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ABSTRACT: The influence of magnesium sulfate (MgSO,) whiskers on the structure and properties of polypropylene cast films and
stretched microporous membranes was investigated. We found that for the cast films, MgSO, showed some nucleation effects, and
the introduction of MgSO, led to the decrease of the orientation degree along the machine direction (MD), whereas that along the
transverse direction (TD) was improved; this indicated that MgSO, whiskers were mainly arranged along the TD. The introduction
of MgSO, up to 10 wt % did not induce apparent changes in the pore structure and air permeability properties of the stretched
microporous membranes but improved the electrolyte absorption ability. The most pronounced change for the stretched microporous
membranes was the strength along the TD. It was increased by 110% when the MgSO, content was 2 wt %. During the fabrication
of microporous membranes, only stretching along the MD was carried out to initiate pore formation; this resulted in a lower strength
along the TD. This study gave us a method for improving the mechanical properties of stretched microporous membranes along the
TD. The obtained microporous membranes with better electrolyte absorption and higher mechanical strength along the TD could be

used in lithium-ion batteries as separators. © 2016 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 43884.
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INTRODUCTION

Functional microporous membranes have been widely used in
fields such as filtration,' separation,” and new energy’ and espe-
cially in the field of lithium-ion batteries as separators. Usually,
microporous separators can be fabricated on the basis of ther-
mally induced phase separation, polypropylene (PP) crystal
transformation, and melt-stretching mechanisms.*® Compared
with the former two methods, the melt-stretching method is
more environmentally friendly and shows better pore structure
control. This process mainly covers four stages”®: (1) the pro-
duction of the precursor film with a row-nucleated lamellar
morphology; (2) annealing to thicken the lamellae and obtain a
hard elastic film, which shows a higher elastic recovery; (3) the
stretching of the film at low temperature to create voids and
then stretching at a high temperature to enlarge the pores, and
(4) heat setting to improve the dimensional stability. During the
whole process, only stretching along the machine direction
(MD) is carried out; this results in a lower strength along the
transverse direction (TD) and some surface defects, such as
waves and bands. Bioriented stretching is carried out for the
membranes prepared on the basis of thermally induced phase
separation and the crystal transformation mechanism. Hence,
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compared with these membranes, the most important disad-
vantage of separators based on the melt-stretching method is its
lower strength along the TD.

To improve the mechanical properties along the TD for PP
microporous membranes prepared by the melt-stretching
method, in our previous study, the microporous membranes
were first prepared, and then, transverse stretching was carried
out. We found that the yield strength was improved by only
17% after stretching by 10%. Stretching of 35% led to pro-
nounced deterioration of the pore structure.” Therefore, it is
necessary to look for other methods to improve the strength
without the deterioration of the pore structure.

As one kind of filler with a one-dimensional structure, inor-
ganic whiskers are often added to polymers with the aim of
enhancing their mechanical properties.'®'* The tensile strength
of PP/whisker composites with a whisker content of 10 wt %
was found to be improved by 56%." In addition, magnesium
sulfate (MgSO,) whiskers can be used as fire retardants in poly-
mer and rubber systems, and they can also improve the thermal
stability.*'> In our previous work, we found that when silicone
dioxide was added to PP, microporous membranes with a larger
pore diameter, better air permeability, and higher tensile
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strength along the MD were obtained.'® Recently, some new
experiments have shown that the introduction of some MgSO,
did not show a pronounced influence on the air permeability
properties of PP microporous membranes. At the same time, it
led to an increase in their strength along the TD. In this study,
we investigated the influence of the MgSO, whisker content on
the crystalline structure of PP precursor films and the properties
of stretched microporous membranes. Also, we provide an easy
method for improving the TD strength of microporous mem-
branes fabricated on the basis of the melt-stretching
mechanism.

EXPERIMENTAL

Materials

A homo-PP resin with a melt flow rate value of 2.0 g/10 min
(230°C and 2.16 kg) from Yangzi Petrochemical Co. (China)
was used. The weight-average molecular weight and polydisper-
sity index were about 754 kg/mol and 6.29, respectively. The
melting peak point and the crystallinity obtained from differen-
tial scanning calorimetry (DSC; PerkinElmer DSC 7, Waltham,
MA) at a rate of 10°C/min, were 164.2°C and 39.0%, respec-
tively. The reported crystallinity results were obtained with a
heat of fusion of 209 J/g for a fully crystalline PP."”

