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Directly Probing the Fracture Behavior of Ultrathin Polymeric Films
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Understanding fracture mechanics of ultrathin polymeric films is crucial for modern
technologies, including semiconductor and coating industries. However, up to now, the fracture
behavior of sub-100 nm polymeric thin films is rarely explored due to challenges in handling samples
and limited testing methods available. In this work, we report a new testing methodology that can not
only visualize the evolution of the local stress distribution through wrinkling patterns and crack
propagation during the deformation of ultrathin films but also directly measure their fracture
energies. Using ultrathin polystyrene films as a model system, we both experimentally and
computationally investigate the effect of the film thickness and molecular weight on their fracture
behavior, both of which show a ductile-to-brittle transition. Furthermore, we demonstrate the broad
applicability of this testing method in semicrystalline semiconducting polymers. We anticipate our
methodology described here could provide new ways of studying the fracture behavior of ultrathin

films under confinement.
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Recent technology development has brought wide applications
of ultrathin films (<100 nm) into our daily life, such as optical
coatings, filtration membranes, and semiconducting devices.' ™
Characterizing and understanding the mechanical properties of
ultrathin films is critical for their end applications but
extremely challenging because of their delicate nature.
Traditionally, an underlying solid substrate is required to
support thin films in mechanical tests.'”'" However, this is
unfavorable because unknown film—substrate interactions
might obscure the intrinsic properties of thin films."”~"°
Recent reports on pseudo-free-standing tensile tests address
this limitation through measuring ultrathin films afloat on
water, and their mechanical properties, like elastic modulus and
crack-onset strain, have been successfully measured.'”~**
Nevertheless, measuring a fracture energy, an intrinsic
material property that quantifies the capability of a material
to resist propagation of a pre-existing crack, is missing in the
literature for pristine ultrathin films despite its decisive role in
determining the failure behavior of bulk polymer samples.”***
In the previous works, microprojectile impact tests have been
applied to obtain the energy absorption of ultrathin films under
high-strain-rate deformation,”~*” and four-point bending tests
and double-cantilever beam tests are used to measure the
adhesive/cohesive fracture energies for multilayer thin-film
systems or binary blends.”**' However, the influence of
thermal energy dissipation and the substrate can obscure the
quantitative measurement. The direct characterization of the
fracture energies of ultrathin films can provide the most
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fundamental material—property relationships and guidelines
for material selection and product development.

Here, we present the first direct measurement of the fracture
energy of an ultrathin glassy polymer film down to a thickness
of 26 nm through a pseudo-free-standing tensile tester with the
Begley—Landes method and pure shear method. Using
polystyrene (PS) as a model material system, we determine
by experiments and finite element simulations the stress
distribution near a crack tip, which is characterized by
wrinkling patterns perpendicular to the strain direction near
the crack and propagating downstream as the crack extends.
The experimentally and computationally characterized fracture
energy is shown to undergo a significant reduction, featured by
a ductile-to-brittle transition, when the molecular weight is
decreased below a critical value, which is attributed to the loss
of interchain entanglements in short polymer chains.’*™**
Similarly, due to the loss of interchain entanglements under
nanoscale confinement, the fracture energy of PS also reduces
as the film thickness approaches the end-to-end distance (R..)
of the polymer chains.'"”*>*° To highlight the broad
applicability of this methodology, the fracture energies of
several conjugated polymers, poly{[N,N’-bis(2-hexyldecyl)-
naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-2,5-thio-
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Figure 1. Demonstration of the thin-film fracture energy test based on an 80 nm thick polystyrene film with a molecular weight of 173 kg/mol. (a—
e) 3D schematics showing the procedures of fabricating and conducting the fracture test to the thin film. (a) Double-layer thin film composed of a
water-soluble layer and a polystyrene layer cast on a silicon wafer. (b) Laser patterning of dog-bone-shaped films with varied notch lengths. (c)
Ultrathin films floating on the water surface by releasing the water-soluble layer. (d) Tensile testing of thin-film mechanics through a pseudo-free-
standing tensile tester. (e) Uniaxial tensile testing of a notched ultrathin film on the water surface with grips on both ends. (f) Optical images
showing an 80 nm polystyrene ultrathin film with a notch size of 0.4 mm floating on water. The gauge length and width are 8 and 2 mm,

respectively.

phene} (PNDI(2HD)T) and poly(3-hexylthiophene) (P3HT)
are measured. Our technique provides a general platform for
fracture energy measurement of ultrathin polymeric films and
is applicable to metals and emerging 2D materials, which are
vital for understanding their failure behavior for energy and
healthcare applications.

2. RESULTS AND DISCUSSION

2.1. Fabrication of Ultrathin Films

In this work, we first introduce a new technique to directly
measure the fracture energies of ultrathin films (e.g,, <100 nm)
supported on a water surface. We use a classic glassy polymer,
PS, with a number-averaged molecular weight (M,) of 173 kg/
mol, as a model system to demonstrate the capability of this
methodology (Figure 1). A water-soluble layer of poly-
(styrenesulfonate) (PSS) was spin-coated on the top of a
silicon wafer, followed by coating a layer of 80 nm PS ultrathin
film to form a bilayer composite (Figure 1a). Next, the film was
laser-patterned into a dog-bone shape with a gauge width of 2
mm and length of 8 mm, where a single-edge notch with a
length ¢ of 0, 0.2, 0.4, 0.6, and 0.8 mm was also introduced
through laser etching (Figure 1b and Figure S1). Upon dipping
the edge of the bilayer film in water, the PSS layer was
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dissolved, and the PS layer was released on the water surface
(Figure 1c). Later, the PS film was transferred and mounted to
two aluminum grips, one connected to a linear stage and the
other attached to a load cell (Figure 1d). A similar transfer
method was described in detail in our previous publica-
tions."®*" 73" After the transfer, the afloat film is ready for a
mechanical test. Both a schematic and an optical microscope
image of a notched film floating on the water surface are shown
in Figure le,f, respectively.

