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Abstract

The three-stage (extrusion, annealing, stretching) method of producing
microporous membranes from linear polyethylene (HDPE) was investigated in this
dissertation. Two different HDPE resins with identical M, (14,600) values but different
distributions (M, / M;=10.3, 15.1) were utilized for this study. In the extrusion process,
the two HDPE resins were melt extruded into uniaxially oriented tubular films.
Systematical changes were made in the process variables -- these being the melt
temperature at the die exit, the quench height, the cooling rate, and the line speed. The
melt relaxation time behavior of the HDPE resins was studied by a Carreau-Yasuda
analysis. The orientation morphological features of the extruded films were examined by
TEM, HSEM, birefringence, WAXS, SAXS, and linear IR dichroism. The molecular
weight distribution of the raw resins as well as the specific processing variables of quench
height and melt temperature were found to be important in determining the final structure

of the HDPE extruded films.



Following the extrusion process, the effect of annealing on the structure and
properties of the HDPE extruded films was investigated. The HDPE extruded films were
annealed under different conditions. The annealing variables studied included the
temperature, the line speed (or annealing time), and the amount of extension applied
during annealing. The extruded films before and after annealing were characterized by
DSC, WAXS, SAXS, birefringence, and TEM. The results suggest that upon annealing,
perfection of the crystalline phase occurs by removal of the defects from the crystalline
phase.

In the last step, the precursors (either the extruded films or the extruded films after
being annealed) were uniaxially deformed along the extrusion direction. The variables of
cold stretch ratio, hot stretch ratio, and total stretch percent were varied to alter the
properties of the stretched microporous membranes. The pore structure, porosity, and
permeability of the stretched microporous films were analyzed by TEM, HSEM, AFM,
DSC, and Gurley number measurements. The importance of the orientation and
morphological properties of the precursors, the annealing effects of the HDPE extruded
films, and the stretching variables for influencing the microporosity behavior of the HDPE

microporous membranes is clearly made evident in this dissertation.
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CHAPTER 1

INTRODUCTION

The importance of polymeric materials in separation applications can be easily
revealed from the progress made in polymeric membrane technology for the past three
decades. For example, a broad range of filtration applications such as microfiltration,
ultrafiltration, reverse osmosis, electrodialysis, and gas separation has been well developed
from polymeric membranes. Since the properties of raw resins as well as the preparation
scheme of polymeric films determine the structure-property behavior of the final
micropbrous membranes and thus their applications, a complete understanding of the
mechanism of forming the membranes from a molecular point of view is greatly desirable.

In the 1960s, the method of producing microporous filters by stretching spun fibers
and uniaxially oriented extruded films was invented. The spun fibers and melt extruded
films have be named “hard elastic” materials due to the fact that their modulus of elasticity
is much greater than that of rubber polymers with similar recovery properties at strains
less than 50% extension. It has been reported that the “hard elastic” materials can be
prepared from highly crystalline polymers such as polypropylene, polyoxymethylene
copolymers, polyethylene, and nylon 66. A stacked lamellar or, in some cases, a fibril
nucleated morphology is formed when these polymers are melt-extruded and crystallized

under directional stress. A further thermal annealing treatment can cause structural



changes such as perfection of the crystalline structure in the oriented extruded films. As
the extruded films, after being annealed, are deformed uniaxially along the extrusion
direction, the stacked lamellae tend to separate to form microporous membranes. This
methodology has been adopted to produce Celgard® polypropylene microporous
membranes by the Hoechst Celanese Corporation for blood oxygenation and battery
separator applications.

