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Soft Matter

Abstract

The specific deformation behavior of crystalline polymer films, namely unoriented
crystallized isotactic polypropylene (it PP) films, was investigated under a multiaxial stress field.
Changes in the aggregation structure of the films were investigated during the bulge deformation
process using in situ small-angle X-ray scattering, wide-angle X-ray diffraction (WAXD)
measurements, and polarized high-speed-camera observations. The films had a thickness of
approximately 10 um. The it PP films were fixed at the hole of a plate, then bulge deformation was
applied using N, or He gas pressure, and stress-strain curves were then calculated from the applied
pressure and bulge height. Yielding was observed in the stress-strain curves. Below the yield point,
in-situ WAXD measurements revealed that the crystal lattice expanded isotropically at the center,
edge, and bottom of the bulge hole. Above the yield point, a craze started to form slightly near the
center, and crazes formed in various directions with a further increase in strain, while the crystal
lattice expanded uniaxially along the circumference at the edge and bottom. Crazes oriented in
various directions merged and lost birefringence, indicating a change to the isotropic orientation.
The different directions of the crazes indicated several directions of stress. In other words, even if
multiaxial deformation is applied to a crystalline iz PP film, the string-shaped crystalline polymer

chain structure produces local anisotropic uniaxial stress.
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Introduction

Polyolefins have gained significant research interest because of their reasonable price, high
processibility, low toxicity, low density, high strength, high waterproofing ability, and high chemical
resistance.! Increasing the toughness of polyolefins is crucial to expand their applications. For
instance, polyolefin separator films, such as polyethylene and polypropylene films, in lithium-ion
batteries must be substantially thin and tough to achieve battery weight reduction.? Since cavitation
can lighten materials and improve impact resistance, investigations of cavitation distributions in
porous isotactic polypropylene (it PP) films have been performed based on X-ray scattering and
diffraction to control the mechanical properties.3->

Uniaxial stretching deformation is one of the most prevalent mechanical deformation methods
used to evaluate the mechanical properties of polymers. This is because the measurement can be
performed simply, and the instrument is commercially available. There are some reports on the in
situ structure analysis of it PP during uniaxial deformation to clarify the relationship between the
structure and mechanical properties.®!> Nozue et al. reported the deformation behavior of it PP
spherulite films during uniaxial stretching by simultaneous small-angle X-ray scattering (SAXS),
wide-angle diffraction (WAXD), and polarized optical microscopy (POM).!! Notably, they revealed
structural information on parent and daughter lamellae in various orientations. Furthermore, using
Raman spectroscopy, Kida revealed a change in the molecular aggregation state during uniaxial
deformation.!®  However, the uniaxial deformation mode does not accurately simulate practical
conditions.

The importance of multiaxial deformation, such as biaxial'3-?0, compression?!, bulge??, lateral
indentation 23, and flow?*, in terms of understanding the physical properties of polymers is well
known. This is because (1) the polymers have a string-shaped structure, (2) they can become
entangled, and (3) the strain density energy function of the materials can be obtained. Among these
deformation modes, bulge testing has some unique features: specimens with a small size and low
thickness are sufficient, the entire deformation can be monitored during the deformation process, and
the reliability of the mechanical data is relatively high. There have been some reports on the
investigation of mechanical properties using the bulge testing of polymer films.?3-3! By contrast, we
recently developed a bulge tester that can evaluate the molecular aggregation structure of polymer
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films during bulge deformation using polarized high-speed camera observations, optical microscopy,
synchrotron radiation wide-angle X-ray diffraction (WAXD), and Fourier transform infrared
spectroscopic measurements.> 33 It was revealed that the crystal lattice of isothermally crystallized
and quenched Nylonl2 films exhibited elastic and slightly plastic responses under bulge
deformation, respectively.’? In addition, the deformation and rupture mechanisms of poly(methyl
methacrylate) and polycarbonate films in the glassy state were investigated using in-situ
measurements.33 Furthermore, it was revealed that the stress field during bulge testing is multiaxial
with regard to the center of the bulge chamber hole. Because polymer chains have an anisotropic
structure, it is indispensable to evaluate their deformation behavior under multiaxial stresses.