2.2. Visualization of Stress Distribution

During the stretching process, the film first experiences elastic
deformation at a small external displacement; correspondingly,
the film surface stays flat when the notch opened along the
strain direction (Movie S1). Next, periodical wrinkling patterns
aligning parallel to the strain direction are observed around the
notch due to the gradual increase of the compressive stress in
the vicinity of the notch tip (Figure 2a,b).*" Figure 2c¢ shows
optical images of notched PS ultrathin films with a thickness of
80 nm and different notch lengths at different displacements.
As the displacement increases, the wrinkling pattern slowly
builds up near the notch tip and propagates outward,
indicating that a larger region of the film undergoes high
compressive stress. The wrinkles pack more densely in the area
closer to the tip, indicating higher stress. For samples with a
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Figure 2. Deformation of notched polystyrene thin films under tensile strain. (a,b) 3D schematics showing a dog-bone sample with a notch (a)
before and (b) after deformation. When the deformation is large enough, wrinkles show up near the notch. (c) Optical images of thin films with
notches of various sizes being uniaxially deformed to different displacements. (d) Finite element simulation results of minimum principal stress
distribution in notched polystyrene thin films of various notch sizes (shared with (c)) subjected to different deformations. The orientation of the
minimum principal stress indicates the direction of the wrinkling patterns. Since some films have catastrophically failed at the displacement 0.2 mm,
the stress distributions are shown at smaller displacements (0.19, 0.16, and 0.14 mm for samples with a notch size of 0.4, 0.6, and 0.8 mm,
respectively). Images with red frames represent the corresponding maximum principal stress distributions, which show high tensile stress at the

crack tip.

longer initial notch, the number of wrinkles at a given
displacement is higher, owing to the reduced cross-sectional
area and higher stress at the notch tip. When the stress around
the tip reaches a critical value, the film begins yielding
plastically. As the crack starts to propagate, plastic deformation
dominates the vicinity of the notch tip, indicated by the
expanding white triangle regions near the tip, known as the
shear deformation zone (SDZ) (Figure 2c and Figure S2).
During the crack propagation, the original wrinkles disappear
while new ones show up along with the propagation of the
SDZ due to the redistribution of the stress field. To
demonstrate the evolution of the stress field in the film as
the external displacement increases, we also conducted finite
element simulations for PS films with a precrack of various
lengths, same as the experiments, subjected to external
displacement loading under the plane stress condition using
ABAQUS. The PS film was modeled as an elasto-plastic
material using a J, flow theory and isotropic hardening.
Previous literature has demonstrated that the postyielding
stress—strain relation of glassy thermoplastics shows strain
hardening and follows the Gaussian chain statistics in
accordance with the rubber elasticity.”' In this study,
considering the stress concentration in the vicinity of a crack
tip, we substituted the Gent model for the Gaussian equation
to capture the strain stiffening effect under large deformation:
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where ¢ is the true von Mises stress, oy is the yield stress, 4 is
the equivalent stretch defined as 4 = exp(e,) with ¢, being the
true equivalent plastic strain, and G, is the strain-hardening
modulus. The parameter ], governs the strain stiffening effect
by setting the stretching limit, and when A*> — 2/4 reaches J,,
stress ¢ approaches infinity. We determined the parameters
from our measurements or the literature: oy = 84 MPa (Figure
Sa and Figure S3c), G, = 15 MPa, J,,, = 200, along with Young'’s
modulus E = 3.01 GPa and Poisson’s ratio v = 0.34 for the
linearly elastic regime (see the Methods section).*” A layer of
cohesive elements modeled by a bilinear traction—separation
law was inserted in front of the notch to allow propagation of
the notch under the assumption of a pure mode I crack (see
the Methods section and Figures S3a,b and S15c). Here, we set
the following parameters: the intrinsic fracture energy I'y = 100
J/m% maximum cohesive stress 6, = 300 MPa, and the
interfacial stiffness of the cohesive elements E,, = 78750 GPa
(see the discussion about Figure 5 and Methods section for
additional details).

As a result, stress concentrates at the crack tip, dominated by
plasticity (Figure 2d and Figure S2b). Figure 2d shows the
symbol plot of the minimum principal stress, where the
direction of a line represents the orientation of the minimum
principal stress. The negative value of the minimum principal
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Figure 3. Images for shear deformation zone at the notch tip. (a) Optical image of the crack tip for a notched film sitting on a silicon wafer (0.4
mm notch size and 0.2 mm displacement). (b) AFM 2D and (c) 3D height images showing the boundary between a shear deformation zone
(SDZ) and the rest of the film. 1D line cut is overlaid to show the film thickness along the sample. (d) AFM 2D and (e) 3D height images of the
notch tip. 1D line cut is overlaid to show the film thickness along the sample. (f) Optical images for notched film on Si wafer and (i) copper grid.
(gh) TEM images for SDZ at the notch tip and (jk) far from the notch tip. Scale bars: (g) 1 ym, (h) 200 nm, (j) 2 ym, and (k) 100 nm.

stress indicates wrinkling patterns should align perpendicular
to it, parallel to the strain direction, similar to the experimental
observation. As the external displacement increases, the
compressive stress increases, and the wrinkling patterns
expand. Since some films have catastrophically failed before
the displacement 0.2 mm in our simulations, their stress
distributions are shown at smaller displacements, that is, 0.19,
0.16, and 0.14 mm for samples with a notch size of 0.4, 0.6,
and 0.8 mm, respectively. As the initial notch length increases,
the wrinkling regions enlarge and align more in the crack
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direction. High tensile stress exists at the notch tip in the
perpendicular direction, represented by the maximum principal
logarithmic stress, implying the formation of the SDZ at similar
locations to the experiments (Figure 2d).