From the above, it is clear that the procedures of making microporous membranes
by uniaxial stretching include three different stages: 1) extrusion, 2) annealing, and 3)
stretching. Although there are several patents describing this three-stage technique for
producing microporous membranes from hard elastic materials, a sequential study of the
three different stages for investigating the molecular mechanism behind the formation of
microporous films has not yet been reported in the scientific literature. It is also clear that
the mechanism of forming microporous films is a complicated matter. It involves the
initial development of a suitable morphological structure and proper range of orientation
in the extruded films. The structural modifications in the extruded films caused by a later
annealing will be further carried through the stretching process to produce microporous
membranes. While there have been some studies investigating how to make microporous
membranes using the hard elastic materials such as polypropylene, there has been little
work done on polyethylene. Besides, polyethylene has a rather simple crystallographic
structure in that its unit cell is orthorhombic in nature with the chain axis lying along the c-

axis. The knowledge concerning the structure-property behavior of polyethylene as well



as the techniques for characterizing different aspects of polyethylene have been well
developed for the past half century. This suggests that polyethylene is an excellent
candidate for investigating the three processing steps of making microporous membranes
as this dissertation will address.

The processing variables in each individual step of the three stages (extrusion,
annealing, and stretching) are clearly very important in determining the structure and
properties of the product produced. In addition to the processing variables, the
microporosity behavior of the final microporous membranes developed with processing
can also be affected by the properties (such as molecular weight and molecular weight
distribution) of the raw resins utilized. For understanding the importance of the molecular
parameters such as the molecular weight nature of raw resins, in this dissertation two
HDPE resins with identical number average molecular weight (14,600 g/mol) but different
molecular weight distributions (M,, / M,=10.3, 15.1) were processed by the three stages
-- extrusion, annealing, and stretching - to make microporous membranes. The objectives
of this dissertation are to understand fundamentally how the selected resin variables and
the various stages of material characteristics as well as the important process variables
affect the microporosity behavior of the final microporous membranes.

In order to help the readers to follow the results presented in this dissertation , the
literature review concerning the formation of microporous membranes as well as some
important information related to polyethylene is given in Chapter II. The analysis of the

melt extrusion process is presented in Chapter III. In Chapter III, the influence of the melt



relaxation behavior of the two HDPE resins as well as the extrusion processing variables
on the morphology/orientation properties of uniaxially oriented HDPE extruded tubular
films are addressed. Following the extrusion processing, the HDPE extruded films were
annealed by different annealing conditions. The effect of annealing variables on the
structural modifications of the extruded films and the molecular mechanism to account for
the annealing behavior observed are discussed in Chapter V. In the last step, the
precursors (either the HDPE extruded films or the HDPE extruded films after being
annealed) were uniaxially stretched along the extrusion direction using various stretching
conditions to make HDPE microporous membranes. The importance of the stretching
variables utilized as well as the material characteristics before stretching in determining the
microporosity behavior of the final HDPE microporous membranes is investigated and
described in Chapter VI. Finally the summary of this study and some recommendations
for future work are presented in Chapter V1. It is hoped that the results obtained in this
dissertation can be valuable for a better understanding on how to control the
microporosity behavior of the HDPE microporous membranes by the three-step process of

extrusion, annealing, and stretching.



CHAPTER 11

LITERATURE REVIEW

2.1 INTRODUCTION

Gas and liquid separations via membranes developed from polymeric materials
have become a very important technology for a variety of applications'™ such as
microfiltration, ultrafiltration, reverse osmosis, electrodialysis, and gas separation. The
advantages of using polymeric membranes over other materials are: 1) the wide range of
chemical structures from different polymers allows a broadening of the range of
applications, 2) the cost of producing polymeric membranes is generally much lower than
for most other materials such as ceramics, 3) the physical structure of polymeric
membranes can often be easily adjusted to fit specific separation needs. A summary of
technically relevant membrane separation processes, including their operating principles
and their main areas of application, is listed in Table 2.1. Although synthetic membranes
display a large variety in their physical structure and chemistry nature, they can be
generally classified into four basic categories: 1) microporous membranes, 2)
homogeneous films, 3) asymmetric structures, and 4) electrically charged barriers. Since
this study focuses on the formation of microporous polyethylene membranes, the

important techniques to produce microporous membranes will be briefly reviewed in the



following discussion.

