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Preface

Polypropylene (PP) is one of the most important commodity plastics that was

first synthesized by J. Paul Hogan and Robert L. Banks in 1951. After almost seven
decades of innovation in science and engineering, PP-based materials have found
tremendous applications in automobiles, industrial moldings, consumer packaging,
and medical devices. The objective of this book is to provide an overview of the
progress in PP from the perspectives of synthesis, structure—property relationship,
processing, PP composites, and applications.

In the chapter Versatile Propylene-Based Polyolefins with Tunable Molecular
Structure through Tailor-Made Catalysts and Polymerization Process, Dr. Xiong
Wang reviews the chemical structure, catalytic systems, and various polymerization
processes to synthesize PP.

In the chapter Thermal Conductivity of Polypropylene-Based Materials,

Dr. Antonella Patti addresses the growing demand in thermal conductive plastics
by providing an overview of the thermal conductivity of PP and methods to
enhance the thermal conductivity of PP-based composites.

In the chapter Polypropylene Blends and Composite: Processing-Morphology-
Performance Relationship of Injected Pieces, Dr. Alejandra Costantino summarizes
the progress and fire retardancy mechanism of PP composite-based nano-fire
retardants.

In the chapter Tensile Properties in f-Modified Isotactic Polypropylene, Dr. Koh-Hei
Nitta prepares spherulitic isotactic PPs by adding f-nucleators and investigates the
effects the f-phase modification on the mechanical properties.

In the last chapter, Effect of Processing and Orientation on Structural and
Mechanical Properties of Polypropylene Products, Dr. Luca Fambri illustrates the
mechanical and structural properties of oriented i-PP homopolymers by using
various characterization methods.

Dr. Weiyu Wang
South China University of Technology,
Guangzhou, China

Dr. Yiming Zeng
H.B. Fuller Company,
United States






Chapter 1

Introductory Chapter:
Polypropylene - Synthesis and
Functionalization

Weiyu Wang

1. Introduction

First discovered by J. Paul Hogan and Robert L. Banks in 1951, polypropylene
(PP) is polymerized from propylene out of crude oil and is the most widely used
commodity thermoplastic by volume [1]. Over the past 70 years, significant pro-
gress has been achieved to manufacture and commercialize PP (Figure 1) [2, 3].
The most recent milestone in the field of polypropylene is from PureCycle Tech-
nology, where the waste carpet has been successfully purified into clear, odorless
ultrapure recycled polypropylene (UPRP) resin [4]. Through not fully commercial-
ized yet, the innovation opens up a new venue of recycling processed PP into raw
materials as a resin.

As one of the cheapest plastics with great processability, chemical resistance,
and moisture barriers, PP with different tacticity found various downstream appli-
cations in textile, automotive, cosmetics, and consumer packaging. In 2016, 26% of
polymer demand in the world by volume was from PP (Figure 2) [5].

2. Synthesis and functionalization

Well-defined polymers with narrow polydispersity and controlled molecular
weight are essential to delineate the structure-property relationship of polymeric
materials [6]. Using N,N-diethyl hafnium derivative as active transition metal
propagation center and ZnEt, as metal alkyl chain transfer agent, Sita first demon-
strated the living coordinative chain transfer polymerization of propene to produce
amorphous atactic polypropylene (a-PP) with narrow polydispersity and various
molecular weights from 12.6 kDa to 111 kDa [7]. Compared with a-PP, isotactic
polypropylene (iPP) is more practical for applications in packaging and automotive
parts. Coates designed a pyridylamidohafnium catalyst that produced PP with high
iso-selectivity (91%) and living polymerization behavior (Figure 3) [8]. The study
also confirmed a ligand-monomer interaction as the mechanism of stereo-control.
The progress of using coordinative chain transfer polymerization has been thor-
oughly reviewed elsewhere [9, 10].