MgSO, whiskers were supplied by Shanghai Muhong Industrial
Co., Ltd. (China). Figure 1 shows their microstructure. The
length-to-diameter ratio was around 20.

Preparation of Cast Films and Stretched Microporous
Membranes

First, the masterbatch with the MgSO, content of 10 wt % was
prepared with a twin-screw extruder by Brabender Co. (Ger-
many). Then, the masterbatch was blended with PP to prepare
the compound with different contents of MgSO, in an internal
mixer from Dongguan Lina Machine Co. (China). The precur-
sor cast films, which included different contents of MgSO, (0,
0.5, 1, 2, 5, and 10 wt %) were prepared by cast extrusion
through a T-slot die. During this process, the uniaxial (MD)
stretching was applied to the compound melt. The die tempera-
ture was set at 220 °C, and a draw ratio of 106 was applied. The
draw ratio was determined by the take-up speed because the
extruded velocity at the exit of the die was constant. The chill
roll temperature was set at 80 °C. The thickness of the precursor
films was controlled at around 20 pm.

Then, annealing was carried out in a hot oven at 145°C for 30
min. An Instron 3365 machine equipped with a heating cham-
ber was used for the room-temperature and hot stretching. The
annealed films were first stretched to 15% at room temperature
and then stretched to 100% at 130°C. A drawing speed of
50 mm/min was applied during room-temperature and hot
stretching. After stretching, the films were heat-set at 145 °C for
10 min to improve the dimensional stability.

Characterization

The orientation degree of the samples was characterized by Fou-
rier transform infrared (FTIR) spectroscopy. The spectra were
recorded on a Nicolet 6700 FTIR instrument from Thermo
Electron Corp. with a resolution of 4/cm. The beam was polar-
ized by means of a Spectra-Tech zinc selenide wire grid polar-
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Figure 1. Microstructure of the MgSO, whiskers.

izer from Thermo Electron Corp. The dichroic ratio (R) was
calculated by the ratio of the absorbance from beams polarized
parallel to the melt extrusion direction (A)) to the absorbance
from beams polarized perpendicular to the melt extrusion direc-
tion (A,). Then, the data were evaluated with the degree of
orientation:'®

_ 4 )
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R, is the dichroic ratio of the polymer chain axis was given by

Ry= 2 cot’¥ (3)

where W is the angle between the polymer chain axis and the
transition moment of the investigated absorption band. For PP,
the absorption at the wave number of 998 cm™'
to the crystalline phase (c axis), and the orientation of the crys-
talline phase (f.) was determined. The absorption at 972 cm™'
was due to the contribution of both crystalline and amorphous
phases, and the average orientation function (f,,) was obtained.
Then, the orientation of the amorphous phase (f,) was obtained
from the following relation:

Jov =Xefe + (1-X0)fa (4)
where X, is the crystallinity as determined with a DSC test.

was attributed

The melting and crystalline behaviors were observed with DSC
(PerkinElmer DSC-7, PerkinElmer, Inc.). The temperature was
raised from 80 to 230°C at a rate of 5°C/min under a nitrogen
atmosphere. X, was calculated as follows:

Xo= 2 o Ly 00w (5)
© AHY T Wt ’

where AH is the measured value of the fusion enthalpy, AH° is

the fusion enthalpy of perfectly crystalline PP (i.e., 209 J/g), and

Wr is the mass fraction of PP."”

The thermogravimetry (TG) curve was obtained with a thermal
gravity analyzer (SDT-2960, TA Instruments) from 80 to 580 °C
at a rate of 10°C/min under a nitrogen atmosphere.
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Figure 2. DSC curves of the PP/MgSO, cast films with MgSO, contents

of 0, 2, and 10 wt %. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

The elastic recovery of the cast films was tested with an Instron 3365
machine along the MD at a deformation rate of 50 mm/min. The
elastic recovery (%) was calculated with the following equation:

Elastic recovery (%)= (L—L")/(L—Ly) X 100% (6)

where Ly, L, and L' are the initial length of the film before
extension, the length when it is strained to 100%, and the
length at the end of extension, respectively.

The surface morphology was characterized by scanning electron
microscopy (SEM; S3400-N, Hitachi, Japan). All of the samples
were sputtered with a platinum ion beam for 300 s before
testing.

According to ASTM D 726, a Gurley densometer (model 4150,
Gurley Precision Instruments, New York) was used to character-
ize the air permeability of the microporous membranes. The
Gurley value was defined as the time required for 100 mL of air
to pass through a specific area under 20 kgf/cm®.'” The low
Gurley value corresponded to a high air permeability. According
to ASTM D 2873, the porosity was measured with liquid
absorption methods. Paraffin oil was used, and the porosity was
calculated on the basis of the weight difference before and after
immersion in the liquid.