In this study, we chose crystalline it PP with a flexible nature and prepared films with no
crystal orientation. This is because the orientation change in molecular chains is enhanced during
bulge testing. The molecular aggregation state of the iz PP films was investigated by bulge testing
using in-situ synchrotron radiation WAXD and SAXS measurements, polarized optical microscopy
(POM), and polarized high-speed camera observations. Finally, the difference between bulge and

uniaxial deformation was discussed.

Experimental
Film preparation

it PP was purchased from Sigma-Aldrich, and its number-averaged molecular weight and
weight-averaged molecular weight were 67,000 and 250,000 g/mol, respectively. it PP films were
prepared at a pressure of 5 MPa using a hot press. The thickness of all the films was set to ca. 10 um.
The samples were heated to 190 °C, which is above the melting temperature (7,,=165 °C), and then
quenched using a metal plate to obtain unoriented crystalline i# PP films. The glass transition
temperature of it PP is ca. -10 °C.
Bulge deformation test

Figure S1 shows the setup used for the bulge test of the films. The films were fixed in a hole
of a lab-made bulge chamber with a diameter of 2 or 3 mm; subsequently, N, or He gas was applied
at 25 °C. The film height was measured by a surface-scanning laser confocal displacement meter

(LT-9010M, Keyence, Co.) and direct observation from the lateral direction through a polished
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quartz sample holder. The applied gas pressure was adjusted using a digital mass flow meter
(F-201CV-100-RAD-11-V, Bronkhorst High), controlled by a digital pressure controller
(P-702CV-21KR-RAD-11-V, Bronkhorst High). The maximum pressure was 800 kPa. Then,
stress-strain curves were obtained from the relationship between the applied pressure and actual film

height (bulge height) using the following equations??:
PR P(a*+h?)

Stress: o = St a4 €Y
S—3Sp
Strain: ¢ = 2)
So
h\2(a?® + h?
s=oR=tan"! L) 2 (3)

where s is the arclength, s is the initial arc length, P is the applied pressure, / is the bulge height,

t is the sample thickness, a is the film radius, € and R are the angle and bulge radius of curvature,
respectively.  To obtain accurate camera length for WAXD at each position and the accuracy of
bulge height, side view observation was carried out. Figure S2 shows the side view images of the it
PP films at various strains. The film seems to keep an arc shape by the strain of 0.17.  Since almost
of the strain data shown in this study is in the range from 0 to 0.2, all data are quantitative enough

for discussion.
In situ molecular aggregation structure analyses

In situ wide-angle X-ray diffraction (WAXD) and small-angle scattering (SAXS)
measurements were carried out at the BL4A0XU and BLO5XU beamlines at SPring-8 to evaluate the
aggregation structure of the it PP film during bulge deformation. The wavelength and size of the
X-ray beam were set to be 0.1 nm and 100 pum x 200 pum, respectively. A CCD (ORCA-Flash4.0,
Hamamatsu Photonics), PILATUS 100k (DECTRIS, Ltd.), and PILATUS 1M (DECTRIS, Ltd.)
were used as detectors to measure the diffracted/scattered X-rays, with camera lengths of 100 mm
and 2 m, respectively. The WAXD and SAXS data were collected with exposure times of 500 or
2000 ms and 500 ms, respectively, every 2 s. Since the pressure rate was ca. 80 kPa min'! and the
maximum pressure is ca. 300 kPa, it took ca. 200 s to attain the rupture. Thus, the structure
relaxation of the it PP film can be ignored. Data processing, such as control of the contrast of
2D-patterns and preparation of 1D-profiles for the obtained 2D-patterns, was performed using the
FIT-2D software (Ver. 12.077; Andy Hammersley/ESRF, Grenoble, France).