To better visualize the local deformation behavior around
the notch, both optical microscopy and atomic force
microscopy (AFM) were applied to investigate the thin-film
morphology near the crack tip. The ultrathin PS film with a
notch size of 0.4 mm was strained to 2.5% externally (0.2 mm
displacement) and then picked up from the water by a silicon
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Figure 4. Fracture energy measurements of PS ultrathin films through experimental methods. (a—d) Begley—Landes method. (a) Force—
displacement curves for various notch lengths of 173 kg/mol PS thin films. The end points of the curves represent the beginning of crack
propagation. (b) Total work done to the samples, calculated using the area underneath the force—displacement curves at given displacement values,
is plotted as a function of the initial notch size. (c) Elastic modulus (black) and fracture energy (red) for 80 nm PS ultrathin films with different
molecular weights. (d) Optical images of an 80 nm PS film with 0.4 mm notch length and various molecular weights at different displacements.
Images with red frames represent fractured films. (e,f) Pure shear test method. (e) Schematics of the test setup with a rectangular notched sample
attached to grips on two ends. (f) Force—displacement curves for unnotched and notched PS films with the molecular weight of 173 and 51 kg/
mol. D, represents the critical displacement of the 51 kg/mol PS; D, represents the onset of notch propagation for the 173 kg/mol PS.

substrate (Figure 3 and Figure S4). It is observed that, as the
notch propagates, the nearby PS film undergoes substantial
plastic deformation, which induces chain reorientation, chain
disentanglement, and chain scission. In particular, the local
chain disentanglement behavior corresponds to the formation
of SDZs at the notch tip, seen as the white band-like regions
around the crack tip (Figure 3a). AFM height images of the
SDZ indicate that its thickness is 25 nm, which means a 70%
reduction in its original thickness of 80 nm, suggesting a
significant amount of plastic deformation in the SDZ (Figure
3b—e). Similar observations have also been reported else-
where.”” To further investigate the morphology of SDZ,
transmission electron microscopy (TEM) experiments were
performed (Figure 3f—k). At SDZ close to the notch tip, strip-
like voids were seen during deformation (Figure 3gh), which
is similar to previously reported “2D crazes” by Bay et al.”’
However, no clear crazes showed up in the SDZ far from the
notch (Figure 3jk).
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2.3. Fracture Energy Measurement with Begley—Landes
Method

To further measure the fracture energy of the ultrathin PS
films, the dependence of force F on displacement D was
recorded and plotted in Figure 4a. The unnotched sample
curve is shown in black, where only a portion of the full curve
is shown for better comparison. The cross on the end of each
curve represents the onset of crack propagation, as visualized
through a high-resolution camera. The total work done to the
sample, U(D), can be calculated from the area underneath the
force—displacement curve for various notch sizes ¢ and later
plotted as a function of ¢ (Figure 4b). The fracture energy was
calculated based on the following equation:

_1av
t de |y

C
)
where t is the film thickness, D represents the selected
displacement that is close to the onset of crack propagation
(i.e, Dy, Dy, and D3).*** As a result, the fracture energy of an
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Figure S. Fracture energy measurements of PS ultrathin films through finite element analysis. (a) Comparison of force—displacement curves
between experimental and simulation results for 173 and 51 kg/mol PS dog-bone samples with a 0.6 mm notch. The 173 kg/mol PS is modeled as
an elasto-plastic material, whereas the 51 kg/mol PS is modeled as an elastic material. (b—d) Fracture simulations results based on the K-field zone
method. (b) Schematic of a K-field zone subjected to applied displacement loading. (c) Zoom-in view of the evolution of the plastic zone for a 173
kg/mol PS film; that is, as the external loading increases, the plastic zone expands and the crack propagates. The gray region indicates the plastic
zone with the von Mises stress beyond the yield stress. The film exhibits ductile fracture, indicated by the blunting of the crack tip. (d) Crack
growth resistance curves for the 173 and 51 kg/mol PS. The fracture energy for the 51 kg/mol PS remains a constant, whereas the one for the 173
kg/mol PS significantly increases with the crack extension to more than 40 times of the intrinsic fracture energy due to plastic dissipation. (e,f)
Fracture simulations results based on the pure shear method. (e) Evolution of the plastic zone and crack propagation as the external displacement
increases in a pure shear simulation model for the 173 kg/mol PS. (f) Relations between the normalized force F/W and normalized displacement
D/L for the notched and unnotched 173 kg/mol PS in the pure shear simulations.

80 nm thick 173 kg/mol PS film was determined to be 995 J/
m? which was within the range from 200 to 1700 J/m? as
reported by various studies on bulk PS samples.”**® This wide
range of reported values in the literature was ascribed to
different sample preparation and processing methods, as well
as morphology change during crack growth.*”** Previous
works by Bay and Crosby and our group have identified the
effect of water in increasing craze stability and retarding strain
localization in ultrathin films, which lead to a higher crack
2122 15 fracture tests, the water underneath the
notched samples is also expected to influence the energy
release rate, that is, the driving force for the crack propagation,
due to its surface energy, which is not accounted for in our
measurement. However, since the surface energy of water is
much lower than the fracture energy of the film, the effect of

onset strain.
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water on the measured fracture energy is negligible. This

warrants future tests of fracture energy for fully free-standing
films.

