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Abstract

In this article, two f nucleated polypropylene (f-iPP) precursor films were
prepared at crystallization temperatures (7,) of 110 °C and 135 °C. The differential
scanning calorimetry (DSC), wide-angle X-ray diffraction (WAXD) and scanning
electron microscopy (SEM) results reveal that the two samples, which were composed
of bundle-like lamellae, had similar crystallinity and particularly high content of
B-crystal. However, they behaved variably when stretched at 25 °C and 90 °C. Based
on the detailed characterization of morphological evolutions during stretching by
2D-WAXD and SEM measurements, a mechanism of pore formation in stretching
PS-1PP is presented. We found that the phase transformation of f-smectic and f-a are
not the primary origin of pore formation in stretching S-iPP, instead, the micropores
are directly initiated from the substantial weak interfaces between f-lamellae. Since
the bundle-like f-lamella without fully developed spherulites is an asymmetric three
dimensional structure, the lamellae at different angles to the tensile axis would lead to
various deformational modes during stretching. Therefore, it is the polydispersity of
f-lamellae in S-iPP that causes the poor pore size distribution in stretching f-iPP
membrane.

Keywords: § nucleated polypropylene; pore formation; morphological evolution

1. Introduction

Since Sony’s first introduction of the rechargeable lithium-ion battery in the early
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1990s, many studies have been made on separators which are placed between
electrodes of opposite polarity. The separator provides not only good mechanical and
electrical properties but also add safety through a thermal shutdown mechanism. A
novel microporous separator made from polyolefin which could provide excellent
mechanical properties, chemical stability and acceptable cost has been developed and
used extensively in rechargeable lithium battery" . The most prevailing processes for
making lithium-ion battery separators are “dry uniaxial stretch™®, “dry biaxial
stretch”” and “wet biaxial stretch”'® . Polypropylene (PP) and Polyethylene (PE)
microporous membranes obtained from these methods are available in Celgard, Ube
and Asahi Kasei®"'*"3. Compared with the other two methods, “dry biaxial stretch”,
which is produced from nonporous iPP films with high content of f-crystals, is more
economic and technologically convenient due to the free of solvents®. However, the
separator made from “dry biaxial stretch” has large pore size and broad pore
distributions, which limit its applications in high tech fields such as power battery.
Many authors have devoted to clarifying the pore formation mechanism of S-iPP
during stretchings’ 422 1t is well established that isotactic polypropylene (iPP) is a
typical polymorphic material with several crystal modifications, i.e. the monoclinic a
form, hexagonal # form and the triclinic y form>°. The a-crystal, which has a higher
density (0.936 g/cm3 ) than f-crystal (0.921 g/cm3), is readily to transform into
o-crystal during stretching at elevated temperature®. Shi et al.*' proposed a well
accepted phase transition mechanism of pores formation in stretching $-iPP that pores
originate from a volume contraction during f-o transformation. Furthermore, Chu et
al."*'® postulated a mosaic model to explain the pore formation in f-iPP. They
thought that f-crystals with ¢ axis parallel to the drawing direction are first
transformed into a-crystals, and then those with ¢ axis tilted to the drawing direction
are involved in the transformation at a lower rate. Moreover, the stable S-crystals in
the larger crystallites could hinder the volume shrinkage and enlarge the pores. In
addition, Grant ef al.'”'®3! optimized fabrication conditions based on annealing of
the precursor films and adjustment of stretching temperature, and subsequently
produced high permeability microporous membranes. They illustrated that when
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[-1PP films are biaxially stretched, lamellae rotate towards the drawing direction,
initial cavitation occurs between already perpendicular large fS-lamellac as they
separate, while smaller lamellae shear; as stretching continues, initially formed
cavities develop into larger pores as lamellae further separate, less stable S-lamellae
begin to transform to a phase, and stress-induced lamellar break up begins. However,
Ran et al."”’ considered that the [-o. transformation could hardly be the origin of pore
formation of S-iPP; instead, they proposed a defect initiation mechanism that the
micropores are directly created at the weak areas or interfaces between f-lamellae and
enlarge with further deformation under stress. In these previously mentioned studies,
the morphological evolution during stretching were seldom presented, which is
considered to be critical to understand the pore formation mechanism in stretching
[-1PP membranes.

Li*** have investigated the deformation mechanism of S-iPP under tensile
loading systematically, and they found that the f-phase begin to transform into
a-phase once the samples are stretched to necking. In the early stage of deformation,
horizontal lamellae are stretched to separation and deformation bands are formed
within a spherulite. Beyond yielding, some deformation bands develop into crazes
across the spherulite boundaries. The original f-spherulites are shattered due to
excessive crazing and deformation bands. Lezak® " studied the plastic deformation
behavior of -iPP in plane-strain compression at different temperatures They proposed
two mechanism when deformed at room temperature, namely the inter-lamellar slip
operating in the amorphous layers which would result in numerous fine deformation
bands due to the crystallographic slip systems, and the cooperative kinking of
lamellae which would lead to their reorientation and formation of a chevron-like
lamellar arrangement. On the other hand, when deformed at elevated temperatures,
shear within deformation bands leads to f-a solid state phase transformation and the
newly formed « crystallites deform with an advancing strain by crystallographic slip
mechanism. As a result of deformation and phase transformation within deformation
bands, f-lamellae are locally destroyed and fragmented into smaller crystals.