The mechanical properties along the MD and TD were tested
with an Instron 3365 machine. During the tensile tests, a strain
rate of 50 mm/min was used.

To measure the electrolyte uptake, the stretched microporous
membrane was soaked in the liquid electrolyte for 12 h, and
then, the ratio of weight gain to the dry membrane was
calculated.

RESULTS AND DISCUSSION

Influence of the MgSO, Content on the Orientation and
Crystalline Properties of the Initial Cast Films

It is known that the crystalline structure in the initial cast films
determines the pore structure of stretched microporous mem-
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branes. To characterize the crystalline structural changes
induced by MgSO,, the orientation degree and crystalline prop-
erties were tested.

The effect of MgSO, on the PP crystallization was characterized
by a two-cycle DSC heating experiment. Figure 2 shows the
DSC curves of the PP/MgSO, cast films with MgSO, contents
of 0, 2, and 10 wt %_ The first heating cycle was used to remove
the effect of the internal stress and the molecular orientation on
the melting enthalpy calculation. During the cooling process,
the crystallization behavior was only affected by the cooling rate
and the contents of MgSO,. The effect of MgSO,4 on PP crystal-
lization is shown during the secondary heating cycle. The tem-
perature of the crystalline peak was moved to a higher
temperature by MgSO,, and for compound films, a weak new
melting peak appeared before the main melting peak during the
secondary heating scan; this indicated that MgSO, showed
some nucleation effects in the compound films. The crystallin-
ities of PP/MgSO, cast films with different contents of MgSO,
were calculated with eq. (5) and are listed in Table I. The crys-
tallinity of the compound films gradually increased with
increasing content of MgSO,. The results show that the MgSO,
whiskers acted as a nucleating agent.

Figure 3 shows the polarized FTIR spectra of the PP/MgSO,
cast films with MgSO, contents of 0, 2, and 10 wt % along the
MD and TD. The particular peak at 998 cm™ ' was related to
the crystalline phase, and the peak at 972 cm ™'
contributions of both the crystalline and amorphous phases.
The 0 and 90° indicate that the polarizer was parallel and verti-
cal, respectively, to the MD.'® On the basis of egs. (1-4), f, f,
and f,, were calculated.

was due to the

Figure 4 shows the orientation degree of the PP/MgSO, cast
films along the MD and TD with different contents of sMgSO,.
The introduction of MgSO, led to decreases in f, f,, and f,,
along the MD. f, decreased from 0.38 to 0.33 with increasing
MgSO, content from 0 to 2 wt %. Then, the degree did not
change much at higher MgSO, contents. However, it was sur-
prising that f,, along the TD was improved from 0.06 without
MgSO, to 0.39 when the MgSO, content was 2 wt %. The low
orientation degree along the TD for the pure PP cast film was
acceptable because the cast film was prepared by melt stretching
only along the MD. The improvement in the orientation degree
along the TD indicated that under the melt-stretching field, the
MgSO, whiskers in the compound cast film were mainly
arranged along the TD.

For the preparation of PP microporous membranes based on
the melt-stretching mechanism, it is well known that precursor
films with a row-nucleated crystalline structure must be pre-
pared first, and this kind of crystalline structure decides the

Table I. Crystallinities of PP/MgSO, Cast Films with Different Contents
of MgSO,

MgSQO, content (wt %)
0 0.5 1 2 5 10
401 420 456 46.7 452 443

Crystallinity (%)
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Figure 3. Polarized FTIR spectra of PP/MgSO, with MgSO, contents of 0, 2, and 10 wt % in the range 1200-750 cm ™' along the MD and TD. [Color
figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

pore formation and size in the finally stretched microporous
membranes.”** To obtain this kind of crystalline structure, the
elongational stress is applied to the melt during the cast process.
Here, the matching of the orientation and material crystalline
ability was very important. The nucleation effect of MgSO, may
have broken the matching of the orientation and crystalline rate
during the preparation of the initial cast films, and this resulted
in a deformed lamellae crystalline structure in the compound
films. The formation of the deformed lamellae resulted in a
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Figure 4. f, f,,, and f, along the MD and f. and f,, along the TD of the
PP/MgSO, cast films with different contents of MgSO,. [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.

com.]
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decrease in the orientation degree along the MD. However, it
was apparent that compared with the increase in the orientation
degree along the TD, the decrease in the orientation degree
along the MD was small.