Next, we examined the role of plastic deformation in resisting
crack propagation by varying the molecular weight. Previous
studies on bulk PS have shown a ductile-to-brittle transition
with decreasing molecular wei§ht, indicating molecular-weight-
dependent fracture energy.”**’ A similar phenomenon has also
been widely observed in other polymers such as poly(methyl
methacrylate) (PMMA) and polyimide.>**°~** Microprojectile
impact tests performed on free-standing PS thin films show
decreased impact energy as the chain entanglement
decreases.”> Here, we also tested PS ultrathin films with
various molecular weights (51, 62, 81, 113, 500, 1000 kg/mol)
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at a similar film thickness of around 80 nm (Figure 4c,d and
Figures S5—S12). Their corresponding elastic moduli and
fracture energies are plotted in Figure 4c and summarized in
Table S1. While ductile behavior is found in 173 kg/mol PS
films, 51 kg/mol PS films show brittle failure. The elastic
modulus shows no apparent dependence on the molecular
weight since the lowest molecular weight tested here is well
above the entanglement molecular weight of PS (M, = 18 kg/
mol) (Figure S13a).'6%3 Similarly, their bulk glass transition
temperature T, is independent of the molecular weight in the
range studied here (Figure S13b).>* In contrast, the fracture
energy drops significantly at below 82 kg/mol, that is, the
fracture energy of 62 and S1 kg/mol PS is 426 and 84 J/m?,
which are 68 and 90% lower than that of 173 kg/mol PS,
respectively. Such a transition is similar to previous
observations by Wool et al. in bulk polystyrene samples.*’
The fracture energy of a PS film can be composed of the
intrinsic fracture energy caused by chain pull-out and plastic
energy dissipation caused by chain disentanglement and chain
scission.””>> Owing to the high number of entanglements per
chain (M,/M,) in high molecular weight PS, the amount of
plastic energy dissipation upon disentanglement is more
pronounced than that of low molecular weight PS (e.g,, S1
kg/mol). The reduction in fracture energy indicates a
transition of ductile-to-brittle failure behavior as the molecular
weight of ultrathin PS films decreases. As seen in the optical
images, the notch tip for 173 kg/mol got wider and blunted
under displacement, followed by crack propagation. Con-
versely, 51 and 62 kg/mol PS display brittle failure instantly
after the limited stress accumulation (Figure 4d and Figures S7
and S8). This observation demonstrates the vital role of
interchain entanglement in enhancing the fracture energy of
polymer ultrathin films.

When plastic energy dissipation has a substantial contribution
to the total fracture energy, the total fracture energy is
supposed to rise as the crack extends until reaching a steady-
state value.® To confirm our observation of the brittle-to-
ductile transition of PS ultrathin films with the molecular
weight, we also conducted pure shear tests on both 51 and 173
kg/mol PS to obtain the steady-state fracture energies (Figure
4ef and Figure S14). The ultrathin films were also laser-
patterned into a rectangular shape with a thickness (f) of 80
nm, width (W) of 16 mm, and a length (L) of 2 mm,
corresponding to a width-to-length ratio of 8 (Figure 4e). For
each polymer, the force—displacement curves were measured
for both an unnotched sample and a notched sample with a
precrack half of the length of the sample. The measured steady-
state fracture energy G, can be obtained by

_u(b)
oWt

Ss (3)
where U(D,) is the elastic energy of the unnotched sample at
the critical displacement D_ between the two grips when the
stable notch turns into a running crack and can be calculated
by the area underneath the force—displacement curve of the
unnotched sample.“’57 For 51 kg/mol PS, the critical
displacement can be easily identified due to its brittle fracture
behavior, and the fracture energy was determined to be around
95 _]/mz, similar to that measured from the Begley—Landes
method, which indicates a negligible contribution of plastic
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dissipation to the total fracture energy. For 173 kg/mol PS, the
fracture energy based on the measurement of the onset
displacement for crack propagation, D, is 1744 J/m’
Unfortunately, before reaching the stable crack propagation
condition, the stress concentration in the gripping region
triggers an additional crack (Movie S2), which makes it
challenging to accurately measure the fracture energy of 173
kg/mol PS. However, even the underestimated steady-state
fracture energy value is much higher than that from the
Begley—Landes method, indicating the significant contribution
of plastic deformation to the total fracture energy, which leads
to the brittle-to-ductile transition.

Further fracture analysis of PS films was performed through
the cohesive zone model in finite element simulations (see
Methods section for details). The intrinsic fracture energy for
the cohesive elements for both the 51 and 173 kg/mol PS films
was prescribed as 100 J/m? which is equal to the averaged
total fracture energy measured for the S1 kg/mol PS at
different thicknesses, as shown later in Figure 6c¢. Since the
molecular weights of both are much higher than the
entanglement molecular weight of 18 kg/mol, the intrinsic
fracture energies are not expected to differ. In contrast to the
173 kg/mol PS, the 51 kg/mol PS was modeled as a linearly
elastic material with the same modulus and Poisson’s ratio as
those of the 173 kg/mol PS. The simulated force—displace-
ment curves of an 8 mm X 2 mm sample with a 0.6 mm notch
length (the same dimension as that in the experiment) for both
173 and 51 kg/mol PS agree well with the experimental
measurements (Figure Sa). The 173 kg/mol PS exhibits ductile
fracture, indicated by the blunting of the crack tip with a large
plastic zone size developed before the crack propagates, which
results in a peak force as high as around 8 mN. The similar
crack tip blunting was also observed in the experiment (Figure
2 and Figures S10—S12). In contrast, the 51 kg/mol PS
exhibits brittle fracture without plasticity as an energy
dissipation mechanism. As a result, the crack propagates
immediately once the intrinsic fracture energy is achieved,
resulting in a low peak force around 1.5 mN.