However, more direct evidences are needed to clarify the relationship between
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pore formation and lamellar deformation process of f-iPP under tensile loading. In
this article, two S-iPP cast films with high contents of f-crystal were prepared at
crystallization temperatures (7.) of 110 °C and 135 °C, since several studies on
crystallization of S-iPP have defined a temperature window of 105-140 °C to promote
the formation of f-crystal, where the growth rate of f-crystal is faster than that of
a-crystal’®?”. Then tensile tests were performed at different temperatures, and during
these processes, a detailed characterization of morphological evolution and pore
formation was conducted. Furthermore, another goal of this present article is to

propose a new model to explain the mechanism of pore formation in stretching f-iPP.

2. Experimental
2.1. Materials and sample preparation

A commercially available iPP, T38F, with a melt flow rate (MFR) of 2.9 g/10 min
(230 °C, 2.16 kg), My, = 3.8 x 10° g/mol and M,/ M, = 4.7, was purchased from
Petroleum Chemical Incorporation (Lanzhou, China). A highly active f-nucleating
agent, NAB-83, was supplied by GCH Technology Co., Ltd (Guangzhou, China).

A master batch containing 5 wt% f-nucleating agent (NAB-83) was prepared by
melt blending; then the master batch and pure iPP were extruded to produce f-iPP
specimens containing 0.3 wt% NAB-83 on a twin crew extruder. The pelletized
granules were subsequently extruded into f-iPP cast films through a Hapro single
screw extruder (Rheometer 200C) fitted with a slit die of 0.5 mm x 100 mm
(thickness x width) and a three-roll calender. The extrusion was carried out at 220 °C.
To promote the formation of f-crystal, the extruded film cooling rate and the
crystallization behavior was controlled. The distance between the die exit and the chill
roll was about 5 mm and draw ratio of 6 was applied. Two cast films were extruded
with a chill roll operated at temperatures of 110 °C (PP-110) and 135 °C (PP-135).
Melt flow rates and roll take-up speeds were controlled so that nominal film
thicknesses of 0.2 mm and consistent crystallization conditions upon film cooling
were achieved.

Uniaxial stretching of these resultant -iPP cast films was performed using an MTS
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Universal tensile testing machine equipped with a temperature chamber. The samples
were uniaxially stretched to a predetermined strain () = 100%-500% at 25 °C and 90
°C with a constant cross-head speed of 10 mm/min. A sequential biaxial stretching
was performed to obtain porous membranes, comprising the longitudinally stretching
(MD) to 300% at 90 °C and then transversely stretching (TD) to 300% at 115°C ™% 13,
The samples stretched to predetermined strains were quenched by ultralow
temperature solution in the stretched state in order to freeze the structural
characteristics achieved. The samples were then stored in liquid nitrogen before

further analysis.

2.2. Measurements
2.2.1 Differential scanning calorimetry (DSC)

All the calorimetric experiments were carried out using a Mettler Toledo DSCI
differential scanning calorimeter (DSC) under nitrogen atmosphere (50 mL/min).
Calibration for the temperature scale was performed using indium as a standard to
ensure reliability of the data obtained. 5 mg round samples were punched out the cast
films and heated from 25 °C to 190 °C at a rate of 10 °C/min. The melting temperature
(T,,) of the cast film was determined from the heating curve. The crystallinity (X, )
of the sample was calculated from the commonly used equation: X, 4c%= AH,,/AH;q,

%100 where AH.., and AH,;are the experimentally measured melting enthalpy and that

of the 100% crystalline sample, respectively. The values of a-modifications AHY, =

177.0 J/g and f-modifications AH” = 168.5 J/g were taken’’. The fraction of # phase

(Kp psc) can be calculated from the following equation:

Xca (%) + Xcﬁ (%)

K, psc (%) = x100% (1)

where X, (%) and X4(%) are the degrees of crystallinity for a phase and f phase,

respectively.
2.2.2 Two-dimensional wide-angle X-ray diffraction (2D-WAXD)

The crystalline structures of samples were investigated using DX-1000
diffractometer. The wavelength of CuKa was A=0.154 nm and the spectra were
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recorded in the 20 range of 5-35°, a scanning rate of 2°/min, and a scanning step of
0.02°. 1D-WAXD profiles were obtained from circularly integrated intensities of the
2D-WAXD patterns acquired. The relative amount of the S phase, Kgyrp, was
evaluated according to Turner-Jones et al.>

Ay a0 @)

+ Aa(130) + Aﬂ(300)

K =
pr XRD =

a(110)

+4

«(040)
where Ag(300) is the area of the (300) reflection peak of S phase at 20 = 16.1°
A,(110), A,(040), and A,(130) are the areas of the (110), (040), and (130) reflection

peaks of the a phase and correspond to 26 = 14.1°, 16.9°, and 18.6°, respectively.

The overall crystallinity, X, ,,4, was calculated according to the following equation3 8

39.

> A (3)

cryst

+>. 4

amorp

chrd =
XA

cryst
where A and Aumon, are the fitted areas of crystal and amorphous region,

respectively.

2.2.3 Scanning electron microscopy (SEM)

The SEM experiments were performed using a Hitachi S3400tEDX SEM
instrument to inspect the crystalline structure changes of films etched by a mixed acid
solution®’. The samples were gold-coated and observed under an acceleration voltage
of 5kV.

2.2.4 Porosity determination

The porosity of the membranes is defined as their volume content of pores and
was determined according to the following equation'® **:

Porosity = V,/Vy= (Vi-V)/Vy “4)

where V;is the gross volume of the film specimen which consists of two parts, the
volume occupied by the polymer resin V., and the volume occupied by the pores V).
Vrwas obtained from direct size measurement of the specimens. V; was derived from
the weight of the specimen and the average density of the polymer regions in the
specimen, the latter can be determined according to the crystallinity of the specimen.