Ultra-small-angle X-ray scattering (USAXS) was performed to evaluate the structural change
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of the it PP film at the micrometer scale after bulge deformation. The wavelength and size of the
X-rays were set to 0.054 nm and 200 pum x 200 pm, respectively. A PILATUS 100k was used as a
detector to measure the scattered X-rays, and the camera length was 160 m.

The orientations of the molecular chains and functional groups in the it PP films are closely
related to the refractive index. The refractive index and direction of the short axis of the refractive
ellipsoid were observed using a polarized high-speed camera (CRYSTA PI-1P, PHOTRON LTD.,
Japan), and circularly polarized 520 nm light was used. The polarization directions of the four
adjacent microtip detectors were 0°, 45°, 90 °, and 135°. The frame rate was 60 and 420,000 fps for
the top view and side view, respectively, in this study. The spatial resolution of the 50x objective
lens was approximately 1 pm. This observation was made for the iz PP film during the bulge and

uniaxial stretching deformation processes.

Results and discussion
Below yield point
Figure 1 shows the stress-strain curves obtained by bulge testing of the iz PP films with a

thickness of 8 um. The modulus obtained from the initial slope of the stress-strain curves was 1 GPa.

Topography Retardation Short-axis®

: Retardation Short-axis®

)

Stress / MPa
o

OO0

t:8 um

0 01 0.2 0.3 04
Strain

2 Direction of short-axis of refractive indexellipsoid

Figure 1. Stress-strain curves of isotactic polypropylene films with a thickness of 8 um obtained
by bulge testing and polarized high-speed camera images at various strains. The three inset images
correspond to topography, retardation, and the direction of short-axis of the refractive index
ellipsoid from left to right.
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This magnitude is comparable to that obtained by uniaxial stretching deformation. Yield behavior
was clearly observed at a strain of 0.06 and at a stress of 27 MPa. Such behavior may be related to
the formation of an anisotropic craze. A more detailed discussion on the images provided in Figure 1
will be presented in a later section.

Figure 2 shows WAXD profiles of it PP films with a thickness of 10 um obtained in the initial
state during bulge testing at the center of the hole. The it PP films prepared in this study showed
crystalline peaks at scattering vectors (g) of 9.9, 11.9, 13.1, 14.9, and 15.4 nm'! in the initial state.
These peaks can be assigned to the (110), (040), (130), (111), (131), and (041) planes of the o phase
of the it PP films. With an increase in strain, all crystalline peaks shifted to a lower ¢. This indicates
that the crystalline lattice in the it PP films isotropically expanded by bulge deformation at the center
of the bulge hole. A similar trend was observed even for the edge and bottom of the hole. To
investigate the anisotropy of deformation of the crystal lattice depending on the position within the
bulge hole, WAXD profiles along the transverse and longitudinal directions at three positions—the

center, bottom, and right—were compared. Figure 3 shows the relationship between film strain and

—_ 110
110 =0 !
It 3 £=0.0
~ ~ £=0.02
zl 040 131/041 2 =0.04
@ 130 111 a ] £=0.06
= a .,./\'\—\,.Liw
gt Ny
L L L 1 L L L L I\
8 9 10 11 12 13 14 15 16 17 9 10 1
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Figure 2. WAXD profiles of it PP films with a thickness of 10 um obtained during bulge testing
at the center of the film. (a) 8 < ¢ < 17 nm™! at the initial state. (b) 9<g<11nm',(c)11<g
<14 nm', (d) 14 < ¢ < 17 nm’! with an increase in strain from 0 to 0.12.
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strain obtained by WAXD profiles (gux)) along the transverse and longitudinal directions at three
positions in the bulge hole. For the center position (A), the strain obtained from the (110) and
(131)/(041) planes in the WAXD profiles (gi10) and &u31y041y) increases with an increase in film
strain for both the transverse and longitudinal directions. At around the yield point, &) and
&i131y041) showed constant values. On the contrary, for the right position (B), &i10) and &i31y041)
along the longitudinal direction increased and then showed constant values, whereas &;0) and
&131/041) along the transverse direction increased

and then decreased with increasing film strain. At the bottom position (C), an opposite trend to the
right position was observed, but it appears to be consistent from the viewpoint of the circumference
direction. In other words, &1y and &i31/041) along the circumference direction for both positions (B)

and (C) increased and showed constant values, whereas &;10y and &i31/041) along the radial direction

