further examination of the quartic
bonds shows that none of the bonds have broken during the

Figure 3. (a)Optical image of the stretched PS thin film sitting on a silicon wafer. (b) AFM2D height image showing the boundary between a SDZ and
the rest of the film. (c) Engineering stress−strain curve from the tensile test. (d) 1D line cut showing the film thickness along the sample.
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necking process. As a result, it is concluded that thin film necking
does not require bond breaking, which justifies the use of
unbreakable FENE bonds in the simulations.
4.3. Chain Conformations and Draw Ratio. The

contrasting conformations of polymer chains in the α and β
regions are illustrated in Figure 6a. In the α region, the mean
values of the three components of the radius of gyration are Rg,x

α

= (4.6 ± 0.1)a, Rg,y
α = (5.0 ± 0.1)a, and Rg,z

α = (5.4 ± 0.1)a.
Compared to the undeformed state with Rg,x

0 = Rg,y
0 = Rg,z

0 = 5.0a,
the chains in the α region are slightly stretched by λα =Rg,z

α /Rg,z
0 =

1.08 ± 0.02 in the z-direction while slightly compressed by κα =
Rg,x

α /Rg,x
0 = 0.92 ± 0.02 in the x-direction. In the β region, Rg,x

β =
(1.30 ± 0.04)a, Rg,y

β = (5.2 ± 0.2)a, and Rg,z
β = (26.8 ± 1.1)a,

corresponding to larger deformation with λβ = Rg,z
β /Rg,z

0 = 5.4 ±
0.2 and κβ = Rg,x

β /Rg,x
0 = 0.26 ± 0.01.

The draw ratio of polymer chains during necking is predicted
by the Consider̀e’s construction.16 Based on a constant z-
independent tensile force df(z)/dz = 0 and the conservation of
polymer volume d[A(z)λ(z)]/dz = 0, Consider̀e determined
dσ(z)/dλ(z) = σ(z)/λ(z) needs to be satisfied both in the α and

Figure 4. (a) Side profile and selected cross sections of the glassy polymer thin film with N = 500 and M = 3600 at λ = 1.5 during necking. Colors
indicate the von Mises local shear strain invariant εv. Cross sections are evenly selected from the region indicated by the red box overlaid on the side
profile. Each cross-section lying in the xy-plane is of width 5a along the z-direction. Profiles of the (b) monomer number density ρ, (c) local tensile
stress σlocal, (d) two stress components σLJ and σFENE, (e) tensile force f, and (f) kink number density ρk as functions of z, all corresponding to (a).
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β regions. Accordingly, one needs to identify the points on the
stress−stretch curve with their local tangent lines going through
the origin. To use Consider̀e’s construction, the intrinsic stress−
stretch curve of the simulated polymer in the bulk state is
needed. Two bulk samples ofN = 500 andN = 50were prepared,
and their glassy mechanics were simulated. Details of the
simulations are listed in Supporting Information.
The tensile stress σbulk in the z-direction as a function of λ for

the two bulk samples is shown in Figure 6c. ForN = 500, there is
sufficient strain hardening at large λ, and the Consider̀e’s
construction, as indicated by the dashed lines, predicts that a
neck forms at = 1.1 and stabilizes at = 3.2. For N = 50,
strain hardening is weaker at large λ, and the sample ultimately
fails through chain pullout. As a result, only the dashed line that
gives = 1.1 may be constructed, and no stable necking is
predicted. The Consider̀e’s construction successfully predicts
the onset of stable necking with increasing N in Figure 2. It also
captures one necessary condition for stable necking: sufficient

strain hardening in the β region that compensates for the

thickness reduction. Quantitatively, the predicted draw ratio
is smaller than λβ in the simulations. Unlike the assumption by
Consider̀e, the formation of voids during necking in the
simulations (Figure 4) increases the polymer volume, leading to
the breakdown of Consider̀e’s criterion for the β region.
A simple geometric argument developed by Krupenkin and

Fredrickson48 bypasses themicromechanics and relates the draw
ratio λβ in necking to the extension of the entanglement network
strands. The argument is evaluated here by a topological analysis
of entanglements in the simulations. The entanglement network
in the necked film with coexisting α and β regions in Figure 4 is
analyzed using the Z1+ package, which identifies kinks along the
primitive paths of polymer chains.38 Figure 4f shows the kink
number density ρK as a function of z along the stretching
direction. ρK