For each sample, the average value reported was derived from at least five specimens.

6
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As supplementary, the porosity was also measured through the following
procedures: the stretched sample was immersed in ethanol for 24 h, after that, the
sample was taken out and the ethanol on the surface was carefully removed using
filter paper. Finally, the treated sample was weighted carefully. The porosity was

calculated according to the following relation:"'

Porosity == U W)f x100% (5)
Wy —(p—p)W

where W is the initial sample weight, W) is the immersed sample weight. p (0.8

g/cm3) and /_) (0.91 g/cm3) are the density of ethanol and PP, respectively.

3. Results and discussion
3.1. Characterization of cast films

Thermal and X-ray techniques were employed to provide insight about the
populations of crystals in these f-iPP precursor films, and several key properties
arising from the crystallinity are presented in Table 1. Due to the
melt-recrystallization that occurs in S-iPP during the heating DSC scan, the calculated
crystallinity and fraction of f crystal may not be reliable. Thus, it is more practical to
use WAXD measurement to track these properties individually. The WAXD spectra of
the two S-iPP cast films are shown in Fig. la. It is clear to see that both samples
exhibited the characteristic diffraction peak at 26 = 16.1°, which corresponds to the (3
0 0) crystal plane of § phase; meanwhile, no a crystal diffraction peaks of o (1 1 0), a
(04 0), and a (1 3 0) were detectable, indicating that both samples are composed of
almost pure # phase’® *'™*. Furthermore, their crystallinity that were calculated from
WAXD and DSC measurements, X . xzp and X .psc, were nearly the same (listed in
Table 1). However, their thermodynamic behaviors in DSC test differed considerably.
Heat flow curves measured during first heating scans of the precursor films (shown in
Fig. 1b) reveal different melting peaks for f and a endotherms. Since the WAXD
results have proven that the f crystal contents (Kzxzp) of both samples were higher

than 99.0%, the melting peaks of a-crystals were likely due to the
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melting-recrystallization of unstable S crystal. The sample PP-110 displayed double g

peaks, seen in the form of §; and f, endotherms, are typical of polymorphic f-iPP,

resulting from the instability of the f; crystals formed at high cooling rates and

propensity to recrystallize to £,°"***" while the sample PP-135 exhibited only one /8

peak. Furthermore, the Kjpsc, obtained from DSC, increased dramatically from

69.2% (PP-110) to 91.0% (PP-135), which further corroborates that the f crystal

formed at 7. =110 °C was less stable than those obtained at 7. =135 °C. Additionally,

the melting peak temperature of § crystal (7, 4;) ascended from 143.6 °C (PP-110) to

153.1 °C (PP-135), indicating that the B-lamellar thickness increased with elevating

T..

Te=135°C

JED
T

Te=135°C

Heat Flow Endo Up

Te=110°C

T

T
100 120

H T + T T T
140 0 160 180
Temperature( C)

Fig. 1. (a) WAXD and (b) DSC spectra of the f-iPP samples crystallizing at 110 °C and 135

°C, respectively.

Table 1 The morphological characteristics of the f-PP samples crystallizing at 110 °C and

135°C, respectively.

Samples X.psc(%)" X oxep (%)" T, 51 CC)* K, psc (%)" Kp, xzp(%)"
T.=110°C 46.8 56.2 143.6 69.2 >99.0
T.=135°C 48.6 57.1 153.1 91.0 >99.0

* Crystallinity and melting temperature were measured by DSC.

® Crystallinity and the relative amount of the 4 phase were calculated by WAXD.

In order to provide direct observation of their spherulitic structures, the
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micrographs of the two S-iPP samples after etched were examined by SEM (shown in
Fig. 2). It is interesting to see that both samples were mainly composed of bundle-like
lamellaec without fully developed spherulite, which is quite different from the
cross-hatched structure of a-spherulite. This peculiar structure increases the tendency
for f-iPP to cavitate during stretching®”**. Furthermore, the f-lamellae formed at 7, =

135 °C (approximate 35nm) was thicker than those formed at 7, = 110 °C (about

Fig. 2. SEM images of the f-PP samples after etched: (a) PP-110 and (b) PP-135.

3.2. Morphological characterization of stretched PP membranes

The photographs of wuniaxially stretched p-iPP membranes at different
temperatures are shown in Fig. 3a and b. It is very interesting to see that a typical
necking was observed for both samples of M-PP-110 and M-PP-135 (“M” is used to
designate stretched membranes) when stretched at the drawn temperature (7;) of 90
°C, while a more homogeneous deformation was developed when stretched at 25 °C.
More interestingly, the M-PP-110 sample was almost transparent at any strains when
stretched at 90 °C, implying that few pores formed in these processes. On the contrary,
the deformed region of M-PP-135 was completely opaque at 7,90 °C, indicating that
abundant microvoids might have formed in the membrane. Furthermore, the porosity
results of f-iPP membranes stretched at different temperatures are also listed in Table

2. First of all, it is interesting to note that compared with those stretched at 25 °C, the
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porosity of M-PP-110 decreased significantly when stretched at 90 °C, and a slight
decline of porosity was also observed for M-PP-135 at 7,790 °C. More importantly,
M-PP-110 exhibited the highest porosity (20.3%) at &=200% when stretched at 25 °C,
while M-PP-135 reached a maximum (23.1%) at &=300%. On the other hand, cross
section images of biaxially stretched membranes (shown in Fig. 3¢ and d) disclose
that few pores were formed in M-PP-110, while numerous pores were originated in
M-PP-135, which is in good agreement with the results of porosity in Table 2.
Moreover, the surface images (shown in Fig. 3e and f) exhibit that the pore size

distribution of both membranes were very poor.