Block copolymers have contributed significantly to thermoplastic elastomers,
soft lithography, and drug delivery [11]. Block copolymers containing polypropyl-
ene can serve as a compatibilizer to improve the interface interaction between
polyolefin and other polar materials. Chen demonstrated an early example of
polypropylene-block-poly (methyl methacrylate) (PP-b-PMMA) diblock copolymer
using Group IV metal catalyst [12]. By taking advantage of the solubility, the
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2019 # PureCycle Technobogies successfully purified waste carpet into dlear, odorless Ultra-
Pure Recycled Polyprogylene (UPRP) resin™

1997 # Montell (now LyondellBasell) commercializes PP using 5™ generation ZN catalysts
1995 # ExxonMaobil and others commercialized PP using single-site catalysts

1986 # Union Carbide (now Dow) cormmercialized Unipol® gas phase process for PP

1980 ¢ Sumitomo Chemical commercialized bulk polymerization process for PP

1976 # Kaminsky, Sinn and coworkers discovered high activity metallocene using MAD cocatalyst
1975 # 3 Generation catalysts commercialized by Montecatini, Shell and other companies

1957 # Commercial production of PP in Italy, Germany and USA

1954 # Nata synthesized stereoregular PP using Ziegler-Nata catalyst
1951 # Hogan and Banks discovered “solid” PP using chromiurm catalyst

Figure 1.
Key milestones of the commercialization of polypropylene. Adapted from Ref. [1-4].

Distribution of Polymer Demand worldwide in 2016
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Figure 2.
Distribution of polymer demand worldwide in 2016 by volume. Adapted from Ref. [5].

r c'iélﬁfi:aﬁéﬂg" fe rg‘:’r?}c; isoselective
“ nd angle - igand-
" R * monomer living character
RI=RZ o’ N xja'nraracﬁon
fow £ '~
L= 2T, ﬂ
N—Hf o~
initiatis % g iso-PP
fast initiation H (2 atm) e
fhydrogen = 25,
Q transfer £=12
disfavored isotacticity (m*) = 91%

Figure 3.
Living and iso-selective propylene polymerization (reprinted with permission from Ref. [8]. Copyright 2017
American Chemical Society).

resulting polymer could be purified into narrow distributed copolymers with
hexane-heptane fractionation. Dong et al. used a brominated isotactic PP with
styrene termination as a macroinitiator to copolymerize styrene or methyl
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Figure 4.
Synthesis of three-arm PP star polymer by click chemistry (reprinted with permission from Ref. [14]. Copyright
2010 American Chemical Society).
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Synthesis of PP comb polymers (reprinted with permission from Ref. [20]. Copyright 2012 American Chemical
Society).

methacrylate and studied the blending behavior between the resulting copolymers
with PS/PP or PMMA/PP blend [13]. The same group prepared azide end-
functionalized PP and prepared PP three-arm star polymer (Figure 4) [14] and PP-
b-polycaprolactone (PP-b-PCL) block copolymers [15]. By terminating the coordi-
nation polymerization of iPP with (p-vinylphenyl)chlorosilane, iPP star polymers
with 3-8 different numbers of arms were prepared in an H,O/toluene emulsion
system [16].

Using stereoselective insertion polymerization catalyst, Coates synthesized a
group of block copolymers containing iPP as the rigid block and regioirregular
polypropylene (rPP) as the elastic block. The mechanical characterization of the
iPP-rPP-iPP-rPP-iPP pentablock copolymer indicated a strain at break of 2400%
and a maximum true tensile stress of 250 MPa [17]. In collaboration with Bates and
LaPointe, the group synthesized a polyethylene-b-iPP-b-polyethylene-b-iPP
tetrablock copolymer and evaluated the blending behavior of the tetrablock copol-
ymer with PE/iPP. By “welding” polyethylene (PE) and iPP, together with the
tetrablock copolymer, previously impossible due to the immiscibility, the blend was
transformed from a brittle glass into a tough plastic, paving a possibility to recycle
the world’s two most-produced polymer materials [18].

Long-chain branching in polymers has shown interesting rheological behaviors
[19]. Using norbornene-terminated syndiotactic PP as a macromonomer, Coates
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synthesized a group of well-defined s-PP bottlebrush polymers with a molecular
weight from 46 kDa to 172 kDa using Grubbs’ metathesis catalyst (Figure 5) [20]. A
decrease in both melting and crystallization temperature was observed and attrib-
uted to the constraints on the rigid backbone. Further research by Bates and
Hillmyer revealed a scaling transition that depends on the length of the backbone
[21]. Hazer evaluated the surface property and mechanical property of a group of
graft copolymer containing polypropylene as the backbone and polyethylene glycol
(PEG) as the side chain [22]. With 15% of PEG, the graft copolymer demonstrated
ultimate stress of 22 MPa and elongation at break of 670%. Bielawski developed a
direct C=H azidation method to introduce azide functionalities into commercially
available PP [23] and prepared PP-g-PEG using click chemistry. Tasdelen used a
similar approach and synthesized PP-g-PCL copolymers [24].