β in the necked β region is lower than ρK
α in the α

region, correlating with the reduction of the monomer number
density ρβ with respect to ρα. The ratio ρK/ρ is equivalent to the
number of monomers between adjacent kinks NK. For the thin
film in Figure 4, NK = ρK/ρ = 37.5 ± 2.3, which is almost
constant independent of z. According to Krupenkin and
Fredrickson, an entanglement strand is in Gaussian random-
walk coil conformation before necking, whereas in the necked
region, it only retains the random-walk conformation in one
direction: the direction within the thin film plane but normal to
the stretching direction, i.e., the periodic y-direction in Figure 4.
Meanwhile, the contour length stored in the other two
directions, i.e., the x- and z-directions in Figure 4, is pulled
taunt and aligned along the z-direction. Using the strands
between kinks from the Z1+ analysis as representations of
entanglement strands, one can use Krupenkin and Fredrickson’s
argument to numerically predict λβ. The strand length along the
z-direction in the necked region is dK,z = (2/3)l0NK = (2/3) ×
0.96a × 38 = 24.3a, where the prefactor 2/3 arises from the
conformation changes in 2 out of 3 orthogonal directions of a
random-walk coil. The RMS end-to-end size of the same strand
along the z-direction is

Figure 5. (a) Nominal tensile stress σn as a function of the stretch ratio λ and (b) the thickness (blue line) and density profiles (red line) from the
necking of the thin film of N = 500 and M = 3500 with breakable quartic bonds.

Figure 6. Snapshots of polymer chains in the (a) α and (b) β regions.
The gray cloud indicates multiple chains with overlapping center-of-
mass positions, while a chain with its radius of gyration close to the
ensemble average is highlighted with the rainbow color along the chain
contour. (c) Tensile stress σbulk as a function of λ for the two bulk
samples of N = 500 and 50. Dashed lines indicate the Consider̀e’s
construction.
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stretched by a factor dK,z/dK,z0 = 5.4. This prediction of the
geometric argument agrees well with λβ = 5.4 ± 0.2 in the
simulations, confirming the role of the entanglement network in
determining the draw ratio of necked polymers.
4.4. Effects of Film Thickness. Experiments have shown

that the dilution of polymer entanglements due to nanoconfine-
ment tends to promote brittle failure of ultrathin films.12,14 Such
an effect is not present here as the film thickness is larger than the
unperturbed average end-to-end chain size Ree, which is 28.8a
for N = 500 in the simulations and 28 nm for the PS in the
experiment.
Additional simulations with thicknesses of 48.0a and 186.9a,

which are half and twice the thickness in Figure 4, but still larger
than Ree, consistently reproduce ductile necking. Figures 7 and 8

show the stress−stretch curves and the morphologies of the
necked thin films with thicknesses of 48.0a and 186.9a. A ductile
necking is observed, as indicated by the plateau of the stress−
stretch curve in Figure 7 and the neck profile in Figure 8. The
film thickness profiles in Figure 7 are fit to the hyperbolic
tangent function h(z) = Δh tanh[(z − z0)/w] + h0. For the
thickness of 48.0a, the fitting results are Δh = −(16.5 ± 0.1)a, z0
= (205.9 ± 0.2)a, w = (17.7 ± 0.4)a, and h0 = (27.2 ± 0.1)a. For
thickness 186.9a, the fitting results areΔh =−(59.2± 0.5)a, z0 =
(151.6 ± 0.7)a, w = (79.8 ± 1.3)a, and h0 = (98.3 ± 0.4)a. The
best fit results are indicated by the red lines in Figure 8c,d. In
both cases, the neck width 2w is much larger than the
entanglement spacing de = 8a. As the film thickness increases,
the stress level for stable necking (including both the yield stress
σY and the plateau stress σP) is raised, and the neck becomes
broader. Understanding these trends is an interesting topic for
future study. In all simulations, the simulation box size in the
periodic z-direction for film stretching is sufficiently long to
accommodate the coexistence of the thick α region and the
necked β region with broad necks. However, a much larger box
size in the z-direction would be needed to reproduce multiple
stable neck propagation processes simultaneously (see Figure
3a).