"a)s=100% (b) e=300%
“Te=110T,Td=25T  Te=110T, Td=30T Te=136T,Ta=25T Te=136C,Te=0TH  we-—110c, Te=tiow,  Tenfsts.  Te-—ssw,

Ta—25C  Td=90TC  Td—90TC
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Fig. 3. Photographs of f-PP membranes after uniaxially stretched to different strains at 25
°C and 90 °C: (a) 100% and (b) 300%; cross section images of biaxially stretched membranes
with free width: (c) M-PP-110 and (d) M-PP-135, 10000 X; and surface images: (e) M-PP-110

and (f) M-PP-135, 5000 x.
Table 2 Porosity estimation of f-PP membranes stretched to different strains with free

width at 25°C and 90 °C, the standard deviation is £5%.

Tyvp=90 °C
T,=25°C (%) T,790 °C (%) =
Samples Td, TD=1 15 C (%)
100% 200% 300% 400% | 100% 200% 300% 400% | 300%x300%
PP-110 118 203 198 153 | 55 43 32 30 10.2
PP-135 97 195 231 194 | 90 176 213 185 45.1

Why did the precursor films of PP-110 and PP-135, which had almost the same
contents of f-crystals and similar crystallinity, behaved diversely when stretched at
different temperatures? Why was the pore size distribution in these membranes so
poor? Microscopic lamellar evolutions and phase transitions of fS-iPP during

stretching will be further discussed in the following sections.

3.3. 2D-WAXD analysis of stretched PP membranes
3.3.1 Stretching at 25°C
The 2D-WAXD measurements were carried out to detect the phase transitions of

B-iPP at several stages of deformation at 25 °C and 90 °C. Fig. 4 shows the diffraction
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patterns of PP-110 and PP-135 samples stretching at 25 °C. First of all, it should be
noted that both the cast films of S-iPP crystallizing at 110 °C and 135 °C (shown in
Fig. 4a and d) exhibited the same diffraction patterns, namely the strong diffraction
intensity of f (3 0 0) plane without obvious diffraction peaks of a(1 1 0), a(0 4 0),
and o (1 3 0) planes, indicating that both samples are composed of almost pure
p-crystals. For the sample of PP-110, the reflection of f (3 0 0) weakened
significantly with a concomitant broad peak on the equator with increasing strains
(seen in Fig. 4b and c). These broad and diffuse peaks are often regarded as the
fingerprint of metastable smectic phase of -iPP***>"%! However, the PP-135 still
had a strong intensity of # (3 0 0) plane with a weak diffuse reflection on the equator
at &=100% (seen in Fig. 4e and f), suggesting that the S-lamellae of PP-135 are more
stable than those in PP-110 during stretching. The 1D-WAXD intensity profiles of
PP-110 and PP-135 as a function of strains at 7,= 25 °C are also presented in Fig. 4g
and h, respectively. As the strain increased, the diffraction intensity of £ (3 0 0) plane
weakened gradually with a concomitant appearance of the diffuse reflection (20 =
13-20°), which corroborates that f phase transformed into c-axis oriented smectic
phase when stretched at 25°C'**"*. Furthermore, the 8 (3 0 0) intensity of PP-110
decreased more rapidly than that of PP-135 with increasing strains, which suggests
that the f-lamellae formed at 7,=135 °C were more stable than those formed at 7,=
110°C.

Furthermore, it is also worth mentioning that an intact £ (3 0 0) ring was observed
during the whole stages of deformation for both S-iPP samples, implying that the
chains orientation of p-lamellac was almost unchanged during stretching. The
azimuthal intensity of f (3 0 0) reflection peaks during stretching, which could
characterize the f crystal phase orientation along and across the loading direction, are
presented in Fig. 4i and j. The corresponding diffraction maxima are indicated as /5,
and B.. For PP-110 when stretched to 100% at 25 °C, the azimuthal intensity of .
was higher than that of £, implying that at early stage of deformation, the f-lamellae
parallel to the stretching direction are much easier to fragment than those
perpendicular to stretching direction. As the strain increased to 300%, the azimuthal

12
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intensity of f, shifted towards a higher value than that of £,, which indicates that
fragmented p-lamellae have transformed into c-axis oriented smectic phase
substantially. However, as for PP-135 stretched at 25 °C, the azimuthal intensity
maxima of f, appeared when the strain reached 300% and was much lower than that

of B., suggesting that the # phase formed at 7,.= 135 °C was more stable and could

resist the deformation effectively.

OEEIT

F

(9) B (300) (h) B (300

ago |

Te=110°C-6-300%" | |
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Fig. 4. 2D-WAXD patterns and corresponding 1D-WAXD profiles of f-PP membranes in
terms of strain at 25°C: (a) PP-110; (b) M-PP-110, ¢ = 100%; (c) M-PP-110, £ = 300%; (d)
PP-135; (e) M-PP-135, ¢ =100%; (f) M-PP-135, £ =300%; (g) 1D-WAXD profile of
M-PP-110; (h) 1D-WAXD profile of M-PP-135; azimuthal intensity of £ (3 0 0) reflection
peaks during stretching at 25 °C: (i) M-PP-110 and (j) M-PP-135. The stretching direction is

horizontal.