To determine the fracture resistance curves (R curve), that
is, fracture energy as a function of crack extension, for the 173
and 51 kg/mol PS, their mode I crack growth under the plane
stress condition was simulated subject to the small-scale
yielding condition.”® We modeled a large K-field zone of radius
20 mm, where the x-axis aligns along the crack plane, and the
origin is positioned at the initial crack tip (Figure Sb). We
selected the radius of the K-field zone to be 20 mm to
guarantee it is much larger than the initial plastic zone size
estimated by Ry = Eo/76,” = 0.0134 mm, and the developing
plastic zone size even after considerable crack propagation as
the external loading increases. The displacement field, in
accordance with linear elastic fracture mechanics, was
prescribed on the outer circular boundary of the K-field zone

C2K(L+w) [ (0N 1-v (0
u, = —E ; cos(z)[l o + sin (E)}
_ 2K +0) /Lsin(ﬁ) Cosz(ﬁ)]
g E 2 \2 " 2 (4)

where r and 0 are the radial and circumferential coordinates
and Kj is the stress intensity factor, governing the amplitude of
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|
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the displacement. The energy release rate G is directly
calculated using the following equation:

K

“=7 s)

The relation of G and the crack extension Aa is recorded as the
R curve.

As the applied displacement field increases, the plastic zone
develops at the crack tip for the 173 kg/mol PS. When G
reaches 100 J/mz, the first cohesive element reaches the
maximum separation distance &, (Figure S3b), and the
plastic zone size is 0.0134 mm, which is consistent with R,
(Figure Sc). As G increases, the plastic zone size expands, and
the crack tip blunts (Figure Sc), consistent with the
experimental observation (Figures S2 and S10—S12). The
crack does not propagate until G reaches a much higher value
3600 J/m?, that is, G/T'y = 36 (Figure 5d), which corresponds
to the fracture energy experimentally measured by the Begley—
Landes method. As G further increases, the crack extends
downstream, and the material points in the plastic zone unload.
Finally, the steady-state condition is reached where the stress
field behind the advancing crack tip is invariant (Figure Sc,d).
The steady-state fracture energy for the 173 kg/mol PS from
the simulation is 4089 J/m? more than 40 times its intrinsic
fracture energy. Correspondingly, the plastic zone size is 40
times larger than the initial size but still remains much smaller
than the radius of the K-field zone. The significant increase of
the total fracture energy compared to the intrinsic fracture
energy originates from the plastic dissipation of the material
when the plastic zone is unloaded as the crack propagates
downstream. We also studied the effect of stretching limit
parameter ], on the fracture behavior. As ], increases, the
fracture energy increases as the less stiffened polymer induces a
larger plastic zone size (Figure S15a). On the other hand, the
maximum force that the notched sample discussed in Figure Sa
can sustain before the notch catastrophically propagates
decreases as ], decreases (Figure S15b). Therefore, we chose
Jm = 200 to better fit the simulation results to the experimental
measurements. In contrast, the R curve for the 51 kg/mol PS is
a horizontal line of value G = 100 J/m? indicating the steady-
state fracture energy is exactly equal to the intrinsic fracture
energy without plastic dissipation. Unlike the 173 kg/mol PS,
the crack does not blunt for the 51 kg/mol PS but
catastrophically propagates once G reaches the intrinsic
fracture energy.

To further confirm the steady-state fracture energy obtained
from the simulated R curve by the K-field zone method, the
pure shear test was simulated using the same cohesive zone
elements with the same parameters (Movie S3 and Movie S4).
We chose the length and width of the simulated pure shear test
sample to be 4 and 40 mm, respectively. Similar to the
experiment, one notched and one unnotched sample were
stretched quasi-statically along the length direction under the
clamp boundary condition. In the notched sample, a precrack
of 20 mm was introduced, and cohesive elements were
implemented ahead of the crack tip. For the 173 kg/mol PS, as
the external displacement D increases, the stress in the sample
increases, and the plastic zone develops at the crack tip (Figure
Se). Again, the crack tip blunts before the crack propagates.
The external force normalized by the sample width F/W
reaches the maximum at the critical displacement normalized
by the sample length D./L = 1.0246, indicating the onset of
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unstable crack growth (Figure Sf). From the simulation of the
unnotched sample, the normalized force—displacement
relation is obtained (Figure 5f). Using eq 3, we obtain the
steady-state fracture energy of the 173 kg/mol PS as 4042 J/
m?, which agrees well with that from the R curve based on the
K-field zone method. Although the pure shear test can measure
the steady-state fracture energy of samples undergoing large-
scale yielding (Figure Sf), the sample dimension needs to be
large enough so that the boundary effect does not interfere
with the fracture behavior of the material. This is the reason
why we selected the width and length of the sample to be
larger than that of the experiments. The pure shear simulation
of the sample with the same dimension as the experiment
measures a lower steady-state fracture energy 2874 J/m’
(Figure S16), which can be another reason that the experiment
may underestimate the steady-state fracture energy. Never-
theless, the pure shear simulation of the 51 kg/mol PS resulted
in 101/ m?, in which the steady-state fracture energy of linear
elastic material recovers the intrinsic fracture energy.