“Reactive” polyolefin approach, adding functional monomer units into the
polyolefin chain, has emerged as a powerful tool to chemically functionalize poly-
olefins [25]. Pan copolymerized p-(3-butenyl)styrene and propylene with
(pyridylamido) Hf/[Ph3C] [B(CgFs) 4] /AI'Bus catalytic system, which selectively
copolymerize a-olefin over styrene [26]. The pendant styrenic vinyl groups in the
resulting polymer were quantitatively converted into carboxylic acid groups with
thiol-ene addition. The same group further extended this methodology to prepare
amino-containing iPP, which exhibited high thermal stability and melting temper-
ature [27]. Chung synthesized a group of hydroxyl-functionalized PP using silane-
protected 10-undecen-1-ol as a comonomer and converted the hydroxyl pendant
group into butylated hydroxytoluene (BHT) derivatives (Figure 6) [28]. The
resulting BHT-functionalized PP demonstrated improved thermal stability and
higher dielectric constant. With two methylene group spacers between BHT and
ester linkage, the materials displayed superior thermal stability at 190°C compared
with general and capacitor grade PP [29].

Polypropylene is one of the most important plastics in our daily life. However,
the materials itself also caused a significant amount of plastic pollution. As much
exciting progress has been achieved recently to introduce functionalities and
improve both mechanical and thermal stabilities, the research community should
also emphasize on developing approaches to recycle PP and PE from the processed
product.

CHs ([.'II_; "H;
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¥ (i) HC —{CHz-CHYACH; ([‘II-)}— Dmisala}'st —{CHy-CHIACH; ﬁ Hy-
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Figure 6.

Synthesis of BHT-functionalized PP (veprinted with permission from Ref. [28]. Copyright 2015 American
Chemical Society).
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Chapter2

Versatile Propylene-Based
Polyolefins with Tunable
Molecular Structure through
Tailor-Made Catalysts and
Polymerization Process

Xiong Wang, Xiaoyu Han and Renwei Xu

Abstract

Since the discovery of Ziegler-Natta catalysts for olefin polymerization in the
1950s, the production of polyolefins with a variety of properties has continuously
grown with rapid development of catalyst technology combined with polymeriza-
tion process innovation. For propylene-based polyolefin, various polyolefins with
distinctive characteristic of mechanical and optical properties were made with
specific catalysts in commercial industries owned especially by those large world-
wide companies. In this chapter, Ziegler-Natta catalysts, metallocene catalysts, and
post-metallocene catalysts for PP polymerization are discussed in detail. Gas phase,
bulk, slurry, and solution polymerization processes, such as Spheripol (Basell),
Hypol (Mitsui Chemicals), Unipol (Dow Chemical), Innovene (INEOS), Novelen
(BASF), Spherizone (Basell), and Borstar (Borealis), developed by the industrial
tycoons were reviewed. The molecular architecture of the PP-based polyolefins
could be tailored precisely using specific high-performance catalyst in an appropri-
ate polymerization process, and different types of PPs, including homopolypropyl-
ene (HPP), random copolypropylene (RPP), impact PP, PP-based block copolymer,
functionalized PP, etc., are produced. The relationship between molecular structure
and performance of the PP-based polyolefins is also discussed thereof.

Keywords: polymerization process, propylene-based polyolefin, polypropylene,
Z-N catalyst, metallocene, post-metallocene

1. Introduction

The consumption of polyolefins has been remaining growing with continuous
catalyst technology innovation since the discovery of Ziegler-Natta catalysts in
the 1950s [1, 2]. Numerous technologies are adopted to improve the performance
of regular homopolypropylene (HPP), such as toughness, tensile strength, and
transparency, and a series of PP-based polyolefins including isotacticity polypropyl-
ene (iPP), random copolypropylene (RPP), impact PP, PP-based block copolymer,
functionalized PP, etc. are successfully commercialized by tailor-made catalysts
and polymerization process [3-8]. Now these PP-based polyolefins are used in a

9 IntechOpen
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wide range of industries such as packaging, electrical and electronics, construction,
automobile, medical, equipment, and facilities industries [9, 10].