3.3.2 Stretching at 90 °C

The 2D-WAXD patterns of PP-110 and PP-135 samples stretching at 7,= 90 °C
are shown in Fig. 5a-f. It is clear to see that three arcs corresponding to o (1 1 0), a (0
4 0) and a (1 3 0) reflections appeared in the equator for both PP-110 and PP-135
samples when the strain was higher than 50%, which indicates that the pS-a
transformation enters into action at 7,90 °C'*'®'*-2! 1t has been widely accepted
that the molecular chains of a-crystal arrange in alternating right-handed and
left-handed chain layers, while the S-crystal has the same directional helical chains,
thus the change of packing pattern from hexagonal to monoclinic cannot be achieved
by simple adjustment of the relative positions of the neighbouring chains through
slipping at low temperature but involves the destruction (melting) of the original
[-crystal and rearrangement (recrystallization) of the chains to form new a-crystal at
high temperature'*"'% 2337 On the other hand, the 1D-WAXD intensity profiles
(shown in Fig. 5g and h) and the relative contents of the residual S-crystal in S-iPP

membranes (listed in Table 3) reveal that the f — o transformation, which started

14
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beyond the yield point (6=20%), proceeded gradually with the increasing strains.
Furthermore, this phase transformation process developed more quickly for the
PP-110 than for PP-135, indicating that S-crystals formed at 110 °C were less stable
than those formed at 135 °C, which is in accord with the trend at 7= 25 °C.

The azimuthal intensity of # (3 0 0) reflection peaks, when stretched at 90 °C
(shown in Fig. 5i and j), were quite different from those in Fig. 4i and j. The S,
intensity of both samples maintained the minima during the whole deformation
processes at T,= 90 °C, while the azimuthal intensity of f, ascended gradually with
increasing strains, which implies that the S-crystals parallel to the tensile axis were
much easier to deform than those at a tilt angle to the tensile axis. Since the S-a

0C14-16.29.30.37 oce fragments of S-crystals

transformation was activated when 7,,>80
would transform into a-crystals immediately, thus leading to the rapid decline of the f

» azimuthal intensity.

oo =300
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Fig. 5. 2D-WAXD patterns and corresponding 1D-WAXD profiles for f-PP membranes in
terms of strains at 90 °C: (a) M-PP-110, ¢ = 50%; (b) M-PP-110, &£ = 100%; (c) M-PP-110, ¢ =
300%; (d) M-PP-135, £ = 50%; (e) M-PP-135, ¢ = 100%; (f) M-PP-135, ¢ =300%; (g)
1D-WAXD profile of M-PP-110; (h) 1D-WAXD profile of M-PP-135, azimuthal intensity of
(3 0 0) reflection peaks during stretching at 90 °C: (i) M-PP-110 and (j) M-PP-135. The
stretching direction is horizontal.

Table 3 The relative amount of the f-crystal, K;, as a function of strains for PP-110 and

PP-135 at 7,=90 °C.

Strains PP-110 (%) PP-135 (%)
e=0 >99.0 >99.0
&=20% >99.0 >99.0
&=50% 80.1 97.5
&=100% 475 81.0
£=300% 59 15.0

Together with the porosity results listed in Table 2, it is very interesting to note

that stretching at 25 °C, in which B-smectic phase transformation was predominant,
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induced even a higher porosity than stretching at 90 °C, in which f—a phase
transformation was activated. Furthermore, a large number of microvoids had formed
at even low strain without substantial phase transformation of f—smectic or f—a. On
the other hand, although PP-110 underwent a more rapid f—a transformation
compared with PP-135 when stretched at 90 °C, it had a much lower porosity. These
results strongly suggest that the phase transformation could hardly be the primary
origin of pore formation in stretching f-iPP membrane. The phase transition and the
pore formation might be two independent processes under tensile loading. In order to
further understand the mechanism of pore formation in pS-iPP, the detailed
microscopic lamellar deformation processes during stretching will be discussed

below.

3.4. SEM examination of stretched f-iPP membranes
3.4.1 Stretching at 25°C

Fig. 6 shows the SEM micrographs of PP-110 and PP-135 at yielding point (& =
20%) when stretched at 25 °C. It is clear to see that a great number of deformation
bands, which were perpendicular to the tensile axis, had been originated, since the tie
chains are less abundant in amorphous of f-iPP than a-iPP and this lack of stress
transmitters create many weak interfaces between p-lamellaec and facilitates the
decoupling **** 733! The applied stress initially exerted on the amorphous region
between horizontal lamellae and resulted in the inter-lamellar slip, while the vertical
lamellae were capable of taking more loads due to their higher modulus and is prone
to deform at higher strain. Therefore, in the early stage of deformation, lamellar
separation mainly occurred in the area where the lamellae were perpendicular to the
loading direction, resulting in the formation of abundant slender deformation bands
between f-lamellaec (as marked with the letter A in Fig. 6a and b). Meanwhile,
sporadic intra-lamellar slip was also spotted in the areas where the lamellae were
parallel to the loading direction, leading to the formation of a few small crazes (as
presented with the letter B in both PP-110 and PP-135). It also should be noted that
owing to its thicker lamellae, PP-135 (shown in Fig. 6b) created larger cavities
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compared with PP-110 (shown in Fig. 6a). Nevertheless, for both films, there were
still some areas, which were composed of either greater spherulite (as marked with

letter C) or flat-on f-lamellae (as marked with letter D), were too rigid to be deformed

at yielding point.

Fig. 6. SEM micrographs of #-PP samples stretched to & = 20% at 25 °C, 10000 x: (a) PP-110

and (b) PP-135. The arrow indicates the loading direction.