Besides the effect of molecular weight, film thickness,
consequently the degree of chain confinement, could also
play a critical role in the fracture behavior of ultrathin films due
to two mechanisms: polymer chains at the air—film interface
have higher mobility than the bulk;'>** polymer films with a
thickness below the end-to-end distance, R, of the polymer
chains could have less interchain entan§1ements and more
intrachain entanglements (Figure 6a)."*** " Previous works
using the film-on-elastomer method have demonstrated the
elastic moduli of ultrathin PS films are lower than those of the
bulk, while the crack onset strains are higher for thinner
films.'"®" The microprojectile impact test shows lower
penetration energies for thinner films.”®> However, a
quantitative measurement for the ultra-thin-film fracture
energy under different degrees of confinement has not been
reported in the literature. In this study, we measure the fracture
energies of the 173 and 51 kg/mol PS representing ductile and
brittle systems, respectively, of various thicknesses (Figure 6b—
d and Figures S17—S25). For the 173 kg/mol PS, as the film
thickness decreases, the fracture energy drops from around
1000 J/m? at a thickness above S0 nm (unconfined), to 538 J/
m? at 36 nm and 276 J/m* at 26 nm (confined), corresponding
to a 75% reduction. This trend results from the loss of
interchain entanglements, leading to more chain pull-out and
early onset of crack propagation.43 Meanwhile, a lower elastic
modulus at 26 nm is obtained at below R, due to the low T,
nature of the surface mobile layer. However, due to the low R,
of 15 nm and lack of interchain entanglements, the 51 kg/mol
PS shows near-constant elastic modulus and fracture energy of
around 100 J/m? for films with a thickness from 40 to 120 nm.
A much thinner PS film was not tested due to the challenge in
transferring a brittle notched sample onto a water surface.
Here, we observe the effect of confinement on facture behavior
of ultrathin films. Interestingly, it is also noticed that a 26 nm
confined 173 kg/mol PS film still exhibits a fracture energy
roughly 3 times that of a 120 nm unconfined S1 kg/mol PS
film, which suggests the significant role of polymer chain length
in producing energy dissipation.

In addition to the model PS system, the same technique was
employed to measure the fracture energies of functional
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Figure 6. Effect of film thickness on the fracture behavior of PS
ultrathin films. (a) Schematic showing the confinement effect on the
number of chain entanglements under the same molecular weight. As
the thickness decreases, the number of interchain entanglements
decreases while the number of intrachain entanglements increases.
(b,c) Elastic modulus (black) and fracture energy (red) versus
thickness for (b) 173 kg/mol and (c) S1 kg/mol PS. (d) Optical
images of 173 kg/mol PS films with 0.4 mm notch length and various
film thicknesses at different displacements. The image with a red
frame represents a fractured film.

semicrystalline polymers that are widely used in thin-film
electronic devices to gain insights into their fracture behavior.
Here, two semiconducting polymers are chosen, PNDI(2HD)-
T and P3HT, due to their high potential in fabricating future
flexible electronic devices. Previous research mainly focused on
their thermal and mechanical properties, such as elastic moduli
and crack-onset strains, but their fracture energies are still
unknown.”*>7% As a result, PNDI(2HD)T exhibits a high T,
of 115 °C and a high elastic modulus of 890 MPa, whereas the
fracture energy is determined to be 320 J/m? (Figure 7a—c and
Figures S26 and S27). Upon deformation, the wrinkling
pattern slowly builds up around the notch at an external
displacement of 0.1 mm, followed by plastic failure without
forming an SDZ. These wrinkling patterns slowly disappear
with time, even under a fixed displacement due to the
viscoelastic nature of PNDI(2HD)T (Movie S5). On the other
hand, P3HT with a T, of 25 °C and a lower elastic modulus of
315 MPa shows a much lower fracture energy of 78 J/m*
(Figure 7d—f and Figure S28), compared to the other two
polymers in this study. Furthermore, no obvious wrinkles are
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observed on P3HT thin films, indicating its highly mobile
nature at room temperature (Figure 7e). The disparity
between two polymer’s fracture energies and wrinkling
behavior likely results from the lower glass transition
temperature and the lower molecular weight of P3HT
compared to those of PNDI(2HD)T. It is noted that the
fracture energy tested here is higher than that previously
reported by the four-point bending test and double-cantilever
beam test (<10 J/m?).***77* Several reasons could contribute
to such a difference. First, spin-coated thin films can be highly
anisotropic along the thickness direction versus in-plane
direction, and the measured fracture energies can be
significantly different. The crack planes in the Begley—Landes
method used in this paper and the four-point bending test are
perpendicular to the in-plane direction, but the former
propagates in the plane and the later propagates along the
thickness.”> In contrast, the crack plane in the double-
cantilever beam test is parallel to the in-plane direction and
propagates in the plane, which is expected to correspond to a
lower fracture toughness. Second, when the crack propagates
in the thickness direction in the four-point bending test, the
plastic zone size is constrained by the film thickness, as
previously observed in poly(arylene) ether, whereas the plastic
zone size is not limited in the Begley—Landes method.””
Therefore, the fracture energy measured by the four-point
bending test can be much lower than that of the Begley—
Landes method. Third, the fracture energy of viscoelastic
semiconducting polymers can be rate-dependent. The loading
rate in the Begley—Landes method in this paper (4 um/s) is
higher than that of the other two methods in the literature
(0.5-0.8 um/s) and can lead to a higher fracture energy. Our
study presents the first direct measured fracture energies of
semiconducting polymer thin films.