According to the statistics from IHS Chemical (2018), the total production of
polypropylene worldwide was about 56 million tons in 2016, and by 2022, about
75 million tons is predicted. The biggest increases have been taking place in Asia in
recent years due to their dramatic expansion of economic share with a huge supply
of cheap raw materials from Gulf Coast countries. China now possesses the largest
market share in PP production of above 22 million tons.

Along with this massive production was the successful development of the cata-
lyst technology and the polymerization process innovation [11]. The Z-N catalysts
were at first immobilized in a carrier such as TiCl; [9]. The two most significant
improvements were the evolutionary use of MgCl, as a reactive catalyst support,
which can dramatically improve the catalyst performance with excellent shape
control, and the discovery of electron donors (internal electron donors and external
electron donors) in the catalyst system, which can improve the catalyst activity and
control the stereoregularity, and led to the dramatic growth of iPP production.

Different from the multisite Z-N catalysts, single site metallocenes have not
brought much attention to the polyolefin industry until the discovery of methylalu-
minoxane (MAO) by Sinn and Kaminsky due to the dramatic increase of polymer-
ization activity as a cocatalyst. Typically, single-site metallocene catalysts make it
possible to fine-tune the microstructure of the produced polymer chain by ligand
design in the catalyst complexes, with excellent a-olefin incorporation ability. In
1990s, two successful samples of commercialization of metallocene catalysts were
realized by ExxonMobil and Dow. In 1991, ExxonMobil was the first company to
put metallocene catalysts into commercial use with the new Exxpol® Technology.
Then in 1992, Dow launched the constrained geometry catalysts (CGC) with
linked half-titanocenes containing amide ligands, which are still called metallocene
catalysts for convenience, to produce metallocene-based polyolefins with INSITE™
technology [12].

Compared to the Exxpol® Technology developed by ExxonMobil, which is based
on heterogeneous catalysts and gas-phase process, the INSITE® technology from
Dow is based on the constrained geometry catalyst (CGC) in a solution process.
The homogeneous catalyst system has the ability to control polymer microstructure
with flexibility and simplicity from the homogeneous phase system. And also the
relationship between the catalyst structure and the physical properties is easy to be
characterized and modeled.

Polyolefin production from metallocene-based catalysts and a solution process
were rapidly adopted for many applications; however, some drawbacks such as poor
compression set and poor scratch resistance limited their applications. In 2004, a
new post-metallocene catalyst with the pyridyl amine system was commercialized
in the solution process by Dow to produce a family of propylene/ethylene copoly-
mers called VERSIFY™ Plastomers and Elastomers [13, 14]. This pyridyl amine-
based catalyst was developed through high throughput screening technology, and
was suitable for production of propylene-based copolymers with high molecular
weight over a wide range of chemical composition distributions.

In 2006, Dow announced olefin block copolymers which were produced by chain
shuttling polymerization technology in a solution process. As shown in Figure 1, this
technology employs two catalysts and a chain shuttling agent, and the two catalysts
have totally different incorporation ability of a-olefin, thus producing different
chain block-soft and hard PE segments-by chain shuttling agent (diethyl zinc), and
the produced chains are composed of at least two alternating soft and hard segments
[15]. The chain shuttling polymerization is illustrated in Figure 3. By combin-
ing the pyridyl-amine catalyst and CGC catalyst and alkylaluminum as the chain
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shuttling agent, the chain shuttling catalyst technology was also used to produce
propylene-based stereoblock copolymer with a high molecular weight, at least some
of which differ in irregular branching content, especially regio-irregular 2,1- and/or
3,1-monomer insertions [17], (Figure 2). Thus, the block copolymers obtain desir-
able properties due to the presence of alternating “soft” and “hard” blocks in the
same polymer chain [11].
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Figure 1.
Schematic illustration of chain shuttling polymerization [3].
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Figure 2.
Regio-irregular 2,1- and/or 3,1-monomer insertions [11].
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Furthermore, numerous methods such as using polymerizable chain shuttling
agents and reactive comonomers were adopted to prepare functionalized PP poly-
mer [18] in order to improve PP’s interactive performance and broaden its applica-
tions to high value-added products, in which compatibility and adhesion with other
materials are needed. Other propylene-based polymers, such as ethylene propylene
diene monomer (EPDM) rubber, can also be produced by catalyst design of Z-N
catalysts or post-metallocene catalysts [19].