As the strain increased to 50%, for both PP-110 and PP-135 samples, some
deformation bands coalesced and developed into greater cracks after the yielding
point (shown in Fig. 7). It is clear to see that numerous horizontal lamellae bundles
slipped and separated, leading to the formation of large cracks (as marked with the
letter A in Fig 7a and b). Meanwhile, the local stress concentration also induced
distortions or even the disintegration of vertical lamellae, resulting in the formation of
some small crazes as marked with the letter B. Furthermore, it is worth mentioning
that there were still some rigid areas, which were mainly composed of flat-on

lamellae (as marked with the letter C in Fig. 7b), could not be deformed®>37,
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Fig. 7. SEM micrographs of g-PP samples stretched to & = 50% at 25 °C, 10000 x: (a) PP-110

and (b) PP-135. The arrow indicates the loading direction.

Fig. 8 exhibits the morphologies of S-iPP samples with further deformation at
T,=25 °C. When stretched to &=100%, abundant deformation bands had been
generated, and the lamellae broke up into fragments continually and tilted towards the
loading direction, resulting in a substantial f—smectic transformation which has been
proved by the previous WAXD results. Furthermore, it is clear to see that PP-135
(shown in Fig. 8b) had larger deformation bands compared with PP-110 (shown in Fig.
8a). Nevertheless, these cavities distributed unevenly in both membranes.

As the strain increased to &=300% (shown in Fig. 8c and d), fully developed
crazes or cracks were observed, and some highly deformed lamellac were found
bridging the two sides of crazes. The lamellar structure had converted into a highly
oriented structure in the cold drawn membranes, which was consistent with the
previous WAXD results in Fig. 4c and f that a strong diffraction peak appeared along
the loading direction with a concomitant faint § (3 0 0) reflection. Furthermore, it is
interesting to see that for PP-110 (shown in Fig. 8c) at high strain, the microfibrils
were packed densely to decrease the porosity instead of forming new pores, which
further verifies the porosity trend in Table 2 that it declined gradually when €>200%.
On the other hand, PP-135 whose lamellae were thicker and more stable could resist
the lamellar deformation and volume contraction effectively, resulting in the maximal
porosity value at even higher strain (e=300%).
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Fig. 8. SEM micrographs of f-PP samples stretched to £ = 100% and & = 300% at 25 °C,

5000 x: (a) PP-110-=100%; (b) PP-135-e=100%; (c) PP-110-=300%; (d) PP-135-g=300%.

The arrow indicates the loading direction.

With the above considerations, it is concluded that the f-smectic transformation
takes place during stretching at 25 °C, and the micropores are directly induced at the
weak interfaces between pf-lamellaec and enlarge with further deformation.
Furthermore, the porosity is correlated to the lamellar thickness, namely the thicker
lamellae facilitate the formation of higher porosity during cold drawing. In addition,
the polydispersity of f-lamellae that have different angles to the tensile axis would
lead to different deformational modes during stretching and thus result in the poor
pore size distribution in stretching $-iPP membrane.

3.4.2 Stretching at 90 °C

Microscopic lamellar deformation process of -iPP when stretched at 90 °C, where
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the p-a transformation enters into action, is equally important to clarify the
mechanism of pores formation and has never been investigated in detail before. Fig. 9
discloses the morphologies of PP-110 and PP-135 around yielding point (¢=20%) at
90 °C under tensile loading, where no phase transformation was detected by WAXD
(as is shown in Fig. 5). It is clear to see that there were still large amount of
[f-lamellae existing in both films and a great variety of deformation bands had been
generated. However, these crazes distributed in all directions in the membranes,
which were quite different from those formed at 25 °C (shown in Fig. 9) that mainly
concentrated along the horizontal direction. This is likely due to the promotion of the
mobility of amorphous chains and lamellar movement when stretching at high
temperature, and thus the rotation of A-lamellae is activated'*'®?%*°. For both films,
substantial slender deformation bands were induced by the inter-lamellae slip between
horizontal lamellae (as marked with the letter A) and those at a tilt angle to the
loading direction (as marked with the letter D). Furthermore, sporadic tiny crazes
were also originated from the intra-lamellar slip of vertical lamellae (as marked with

the letter B). It is also worth mentioning that there were still some rigid areas in both

membranes (as marked with the letter C) that could not be deformed at yielding point.

Fig. 9. SEM micrographs of g-PP samples stretched to &£ = 20% at 90 °C, 10000 x: (a) PP-110

and (b) PP-135. The arrow indicates the loading direction.

When the strain increased to 50%, where the f-a transformation took place
progressively as proved by WAXD results in Fig. 5, the SEM micrographs of PP-110
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and PP-135 (shown in Fig. 10) differed considerably. It is very interesting to note that
only a few fS-lamellae were observed in the PP-110 membrane accompanied by some
shallow and small deformation bands (shown in Fig. 10a), indicating that large
amount of f-crystal had transformed into a-crystal. However, as for PP-135 (shown in
Fig. 10b), plenty of large deformation bands were created with substantial residual
p-lamellae, implying that only partial of S-crystal had transformed into a-crystal,
which was in accord with the previous WAXD results. Furthermore, the lamellae
perpendicular to the loading direction underwent the phase transformation in an
earlier stage of stretching, which would enlarge the pores (as marked with the letter A
in Fig. 10b), because the stretching stress exerted on was along the molecular chains
and allowed chain unfolding which facilitates f-a transformation. On the other hand,
sporadic small crazes were also spotted (as marked with the letter B in Fig. 10b) due
to the intra-lamellar slip of those parallel to the loading direction. These deformation
bands could not grow much wider or develop into deformation network, for these
f-lamellae have higher modulus and could not rotate towards the loading direction

until the adjacent lamellae are stretched heavily, thus resulting in the residue of

17,18, 31,49

substantial vertical f-lamellae which packed densely

Fig. 10. SEM micrographs of S-PP samples stretched to &£ =20% at 90 °C, 10000 x: (a)

PP-110 and (b) PP-135. The arrow indicates the loading direction.