In this work, we demonstrate a new technique to measure
the fracture energies of ultrathin films in a confined state. The
proposed technique has been demonstrated in both
amorphous and semicrystalline polymer systems. A ductile-
to-brittle transition is observed in PS ultrathin films when
either the molecular weight or film thickness decreases. From
an experimental Begley—Landes method, the fracture energy
shows a reduction from 1000 J/m? for 173 kg/mol PS to 100
J/m? for 51 kg/mol PS. Meanwhile, under the same molecular
weight of 173 kg/mol, the fracture energy reduces by 75% as
thickness decreases from 61 to 26 nm. Direct visualization of
the stress field distribution, quantitative measurements of the
fracture energy, and predictive finite element fracture
simulations of the R curve provides us the understanding
that plastic dissipation due to chain reorientation and
disentanglement accounts for the significant increase of the
total fracture energy compared to the intrinsic fracture energy.
Besides its promising applications in polymeric thin films, this
method can also be widely used in other fields and serve as a
new platform to study fracture mechanics of inorganic or
metallic thin films and emerging 2D materials at the device-
relevant thickness range.

All polymers (polystyrene (PS), poly{[N,N’-bis(2-hexylldecyl)-
naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-2,5-thiophene}
(PNDI(2HD)T), and poly(3-hexylthiophene) (P3HT)) and solvents
(toluene, chlorobenzene) were purchased from commercial sources
and used as received. The number-average molecular weight and the
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Figure 7. Fracture energy measurements for semicrystalline PNDI(2HD)T (58 nm) and P3HT (51 nm) polymers. (a,d) Force—displacement
curves for dog-bone (a) PNDI(2HD)T and (d) P3HT samples with various notch sizes. (b,e) Work done as a function of notch size for the (b)
PNDI(2HD)T and (e) P3HT thin films. (c,f) Optical images of polymer ultrathin films with various notch sizes at different displacements for (c)

PNDI(2HD)T and (f) P3HT.

dispersity (D) of PS were evaluated by a gel-permeation
chromatography (GPC) system consisting of a Waters Alliance
2695 separations module, an online multiangle laser light scattering
(MALLS) detector fitted with a gallium arsenide laser (power: 20
mW) operating at 658 nm (miniDAWN TREOS, Wyatt Technology
Inc.), an interferometric refractometer (Optilab rEX, Wyatt
Technology Inc.) operating at 35 °C and 685 nm, and two PLgel
(Polymer Laboratories Inc.) and mixed E columns (pore size range
50—103 A, 3 um bead size). Freshly distilled tetrahydrofuran (THF)
served as the mobile phase and was delivered at a flow rate of 1.0 mL
min~". The M, and PDI of PNDI(2HD)T and P3HT were measured
by high-temperature GPC using trichlorobenzene as the eluent at 160
°C, polystyrene for calibration, a viscometer, and light scattering as
the detectors. Poly(sodium 4-styrenesulfonate) (PSS) was purchased
from Sigma-Aldrich and used as received. Polydimethylsiloxane
(PDMS) was purchased from Corning and used as received. PDMS
stab was prepared by mixing the base and curing agent at a ratio of
10:1.

3.2. Fabrication of Bilayer Thin Films

PSS was dissolved in deionized (DI) water at a concentration of 3
mg/mL. Polystyrene was dissolved in toluene with a concentration
ranging from S to 20 mg/mL. PNDI(2HD)T and P3HT were
dissolved in chlorobenzene at a concentration of 10 mg/mL. The PSS
solution was first spin-coated on top of a 6 X 6 cm silicon wafer at the
speed of 4000 rpm for 1 min to form a 30 nm thick layer film. Next,
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the target polymer solution was spin-coated on top of the PSS layer at
a speed of 2000 rpm for 2 min to form a composite film. The film
thickness was later measured by AFM.

3.3. Thin-Film Fracture Energy Test with Begley—Landes
Method

The polymer films were etched by an ultrafast laser cutter to pattern
into a dog-bone shape on a silicon wafer, followed by patterning five
different sizes of notches (0, 0.2, 0.4, 0.6, 0.8 mm) (Figure S1). Three
samples of each notch size were prepared. Thin-film tensile tests were
performed by a homemade pseudo-free-standing tensile tester. Details
about the tensile stage setup can be found in our previous

publication.'®

The force—displacement curve for an unnotched
sample was first recorded during the tensile test at a strain rate of 5
X 107*s7!, followed by converting it to a nominal stress—strain curve.
The elastic modulus was obtained from the slope of the stress—strain
curve using the first 0.5% strain. All samples with various notch sizes
were separately tested and monitored with a high-resolution camera.
The force—displacement curves were recorded until the onset of crack
propagation. The total work is done to the sample; that is, the area
underneath each curve was calculated and plotted versus the initial
notch length under a fixed displacement, where the fracture energy
was derived from the slope.
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The polymer film was laser-etched into an I shape with a 2 mm X 16
mm rectangular gauge, and two 2 mm X 20 mm rectangular pads. For
a notched sample, an 8 mm long notch was introduced to its center
along the width direction. The tensile test for all samples was
performed at a strain rate of 5 X 107 s™". The critical displacement
for stable crack propagation was identified from the force—
displacement curve of notched samples.

The linear viscoelastic response of 173 kg/mol PS was obtained from
small amplitude oscillatory shear measurements performed on an
ARES-LS rheometer (TA Instruments) using 8 mm aluminum
disposal parallel plates. A PS sample was prepared to form a disk
shape by compression molding under vacuum at 150 °C. The sample
was loaded between the parallel plates and heated to 170 °C within a
nitrogen-purged oven. Frequency sweep measurements were carried
out over a temperature range of 170 to 120 °C with —10 °C
increment, and the applied strain was in the linear range. The
frequency range for the dynamic measurements was 100 to 0.1 rad/s.