The precursor films with a row-nucleated crystalline structure
showed a hard elastic behavior. Table II lists the elastic recovery
values of the compound films with different contents of
MgSO,. With increasing MgSO, content to 2 wt %, the elastic
recovery was about 85.6%; this was 1% less than that of the
pure PP film. When the MgSO, content was higher than 5 wt
%, the elastic recovery only decreased to 83.4% and still showed
a higher hard elastic behavior. It was apparent that the previous
decrease in the orientation degree along the MD did not show a
pronounced effect on the elastic recovery behavior.

Influence of the MgSO, Content on the Pore Structure and
Properties of the Stretched Microporous Membranes

Figure 5 shows the SEM morphology of PP/MgSO, micropo-
rous membranes with different contents of MgSO,. No apparent
interfacial pores between PP and MgSO, were found. In con-
trast, pores surrounded by bridges connecting the separated
lamellae were observed for all of the membranes. This indicated
that here the pores were mainly from the separation of the
lamellae structure during the first stretching at room
Table II. Elastic Recovery Values of PP/MgSO, Cast Films with Different

Contents of MgSO,

MgSO, content (%)

0 05 1 2 5 10

Elastic recovery (%) 86.6 86.4 86.4 856 834 834

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.43884
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Figure 5. SEM images of PP/MgSO, microporous membranes with different contents of MgSOy: (a) 0, (b) 0.5, (¢) 1, (d) 2, (e) 5, and (f) 10 wt %.

temperature and then during stretching at 130 °C. The introduc-
tion of MgSO, did not induce apparent changes in the pore for-
mation mechanism.

To prove the existence of MgSO, in the stretched microporous
membranes, we tested TG curves of the pure PP and PP/MgSO,
compound microporous membranes with an MgSO, content of
10 wt %, and these are shown in Figure 6. We observed that the
introduction of MgSO, improved the thermal stability. For pure
PP membrane, the mass percentage at a temperature of 500 °C
was about 0%, whereas the compound membrane showed a
mass percentage of about 10 wt %; this proved the existence of
MgSO, in the compound membrane.

Maﬁ‘%},& WWW.MATERIALSVIEWS.COM
1
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Table III lists the Gurley values and porosities of PP/MgSO,
microporous membranes with different contents of MgSO,.
Compared with that of the membrane without MgSO,, the
porosity of the compound membranes was decreased by 1.9%
to 4.1%, and the corresponding Gurley value was increased by
10-20 s. The whole change was not pronounced. The Gurley
value of the membrane with an MgSO, content of 10 wt % was
still acceptable for its application in the field of lithium-ion bat-
teries as a separator. It has been reported that the higher the
elastic recovery of initial film is, the lower the Gurley value is
and the better the air permeability is.'® The introduction of
MgSO, of 10 wt % only led to a decrease of elastic recovery

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.43884
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Figure 6. TG curves of the pure PP and PP/MgSO, microporous mem-
branes with MgSO, contents of 10 wt %. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]

from 86.6 to 83.5%; hence, the pore properties of the stretched
microporous membranes were not influenced pronouncedly.

Influence of the MgSO, Content on the Mechanical
Properties of the Stretched Microporous Membranes

Figure 7 presents the stress—strain curves of PP/MgSO, micro-
porous membranes with different contents of MgSO, along the
MD. It was surprising that with increasing MgSO, content, the
curve showed a lower yield strength and elastic modulus. The
elastic modulus (the curve of the slope before the yield point)
of the membrane without MgSO, was 638.1 MPa. The corre-
sponding value at an MgSO, content of 10 wt % decreased to
340.5 MPa. The yield strength and breaking strength are shown
in Table IV. With increasing MgSO, content to 10 wt %, the
yield strength and break strength decreased by 42.7 and 37.1%,
respectively.

Figure 8 shows the stress—strain curves along the TD of PP/
MgSO,4 microporous membranes with different contents of
MgSO,. It was also surprising to find that with increasing
MgSO, content to 2 wt %, the yield strength increased by 110%
from 7.8 to 16.4 MPa. A further increase in the MgSO, content
to 10 wt % led to a decrease in the yield strength. The most
important disadvantage of the PP microporous membranes
based on the melt-stretching mechanism was its lower strength
along the TD, which was due to the stretching only along the
MD during the fabrication. Here, the results show that the

Table III. Properties of PP/MgSO, Microporous Membranes with
Different Contents of MgSO,

MgSQO,4 content (wt %)

0 0.5 1 2 5 10
Gurley value 230 242 247 240 246 250
(s/200 mL)
Porosity (%) 521 499 488 502 489 480

Strain (%)
Figure 7. Stress—strain curves along the MD of PP/MgSO, microporous
membranes with different contents of MgSO,. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]

introduction of MgSO, afforded a method for improving the
mechanical properties along the TD for PP microporous
membranes.