Fig. 11 shows the morphologies of S-iPP films with further deformation at 90 °C.
For PP-110 when stretched to &=100% (shown in Fig. 11a), some shallow deformation
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bands were created along the loading direction without obvious S-lamellae, indicating
that substantial f-a transformation had taken place. Furthermore, as the strain
increased to 300%, only sporadic small crazes existed in PP-110 membranes. This
phenomenon was likely to be induced by the continuous deformation of unstable
f-lamellae and transformation into a-crystal, which would cause a serious volume
contraction and hinder the microvoid formation. That is why PP-110 sample became
translucent and had much lower porosity when stretched at 90 °C (as is shown in Fig.
3a and Table 2).

On the other hand, as for PP-135 when stretched to é=100% at 90 °C (shown in
Fig. 11c), it is clear to see that the substantial crazes or cracks were enlarged with
further deformation (as marked with the letter A). Moreover, a few tiny crazes (as
marked with the letter B in Fig. 11c¢) which originated by intra-lamellar slip of the
lamellae parallel to the tensile axis were also observed. In addition, there were still
some rigid areas in which residual thinning vertical lamellae existed, for these
lamellae could not move until the neighboring lamellar movement adds extra stress on
them, therefore, they would pack more densely and the phase transformation is prone
to occur at higher strain. On the other hand, as the stress exerted on is perpendicular
to the molecular chains of vertical lamellae, the chain unfolding involving S-a
transformation would lead to the formation of new a-crystals that pack together to
prevent the growth of crazes. As the strain increased to 300% (shown in Fig. 11d), it
is clear to see that the lamellar structure converted into an oriented fibril structure,
where fully developed crazes were formed. However, these cavities distributed
unevenly in the membranes: there were numerous highly oriented micorfibers and
some rigid areas, as marked with the letter C in Fig. 11d, which might be difficult to
be deformed during the transverse drawing. Since it is well established that the
defects formed during uniaxial stretching are the precursors of pores after transverse
stretching, these unevenly distributed deformation bands would result in the poor pore

size distribution in the biaxial stretching -iPP membrane.
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Fig. 11. SEM micrographs of f-PP samples stretched to £ = 100% and £ = 300% at 90 °C: (a)

PP-110-6=100%, 2000 x; (b) PP-110-e=300%, 2000 x; (¢) PP-135-t=100%, 5000 x; (d)

PP-135-e=300%, 2000 x. The arrow indicates the loading direction.

Based on the above considerations, the morphological differences between PP-110
and PP-135 during stretching at 90 °C mainly depend on the stability of S-crystals.
The p-lamellae formed at T, =110 °C are easier to deform and undergo a rapid S-a
transformation, resulting in a marked volume contraction which decreases the
porosity dramatically. On the other hand, the p-lamellae formed at 7, =135 °C are
more stable and could resist the crystal transformation efficiently, hence, the
stretching stress would concentrate on the pores’ boundaries and enlarge the pores

rather than that expected from the volume contraction 4% %!,
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3.5. Pores formation mechanism of stretching f-iPP and modification strategy

Together with the previous discussions, it is concluded that the phase
transformation of S-smectic (at 7,25 °C) and S-a (at 7,=90 °C) are not the primary
origin of pore formation in stretching f-iPP, instead, the micropores are directly
induced due to the abundant weak interfaces between pf-lamellae. As has been
examined by SEM in Fig. 2, the S-iPP samples we prepared were composed of
bundle-like lamellar blocks surrounded by substantial weak areas of amorphous phase,
which increase the tendency for f-iPP to cavitate during stretching relative to a-iPP
whose mobility of the amorphous phase is restricted by cross-hatched structures®® *"
*_ Therefore, it is reasonable to understand the strange phenomena that stretching at
25 °C, in which p-smectic phase transformation was predominant, induced a higher
porosity than stretching at 90 °C, in which f—a phase transformation was activated,
and a large number of microvoids had formed at very low strain without obvious
phase transformation. Furthermore, we postulate a detailed model, involving the
morphological evolutions and phase transformation processes during stretching at
different temperatures, to explain the mechanism of microvoids formation in
stretching f-iPP (shown in Fig. 12a).

In the case of stretching at 25 °C, where pB-smectic transformation are

. 8,21,22,30
predominant

, three primary deformation modes have been proposed in the
studies of Li**?® and Lezak®, namely (1) separation of lamellae, (2) inter-lamellar slip
and (3) intra-lamella slip. Separation of horizontal lamellae is a main mode in the
early stage of deformation. After yielding point, intra-lamellar slip is activated in the
areas where the lamellae are along the loading direction, resulting in the local
distortion and disintegration of vertical lamellae. Meanwhile, inter-lamellar slip is
likely to occur in the lamellae perpendicular to the loading direction. In this present
work, however, we found that the amorphous chains of S-iPP have comparable
modulus to the f-lamellae when stretching at low temperature, thus the rotation of
p-lamellae towards the loading direction is retarded, resulting in the existence of an
intact f (3 0 0) ring in 2D-WAXD results during the whole stages of deformation

(seen in Fig. 4). Furthermore, substantial crazes, which mainly distribute in the
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horizontal direction, have formed in the early stage of deformation. Inter-lamellar slip
of lamellae perpendicular to the loading direction would lead to the formation of great
crazes or cracks between lamellae, which could be enlarged or even combine with
continuous deformation. On the other hand, sporadic small crazes are also created by
intra-lamellar slip of lamellae whose c¢ axis tilting to the drawing direction. In this
case, the crazes cannot grow much wider or develop into deformation network, for the
lamellae at a tilt angle to the tensile axis, which could not move until the adjacent
lamellae are stretched heavily, are likely to undergo the f-smectic transformation at
larger strain and would pack more densely to form the compact regions with further
deformation. At high strain, these fragmented fS-lamellac would flow towards the
loading direction and consequently lead to the formation of c-axis oriented smectic
phase.