4.5. Effects of Temperature. Enhanced monomer mobility
has been argued as an origin of ductility as temperature T
approaches Tg.6,14 To clarify the role of monomer mobility,
additional simulations of necking at elevated T toward Tg are
performed. Figure 9a shows the nominal tensile stress σn as a
function of the stretch ratio λ for the thin film necking at T =
0.1ε/kB, 0.15ε/kB, 0.2ε/kB, 0.25ε/kB, and 0.3ε/kB. The
simulation sample used is that in Figure 4. Qualitatively, the
same features are observed in the stress−stretch curves at
different temperatures: a yield peak σY that corresponds to the
initiation of the necked β region and a subsequent plateau σP at
which the neck propagates steadily throughout the film.
Quantitatively, Figure 9b shows σY and σP decreases linearly
with temperature for T = 0.1ε/kB, 0.15ε/kB, 0.2ε/kB, and 0.25ε/
kB. The linear dependence indicates that the stress level in the
mechanical response involves a thermal agitation process, which
may be theoretically described by the Eyring model. The linear
temperature dependence also agrees with the values in the shear
yielding and craze formation in bulk polymer glasses. The results
for T = 0.3ε/kB deviate from the linear dependence, as the
temperature is close to Tg. Apart from the stress−stretch
behavior, the morphology of the necked thin film at different
temperatures is also analyzed. Figure 10 shows the thickness and
density profiles for the coexistence of the thick α region and the
necked β region at different temperatures. Unlike the stress level,
the average density ρβ and the average film thickness hβ of the
necked β region depend on the temperature weakly. See Table 1
for a list of the values of ρβ and hβ. The simulations at different
temperatures demonstrate the ductility of a glassy thin film in a
broad temperature range below Tg.
With increasing T, the monomer mobility is enhanced, as

measured by the T-dependence of the mean-square monomer
displacement r 2 at the deformation-relevant time scale (see
Figure S6). Nevertheless, r 2 is much smaller than the
displacement induced by the plastic deformation and thus does
not play a significant role in the ductility of the deformed films.
Further analysis shows that the layers near the surfaces are more
mobile but constitute a small fraction of the film and cause an
insignificant effect.

4.6. Effects of the Deformation Rate. Another factor
affecting the mechanics of thin film necking is the deformation
rate. To examine the effects of the stretching velocity v,
simulations with different values of vwith respect to v0 = 0.04a/τ
were performed. Figure 11a shows σn as a function of λ for the
necking of the thin film in Figure 4 with deformation rates in the
range 0.25 < v/v0 < 4. All deformation rates used are much
higher compared with the limited monomer mobility at T =
0.1ε/kB (see Figure S6). The stress−stretch curves exhibit a
weak dependence on the deformation rates. Figure 11b shows
that the yield stress σY increases linearly with the logarithm of v/
v0, in agreement with the Eyring model for yield. The plateau
stress σP decreases linearly with the logarithm of v/vo before
leveling off at the highest deformation rate. The trends for the
stress level are related to the morphology changes with
increasing v/vo. As shown by the thickness and density profiles
in Figure 12 and the corresponding values hβ and ρβ in Table 2,
there are two major changes with increasing v/vo: one is the
emergence of more than one places for the initial strain
localization (later only one develops into a stable neck
propagation) and the other is the reduction in hβ and ρβ. As
v/v0 increases, a higher σY is needed to initiate necking, causing
multiple sites of strain localization as well as more cavitation in

Figure 7. Nominal stress σn as a function of the stretch ratio λ for the
thin film samples with indicated thicknesses.
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the necked region. Meanwhile, a lower nominal σP is needed to
stabilize amore perforated β region with a reduced ρβ. This set of

simulations justifies using v0 = 0.04a/τ, which is in the range
where the stress level depends weakly on the logarithm of the

Figure 8. Thickness profiles and density profiles for the thin film samples with undeformed thicknesses (a) 48.0a and (b) 186.9a. The best fits of the
thickness profiles to the hyperbolic tangent function are indicated by the red lines in (c,d).

Figure 9. (a) Nominal stress σn as a function of the stretch ratio λ for thin film necking at different temperatures. (b) Yield stress σY and the plateau
stress σP as functions of temperature T. σP is the average stress for 2 < λ < 2.5. Dashed lines indicate the best fits to linear functions.
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deformation rate but away from the high-rate regime with
multiple places of strain localization and more cavitation.