Bulge hole

Position (&) Position (B) Position (C)
K 003 o 30 e+ (TO7E2 003 5 30 = oycz 1003 o
©25 X @25 o ® (131/041) B2 E ©25) oo * (1311041 C2 ::(
002 £ : 02E & <
=20
15 3 H0.01 E 0.01 S E
%] 7 [t= %] [ =4
o 10 o o (110) A-1 p - - p
5 = (110) A-2 000 5 & 10.00 -5 ‘=
W 5 (131)/(041) A-1 5 @ 5;;, —o (110) B-1 s & -o (110) C-1 s
- = (131)(041) A2| 01D %131%{(041) Bl gg1? B o (131)(041) -1 L001?
0 0.1 0.2 03 0 0.1 0.2 0.3 0 0.1 0.2 03
Film strain Film strain Film strain
(a) (b) (c)

Figure 3. Relationship between film strain and strain obtained by WAXD profiles along transverse
and longitudinal directions at three positions in the bulge hole. (a) center, (b) right, and (c) bottom.

increased and then decreased. These results imply that the stress direction is not considerably
anisotropic in the initial film strain region below the yield point and obviously change to the
circumference direction for positions (A), (B), and (C). Consequently, &;10) and &;31/041) along the
transverse and longitudinal directions exhibited opposite trends in the high-strain region. This result

corresponds well with the results obtained for poly (methyl methacrylate) films. 33
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Above yield point

Polarized high-speed camera observations were performed to clarify the macroscopic
deformation behavior of the entire it PP film, as shown in Figure 1. Homogeneous colors were
observed for both the retardation and direction of short-axis of the refractive index ellipsoid below a
strain of 0.1, indicating that the it PP film was homogeneously deformed below the yield point (& <
0.06). An anisotropic craze began to form at approximately £= 0.12. The number of crazes increased
with the film strain, and the direction distribution of the long axis of the structure appeared to be
isotropic. These formations appear to cancel the anisotropic stress that originates in the entire film.
Figure 4 shows the polarized optical microscopic images of the it PP films after bulge testing. The
images were recorded using POM with a 530 nm sensitive tint plate. Figure 4 (b) corresponds to a
90 ° rotation of the image shown in Figure 4 (a). The craze exhibited red and blue colors depending
on the direction of its long axis. The color changes to blue and red correspond to n,> n, and n, > n,,
respectively. When the sample was rotated 90 °, the colors interchanged. Thus, it seems reasonable
that the craze-like morphology possesses strong anisotropy because of the molecular orientation of
the it PP chains. Considering the larger refractive index of it PP3* in the molecular chain direction
compared to that in the perpendicular direction, it is likely that the microfibrils are oriented
perpendicular to the long axis of the craze-like morphology. Furthermore, the crashed region of the
craze exhibits a purple color in Figure 4 and a blue color at a strain of 0.36 in Figure 1,

corresponding to no retardation. This indicates that the orientation of the polymer chains disappeared

(a) (b)

Figure 4. Polarized optical microscopic image of the it PP films after bulge
testing, obtained with a sensitive 530 nm tint plate. (a) 0 and (b) 90 degrees.
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in the film plane via merging.

To clarify the molecular aggregation structure of the crazes, SAXS/WAXD measurements
were performed on the it PP films after applying bulge deformation. Figure 5 shows the SAXS and
WAXD patterns corresponding to the regions outside and inside the craze above the yield point. An
obvious streak was observed at the craze in the SAXS pattern along with the direction of the long
axis. This streak was not detected outside of the craze-like morphology. To understand the spatial
distribution of crazes, ultra-small-angle X-ray scattering (USAXS) measurements were performed at
11 % 11 points. Figure S4 shows the USAXS patterns of the it PP films after bulge testing. The
streaks were oriented radially from the center, supporting the discussion above. This indicates that
microfibrils with sizes of 100 nm ~ 1 pm exist in the craze. In addition, an obvious Debye ring,
which can be assigned to the (110) plane in the a phase of the it PP film, was observed, as shown in
Figure 5 (d). This Debye ring disappeared at the craze, as shown in Figure 5 (e). This implies that
the crystallites that formed in the entire if PP film changed to a different phase. Broad spots can be
seen depending on the position of the craze. These broad spots correspond to the smectic phase®3-37