In the case of stretching at 90 °C, in which S-a transformation enters into action,
partial rotation of f-lamellae along the tensile axis is allowed due to the promotion of
the mobility of amorphous chains and lamellar movement'*'%2%*°_ At the early stage
of deformation, the horizontal lamellac and those at a tilt angle to the loading
direction separate and form slender crazes which could be enlarged or even collapsed
with excessive deformation. On the other hand, sporadic intra-lamellar slip which
leads to the formation of small crazes is also observed for vertical lamellae. As for the
lamellae with c axis perpendicular to the drawing directions, lamellar rotation may be
retarded because the stretching stresses exerted on are from the four directions and
counteract each other, consequently, these lamellae would become thinner and pack
more densely and the phase transformation is likely to be activated at higher strain. In
addition, the newly born a-crystal would pack together to form the rigid areas which
is difficult to be deformed during transverse stretching. Furthermore, the stability of
p-lamellae is critical to determine the porosity of f-iPP membranes: if the f-crystal is
not stable (such as PP-110), the f-lamellae would rapidly fragment and transform into
a phase, leading to a marked volume shrinkage and consequent decrease of porosity
and pore size. On the contrary, if the f-lamellae are stable enough (such as PP-135),
the phase transformation would undergo at a lower rate and the stretching stress
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would concentrate on the pores’ boundaries and enlarge the pores rather than that
expected from the volume contraction. As a conclusion, the bundle-like f-lamella
without fully developed spherulites, is an asymmetric three dimensional structure.
The lamellae at different angles to the tensile axis would result in different
deformational modes and lead to the formation of unevenly distributed crazes during
stretching, and consequently cause the poor pore size distribution in the final
membrane after transverse stretching.

Since we have established that the less stable f-lamellae would lead to the
marked volume shrinkage and thus deteriorate the porosity, we improved our
fabrication process by fixing the two other free sides of f-iPP films during stretching,
which could resist the shrinkage efficiently. Fig. 12b shows the photographs of
M-PP-110 after uniaxial stretching to é=100% and &=300% at 90 °C with constant
width, it is very interesting to see that these membranes were completely opaque,
indicating the formation of abundant microvoids during these processes. Furthermore,
the cross section and surface images of M-PP-110 and M-PP-135 after biaxial
stretching with constant width are also displayed in Fig. 12c-f. It is clear to see from
the cross section views that a large number of micropores had formed in these two
membranes (shown in Fig. 12¢ and d). The porosity of M-PP-110 (40.6%) and
M-PP-135 (49.8%) had improved dramatically. Moreover, the surface images (shown
in Fig. 12e and f) also exhibit that the porosity and pore size of both membranes
increased significantly compared with those stretched with free width (seen in Fig. 3e
and f). These results further support the pores formation mechanism of stretching
S-1PP we propose above. However, owing to the polydispersity of lamellae in f-iPP,
the pore size distribution were still poorer when compared with those produced
through “dry uniaxial stretch™ and “wet biaxial stretch”'® methods, resulting in the
limitation of its applications in high tech fields. Therefore, we suggest that fabrication
of anisotropic oriented f-iPP precursor films with all the lamellae growing along the

same direction, which we are still working on, would be a practical solution.
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(b) T=110TC,T,~90TCconstant width
' z=30[1l‘}-f¢

e=100%

Fig. 12. (a) Schematic diagram of pores formation mechanism of #-PP during stretching at
25°C and 90 °C; (b) Photographs of M-PP-110 after uniaxially stretched to &=100% and

&=300% with constant width at 90 °C; cross section images of biaxially stretched films with
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constant width: (¢) M-PP-110 and (d) M-PP-135, 10000 x; and surface images: (e¢) M-PP-110

and (f) M-PP-135, 5000 x.

4. Conclusions

In this article, two S-iPP films were prepared through crystallizing at 110 °C and
135°C. The DSC, WAXD and SEM results show that the two cast films, which were
composed of bundle-like lamellae, had almost the same crystallinity and high contents
of p-crystal. Then uniaxial and biaxial stretching was performed at different
temperatures. The 2D-WAXD results suggest that § phase transformed into smectic
phase at 25 °C, while p—a transformation entered into action when stretched at 90 °C.
Furthermore, the f-crystal formed at 110 °C was less stable and underwent the
B—smectic or f—a transformation more quickly than those formed at 135 °C. On the
other hand, the morphological evolutions of S-iPP during stretching were investigated
by SEM measurements in details. We found that the phase transformation of
[-smectic and f-a are not the primary origin of pore formation in stretching f-iPP,
instead, the micropores are directly created at the weak areas or interfaces between
f-lamellac and enlarge with further deformation. Moreover, the polydispersity of
lamellae in S-iPP is the root cause leading to the poor pore size distribution in
stretching fS-iPP membrane. In addition, we modified the fabrication condition by
stretching with constant width, which could hinder the volume contraction efficiently

and improve the porosity of f-iPP membranes significantly.
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