Microporous membranes represent a very simple separation device as far as mass

transport properties and separation mode are concerned. They are composed of a

continuous matrix with defined holes or pores which have diameters ranging from more

Table 2.1. Technically relevant membrane separation processes, their operating

principles, and their application.*

Separation process = Membrane type Method of Range of
separation application
Microfiltration symmetric sieving mechanism sterile filtration
MmiCroporous due to pore radius  clarification

Ultrafiltration

Reverse osmosis

Dialysis

Electrodialysis

Gas separation

membrane 0.1 to 10
um pore radius

asymmetric
microporous
membrane 1 to 10
nm pore radius

asymmetric “skin
type” membrane

symmetrical
microporous
membrane 0.1 to 10
nm pore radius

cation- and anion-
exchange
membranes

homogeneous or

~porous polymer

and absorption

sieving mechanism
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than 5 nm to less than 50 um. Separation of certain specific components is simply
controlled by a sieving mechanism with the pore dimensions and the particle sizes being
the key factors.”® The important methods to produce microporous polymeric membranes
include phase inversion, etching, and stretching.

For the phase inversion process, a polymer is dissolved in an appropriate solvent
and cast as a 20 to 200 um thick film. The resulting film is then brought into contact with
a nonsolvent which replaces the solvent and causes precipitation and separation into a
solid polymer and a liquid solvent phase. The precipitated polymer forms a porous
structure containing a network of more or less uniform pores.*”* By varying the polymer,
the polymer concentration, the precipitation medium and the precipitation temperature,
microporous phase inversion membranes can be made in a very large variety of pore sizes,
with different chemical, thermal, and mechanical properties. This type of membrane is
used for different separation tasks including the clarification of turbid solutions, to the
removal of bacteria or enzymes, the detection of pathological components, and the

9-11

detoxification of blood in an artificial kidney. However, the procedure to remove

contaminants and solvent recovery for this type of membrane process is usually tedious

and expensive.

Microporous membranes can also be made by an extraction (etching) process
comprising the steps of mixing a polymer with a pore-forming agent such as a fine powder
of different polymers to obtain micro-phase separation system and subsequently extracting

12,13

the dispersed phase composed of pore-forming agent. The continuity requirement of



the resulting pore structure by extraction are decided by the morphology of the system and
therefore by the composition of the pore-forming agents. Recently, this method has also
been applied to copolymer systems such as a polystyrene-polymethylmethacrylate block
copolymers by Rein et al. ' Immersing the PS-b-PMMA films into a solvent for PMMA
which was a nonsolvent for PS, Rein et al. produced microporous films with a pore size
ranging from 20 nm to 50 nm in diameter. The pore size and its distribution of the
microporous membranes produced by this controlled solvent etching process were found
to strongly depend on the nature of the starting morphology in the film.

Another important etching technique to produce microporous membranes is called
track-etching.”> Microporous membranes made by this method usually have very uniform,
almost.perfectly round cylindrical pores. In the first processing step, a homogeneous 10
to 20 pum thick polymer film is exposed to collimated charged particles from a nuclear
reactor. As particles pass through the film, they leave sensitized tracks where chemical
bonds in the polymer backbone are broken. Following the track-formation step, the
irradiated film is placed in an etching bath with the damaged material along the tracks to
be preferentially etched forming uniform cylindrical pores. Since the radiation exposure
time affects the total number of sites damaged by the charged particles, the pore density of
a track-etched membrane is determined by the residence time in the irradiator. On the
other hand, since the final size of each damaged spot is decided by the etching process,
the pore diameter is controlled by the residence time in the etching bath. One important
commercial product made by this method is called a Nuclepore® track-etched membrane,
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in which the holes are about 0.2 pm in diameter.'

The third method - stretching, is the simplest method for preparing microporous
films. The sample preparation scheme before stretching is usually important for
determining the stretching procedures to be utilized. For example, Misutani et al.
developed biaxial stretching technique to produce microporous polypropylene sheets.'® In
their method, polypropylene resin is first well mixed with fillers and then followed by an
extrusion process to produce the composite polypropylene base sheet. The resulting
extruded sheet is successively stretched in the machine direction and the transverse
direction. To remove the fillers from polymer matrix completely after deformation, the
fillers should have poor wetting ability with polymer matrix. The pore size and porosity of
final microporous product are found to be controlled by adjusting the filler content,
particle size of filler, and stretch degree. In 1974, Williams et al. invented the solvent-
swelling stretching method to make microporous membranes.!” For the solvent-swelling
stretching technique, a polymeric film having at least two components is immersed in the
solvent and absorption of the solvent only occurs in the component of lesser volume
fraction. The film is first stretched at least in one direction while it is in contact with the
solvent and then maintained in its stretched state during removal of the solvent. Following
the primary stretching process, the film is further stretched optionally in one or more
directions. This method is limited due to the fact that the residual solvent trapped in the
microporous film has to be removed after being stretched.