which consists of a pseudo-hexagonal lattice of i# PP chains in the 3; helix conformation packed in

Interior of
craze

. a 7
Exterior of craze ) Interior dfcraze

(b)

Figure 5. (a) Photograph of a craze; small-angle X-ray scattering (SAXS) patterns of (b)
exterior and (c) interior of the craze; wide-angle X-ray diffraction (WAXD) patterns of the (d)
exterior and (e) interior of the craze above the yield point.

10
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the hexagonal lattice. Thus, it seems reasonable to conclude that i PP chains in the craze are in the
smectic and amorphous phases.

Figure 6 shows high-speed-camera side-view images of the it PP films slightly before rupture
under bulge deformation. The strain is ca. 0.36. In the side view, the shape is not an arc but is
pointed, clearly indicating that plastic deformation has occurred. This corresponds well to the change
in a side view shown in Figure S2. The curved line observed after rupture (right image) also implies
that plastic deformation occurred. Moreover, the time required to form the rupture hole is around a
single micro-second. A crack with a length of ca. 0.2 mm was observed after 2.4 s (first red arrow).
Thus, the crack growth rate of the i PP film can be roughly estimated ~80 m/s. The sound velocity,
v, of it PP is approximately 1500 m/s. It is well-known that the crack growth rate, a, has the
following relation with sound velocity: a = 0.38 v,3 and « is calculated as 580 m/s. Therefore, the
crack growth rate obtained in the present bulge tests with high-speed-camera observations is
reasonable because of a less decade difference. Since the specimen size for the bulge deformation
test is small, it is easy to obtain the fracture behavior of the entire film. This is one of the most
important features of the bulge test.

Figure 7 shows a schematic illustration of the change in the crystal lattice (left side) and
macroscopic structure (right side) of the it PP films during bulge deformation. At the edge of the
hole, as the film strain increased, the crystal lattice expanded isotropically below the yield point (o<
oy). Then, the lattice strain along the circumferential and radial directions became larger and
smaller above the yield point (¢ > oy). On the other hand, at the center of the hole, the crystal

expanded isotropically below and above the yield point, indicating that a multiaxial stress occurred.

Figure 6. High-speed camera side-view images of it PP films during bulge deformation right
before rupture.

11
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Initial state o< Oy o> oy Circumference
direction of stress

center

Inside craze

—— Crystal Crystal lattice expanded
Crystallites . . and shrinked depending on

ry . . Direction the initial orientation of crystallites.
~ Random orientation of stress

M ic{:::fibril

Figure 7. Schematic illustration of change in the crystal lattice, left side, and macroscopic
structure change, right side of it PP films during bulge deformation.

Furthermore, randomly oriented crazes started to form above the yield point. Microfibrils in the

crazes were packed in the smectic phase and oriented perpendicular to the long axis of the crazes.

Conclusions

A combination of the bulge deformation test and in situ molecular aggregation structure
analyses was applied to crystalline it PP films. Below the yield point, isotropic expansion of the
crystallites occurred at the center and edge of the hole. Above the yield point, the stress around the
center of the film remained multiaxial, and uniaxial stress occurred along the circumferential
direction. Macroscopically, crazes started to form in random directions. Owing to the high flexibility
of the molecular chains of it PP and its string-shaped structure, biaxial and/or multiaxial stress fields
spread by changing the anisotropic local uniaxial stress with the formation of anisotropic crazes.
Inside the craze structure, it PP chains were in the smectic phase, forming 3, helical structures and

microfibrils.
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