To explain the change in the mechanical properties, the orienta-
tion degrees of stretched microporous membranes with MgSO,
contents of 0, 2, and 10 wt % along the MD and TD were
tested and are shown in Figure 9. Along the MD, the f,, values
were 0.26, 0.28 and 0.30, respectively. It was apparent that
MgSO, led to a small increase in the orientation degree along
the MD in the microporous membrane. During stretching, as
one kind of filler, MgSO, may have promoted the orientation
and induced the increase in the orientation degree. In our pre-
vious work,'® we also found that the introduction of 2 wt % sil-
icon dioxide led to an increase in the orientation degree of the
stretched PP microporous membranes from 0.28 to 0.34. In
addition, as shown in Figure 9, along the TD, the f,, value of
the pure PP membrane was only 0.08; this was far less than that
along the MD. However, the introduction of MgSO, led to a
pronounced increase in the orientation degree, and when the
MgSO, content was 2 wt %, the orientation degree increased to
0.30. This further proved that the whiskers were mainly

Table IV. Mechanical Properties of PP/MgSO, Microporous Membranes
with Different Contents of MgSO,

MgSQ,4 content (wt %)

0 05 1 2 5 10
Yield strength 433 323 261 256 250 248
along MD (MPa)
Break strength 1021 841 753 73.0 682 642
along MD (MPa)
Yield strength 7.8 123 145 164 101 4.7
along TD (MPa)

Break strength 6.7 126 134 159 97 45

along TD (MPa)
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Figure 8. Stress—strain curves along the TD of PP/MgSO, microporous

membranes with different contents of MgSO,. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]

arranged along the TD in the stretched microporous mem-
branes. This explained the increase in the yield strength along
the TD. When the MgSO, content was 10 wt %, the corre-
sponding yield strength decreased. This may have been due to
the existence of some agglomerates in the compound mem-
brane. The whiskers were arranged along the TD. During
stretching along the MD, the previous result shows that the
yield strength was decreased for the compound membranes.
This may have been due to the weak interface between MgSO,
and PP because, in this experiment, MgSO, was used without
surface treatment.

Influence of the MgSO, Content on the Electrolyte Uptake of
Stretched Microporous Membranes

For the pure PP microporous membranes, because of their
hydrophobicity, when they were used in lithium-ion batteries as
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Figure 9. Orientation degree of microporous membranes with different
contents of MgSO, along the MD and TD. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]
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Figure 10. Electrolyte uptake of PP/MgSO, microporous membranes with
MgSO, contents of 0, 1, 5, and 10 wt %.

separators, the most important disadvantages were their lower
electrolyte absorption and retention. Figure 10 shows the elec-
trolyte uptake values of PP/MgSO, microporous membranes
with MgSO, contents of 0, 1, 5, and 10 wt %. It was apparent
that the introduction of MgSO, induced the improvement of
the electrolyte uptake of PP microporous membranes.

CONCLUSIONS

The effects of MgSO, whiskers on the structure and properties
of PP microporous membranes prepared on the basis of the
melt-stretching mechanism were investigated. With increasing
MgSO, content to 10 wt %, the f, value of the initial precursor
film along the MD decreased from 0.38 to 0.32, whereas that
along the TD increased from 0.20 to 0.50. The porosity of the
stretched microporous membranes decreased by 4.1%, whereas
the Gurley value only increased by 20 s. The introduction of
MgSO, up to 10 wt % did not induce pronounced changes in
the pore structure and air permeability properties of the
stretched microporous membranes; at the same time, it induced
the improvement of the electrolyte uptake. It was surprising to
find that the strength along the MD was decreased by MgSO,,
whereas that along the TD was apparently increased by 110%
when the MgSO, content was 2 wt % because the MgSO,
whiskers were mainly arranged along the TD in the compound
membranes. This study indicated that a small content of
MgSO, could lead to an increase in the mechanical properties
along the TD for PP microporous membranes; at the same
time, it did not deteriorate the pore structure and air perme-
ability properties.
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