Besides the above stretching methodologies, uniaxial stretching processes have



also been developed to produce microporous membranes. Especially the latter method is
invented without using fillers (or solvents) and therefore has the advantage of avoiding any
filler (or solvent) contamination. Since this is also the technique utilized in this study for
making microporous polyethylene membranes, it is important to review the origin of the
development for the uniaxial stretching process. In the 1960s, it was found that within a
certain range of processing conditions, spun fibers and uniaxially oriented extruded films
of certain specific semicrystalline polymers showed high short-term recovery from nearly a
100% extension.'® These fibers and extruded films were named “hard elastic” materials
due to the fact that their modulus of elasticity is much higher than that of classical elastic
or rubbery polymers with similar recovery properties at strains less then a 50%
extension.'” A unique morphology - either a fibril nucleated structure or stacked lamellae
is formed when these polymers are melt-extruded and crystallized under stress. The
resulting lamellae are usually well defined with the polymer chain axis well oriented along
the extrusion direction. Micropores can be produced in the melt-extruded films after
annealing and stretching in the extrusion direction.'® The resulting microporous
membranes are composed of unidirectional stacks of fibrillar domains separated by islands
of piled lamellae. The slit-like pores resulting from such fibrillar separation are relatively
uniform and can be produced with varying pore size of 0.1 to 20 pm. Figure 2.1 shows an

®

example of a microporous polymer film (Celgard™) made from hard elastic
polypropylene.20 In addition to polypropylene, these phenomena have been observed for
nylon 6-6,*' polypivalolactone,”* polyoxymethylene,? poly(4-methyl-1-pentene),”* and
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polytetrafluoroethylene. ”

Figure 2.1. SEM micrograph of polypropylene microporous membrane. The thickness of
the lamellae in the unextended parts is about 180-200 A.%°

Although the information concerning the mechanism of forming microporous
membranes by stretching is very limited in the literature, progressive knowledge of the
microstructure of microporous materials has put them in service in many medical and

6-3 .
2631 Several processing steps are

industrial applications as unique microporous filters.
necessary to produce microporous membranes using the uniaxial stretching method. The

procedures can be generally separated into three different stages:® 1) extrusion, 2)
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annealing, and 3) stretching. These procedures of making microporous membranes have
been described in several patents®2>*° but have almost never been studied in the scientific
literature - particularly as a complete step-by-step analysis of the processing-property
response. A fibril nucleated morphology or stacked lamellae is generated in the extruded
films by the extrusion process.*> Upon further annealing, the crystalline structure in the
extruded films will be improved by increasing the size of the crystallites and removing
imperfections therein.”® In the last stage, when the annealed extruded films are subjected
to tensile deformation, the lamellae tend to separate or “peel apart”, forming voids which
often contain uniaxially drawn interconnecting fibrils.'"® Clearly the mechanism of forming
microporous membranes is a complicated topic. As it has been stated before, while there
have been some studies investigating how to make microporous membrane using the hard
elastic materials such as polypropylene, there has been little work done on polyethylene.
Since the crystalline structure of polyethylene is much simpler than any other polymer
systems, polyethylene is employed in this dissertation to study the mechanism of forming

microporous membranes.

2.2 THE FOLDED CHAIN LAMELLA

The crystalline unit cell structure of polyethylene is well established. It was first
identified by Bunn.*’ By comparing the x-ray diffraction patterns from n-paraffins and

from a branched polyethylene, Bunn concluded that polyethylene has the unit cell structure
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