5. CONCLUDING REMARKS
The large-scale molecular simulations have reproduced ductile
thin film necking, as seen in experiments. Simulations of varying
film thicknesses and temperatures have further demonstrated
that a glassy polymer thin film may exhibit ductility through
necking without the assistance of shifted Tg or enhanced surface
monomer mobility. However, the simulations cannot rule out
the effects ofTg and surface monomer mobility in ultrathin films.
The thin films in the simulations do not correspond to ultrathin
films, where the surface layers dominate the thin film response
because the film thickness is comparable to or smaller than the
average polymer chain size in the undeformed state.

It is not facile to establish the simulation protocols for
reproducing the experimentally observed necking process in thin
films made of polymers that are brittle in bulk, as the large-scale
simulation contains O(106) coarse-grained beads and the values
of many control parameters need to be carefully selected. The
protocols in this work properly separate the ductile deformation
mode from the effects of nanoconfinement and the shift of the
glass transition temperature with appropriately chosen defor-
mation rate, allowing the demonstration of the ductility arising
from the entanglement network and plane stress condition.
Future simulations of glassy thin film mechanics can go beyond
the generic coarse-grained polymer model and apply a scale-
bridging approach to simulate chemically specific polymers such
as PS.47
Using the large-scale molecular simulations, the microscopic

details of the ductile thin film necking process that are
experimentally hard to study are uncovered. These details
include the morphological changes quantified by the film
thickness and density profiles, local strain and stress
distributions, and evolutions of chain conformations and
entanglements. As a result, a clear microscopic picture of ductile
thin film necking is depicted with numerical details, providing
new and rich microscopic knowledge regarding the necking
process.
The microscopic picture revealed is summarized as follows:

An entanglement network is required to arrest the catastrophic
chain pullout and support stable neck propagation by forcing the
entangled chains to follow the neck profile. Entanglements
orient the polymer chains and lead to sufficient strain hardening

Figure 10. Thickness profiles and density profiles of thin film necking at indicated temperatures (unit: ε/kB).

Table 1. Average Density ρβ and Average Thickness hβ of the
Necked Region at Indicated Temperature T and Stretch
Ratio λa

T(ε/kB) λ range of z(a) ρβ(a−3) hβ(a)
0.1 2.0 100−200 0.71 20.2
0.15 2.0 100−200 0.79 19.2
0.2 2.0 350−450 0.80 17.4
0.25 2.0 150−250 0.78 18.5
0.3 2.0 300−400 0.76 16.6

aρβ and hβ are the averages of the data in the indicated range of z-
coordinate.

Macromolecules pubs.acs.org/Macromolecules Article

https://doi.org/10.1021/acs.macromol.4c00656
Macromolecules 2024, 57, 6221−6232

6229

https://pubs.acs.org/doi/10.1021/acs.macromol.4c00656?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.4c00656?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.4c00656?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.4c00656?fig=fig10&ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.4c00656?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


that increases the local stress, which matches the reduced film
thickness to maintain a constant tensile force without breaking
any bonds. Despite the critical role of entanglements, the width
of the neck is much larger than the entanglement spacing. The
Consider̀e construction predicts well the onset of necking but

not the draw ratio of necked polymers, where voids break down

the conservation of volume. Krupenkin and Fredrickson’s

geometric argument based on the extension of entanglement

network strands works well in predicting the draw ratio.

Figure 11. (a) Nominal stress σn as a function of the stretch ratio λ for thin film necking at different stretching velocities v with respect to v0 = 0.04a/τ.
(b) Yield stress σY and the plateau stress σP as functions of v/v0 on the logarithmic scale. σP is the average stress for 2 < λ < 2.5.

Figure 12. Thickness profiles and density profiles of thin film necking at indicated v/v0.
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It is anticipated that this simulation work would stimulate the
development of a micromechanics model of polymer thin film
necking. Specifically, the finding that the strain hardening in the
necked region supports stable neck propagation may motivate
the revision of the existing necking model that assumes the
polymer acts as a Newtonian fluid under deformation.48 The
strain-hardening physics of entangled glassy polymers50 may be
properly incorporated into the necking model. It is also
anticipated that the findings presented here may promote the
molecular design of stretchable and durable polymer thin films
for their applications in many engineering fields. The micro-
mechanics may be integrated with continuum mechanics of
deformation and fracture to enable a scale-bridging design of
thin film mechanics. Additionally, the work is also of interest to
the researchers using cold drawing to produce ductile polymer
fibers with reduced diameters.51−53
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