DSC measurement was performed on Mettler-Toledo DSC 3+
equipped with FRS6+ sensor under dry nitrogen gas purge with a flow
rate of 50 mL/min. To remove the thermal history, a heat—cool—heat
cycle with a heating/cooling rate of 10 °C/min was utilized over a
temperature range of 160 to 50 °C. The data analysis was performed
on the reheating scan.

A TA Q800 instrument was used to perform DMA measurement.
Polymer solutions (S mg mL™") were made and then drop-casted on
top of a glass fiber mesh to prepare the samples.”* The temperature
corresponding to the peak of tan § was determined as the backbone
glass transition temperature. In strain-controlled mode, temperature
ramp experiments were performed at a temperature range of —110 to
150 °C and a heating rate of 3 °C min~" with a fixed frequency of 1
Hz. The strain imposed was in the linear regime.

We simulated deformation and crack propagation in polymer thin
films subjected to an external load under the plane stress condition
using ABAQUS/Explicit finite element analysis. While the S1 kg/mol
PS films were modeled as a linearly elastic material, the 173 kg/mol
PS films were modeled as an elasto-plastic material using a J, flow
theory and isotropic hardening with the Gent hardening law shown in
eq 1. The elastic modulus for both PS was set as E = 3.01 GPa
obtained by fitting to the linear regime of the experimental force—
displacement curves (Figure Sa and Figure S3c), and the Poisson’s
ratio v = 0.34. For the 173 kg/mol PS, the other parameters were set
as G, = 15 MPa according to the literature®* and 6y = 84 MPa and J,,
= 200 according to nonlinear regime of the experimental force—
displacement curves. All films were modeled using the plane-stress
four-node linear elements with reduced integration (CPS4R), while a
cohesive layer with the four-node two-dimensional cohesive elements
(COH2D) was inserted ahead of the crack tips in notched films to
allow crack propagation (Figure S3a).

In order to model the fracture behavior of the 51 and 173 kg/mol
PS, we selected a bilinear cohesive zone model governed by the
maximum cohesive stress 6., maximum separation distance between
the crack planes 8., and the intrinsic fracture energy I'y (Figure
S3b). The damage initiation of the cohesive elements follows the
maximum cohesive stress criterion

{tn ts}
maxq—, —¢ =1
o G (6)

where t, and t, represent the tensile normal traction and tangential
traction, respectively, on the crack surface. When eq 6 is satisfied, the
cohesive elements enter their softening phase, where the cohesive

stress starts to linearly decrease (Figure S3b). Complete separation
between the crack planes is achieved when the cohesive stress
becomes zero. The maximum cohesive stress for the bilinear traction
separation law was set as 6. = 300 MPa, and the area under the
traction separation law is the intrinsic fracture energy I'y = 100 J/m?
To ensure that the cohesive elements do not suffer from
interpenetration between crack surfaces, we arbitrarily made the
elastic stiffness of the cohesive elements as high as possible E, =
78750 GPa but small enough to prevent spurious oscillations of the
tractions in a cohesive element.”> To correctly capture the stress
distribution inside the cohesive zone for accurate prediction of crack
propagation, we refined our cohesive mesh until convergence was
met. As a result, the length of each cohesive element is less than a
tenth of the bridging zone size defined as E[y/c%; that is, 16 cohesive
elements are modeled within the bridging zone.

To obtain the force displacement curves of the notched samples
(Figure Sa), displacement in the vertical direction was applied to the
top edge of the film at a strain rate of 1%/s to ensure quasi-static crack
analysis, while the other edge is only free to move in the horizontal
direction. To obtain the R curves, displacement boundary conditions
given in eq S were applied on the entire circumference of the circular
K-field zone. The amplitude of the prescribed displacement fields in
the both the x and the y directions was incrementally increased at a
strain rate of 1%/s. For the pure shear simulations, the entire bottom
edge was firmly clamped, whereas the entire top edge could only
displace in the vertical direction at the same strain rate of 1%/s, and
the side edges of the pure shear specimens are free surfaces. Since the
stable time increment in explicit simulations depend on the velocity of
the elastic wave traveling through the smallest elements, we used mass
scaling up to 6 orders of magnitude to artificially reduce the elastic
wave speed, thereby increasing the time increments for the
simulations to finish in a reasonable time limit. Excessive mass
scaling can result in inaccurate results due to inertia interfering with
the quasi-static crack analysis. However, we confirmed that our mass
scaling does not influence the results by verifying it with linear elastic
crack analysis.

The deformed thin film was characterized by TEM instruments from
Low Activation Materials Design and Analysis Laboratory, Oak Ridge
National Laboratory. Microstructure of the crack tip was analyzed
with a JEOL JEM 2100F TEM operated at 200 kV. The voids were
imaged in under-focused conditions.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acspolymersau.1c0000S.

Supplementary Figures S1—S28 and Table S1 (PDF)
Movie S1: Begley—Landes method on 173 kg/mol PS
ultrathin film (MOV)

Movie S2: Pure shear test on 173 kg/mol PS ultrathin
film (MOV)

Movie S3: Simulated pure shear test on 173 kg/mol PS
ultrathin film (MP4)

Movie S4: Simulated pure shear test on 51 kg/mol PS
ultrathin film (MP4)

Movie S5: Relaxation of wrinkling for PNDI2HDT
ultrathin film (MP4)
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