Combined with the PP catalyst technology, a series of PP polymerization
processes have been developed and commercialized successfully. And the polym-
erization processes are highly dependent on the PP catalyst system. Typically, ina
gas phase, slurry processes, such as Spheripol (Basell), Hypol (Mitsui Chemicals),
Unipol (Dow Chemical), Innovene (INEOS), Novelen (BASF), Spherizone (Basell),
and Borstar (Borealis), are required to meet the requirements for industrial
equipment, such as shape control of products, avoiding reactor fouling with low
investment and operating costs and without environmental impact, etc., and
heterogenization of Z-N or metallocene catalysts. Isotacticity polypropylene (iPP),
random copolypropylene (RPP), impact PP can be produced in these processes,
while in contrast, molecular catalysts such as CGC and post-metallocene catalysts
are directly used in a solution polymerization process.

2. General structure and properties

PP is a semi-crystalline thermoplastic resin with a linear chain structure consist-
ing of C and H elements. Similar to PE, PP has great chemical resistance toward
solvents, acid, and alkali. The alignment of methyl groups attached on the chain
backbone, however, may greatly influence the polymer’ properties in several ways,
including the introduction of a steric group and different stereostructures as shown
in Figure 3. There are three main different stereoisomers of PP, isotactic PP (iPP),
syndiotactic PP (sPP), and atactic PP (aPP) [16]. For iPP, all methyl groups are
arranged on the same side of the polymer backbone, in sPP the methyl groups are
located on alternating sides, while in aPP, the methyl groups are scattered randomly
along the polymer chain. Compared to PE, iPP has higher melting point and modu-
lus due to their stiffening chain and the helical crystal structure. In addition, chain
scission rather than cross-linking happens in thermal and high-energy treatment
due to the tertiary C atom.

Stereoregularity of the methyl group branch separates crystallizable subspecies
from amorphous subspecies; the melting point and modulus strength of sPP is
lower than iPP, and among them, aPP has the lowest melting point.

Similarly, copolymerization of propylene and a-olefin with various composi-
tions can vary the crystallizing ability of the polymer chain. There are two general
types of polypropylene copolymers: random copolymers and block copolymers. The
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Three types of stereoisomers of general PP chain: (a) isotactic, (b) syndiotactic, and (c) atactic [16].
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comonomer used is typically ethylene, and in the random copolymers, the ethylene
content is usually less than 7% [20]. Randomly polymerized ethylene monomer
added to polypropylene homopolymer decreases the polymer crystallinity and
makes the polymer more transparent. The impact copolymers of propylene-ethylene
are virtually a blend of block EP rubber, HPP, and random copolymer, based on

the granule reactor technology, so the impact copolymers can obtain great impact
strength due to EP rubber phase spread in the PP matrix. A third comonomer

can also be used as in ethylene-propylene rubber or EPDM increasing its low
temperature impact strength.

3. PP catalyst development and catalyst-defined polymer design
3.1Z-N catalysts

The massive production of PP is predominated by the use of MgCl,-supported
Z-N catalyst systems. These systems consist of a supported catalyst composition,
formed by reaction of a transition metal halide (usually TiCl;) and an internal
electron donor (ID), generally a Lewis base as a support (typically MgCl,), an
alkylaluminum cocatalyst (e.g., triethylaluminum), and an external donor (ED),
generally another Lewis base (e.g., alkoxysilanes). These catalyst compositions are
independently added in the process of polymerization. A timeline overview on the
historical progress in the commercial research and development of Z-N catalyst
systems is presented in Table 1.

The first major improvement in the Z-N catalysts, which is based on research
by Montedison (now LyondellBasell) in Italy and Mitsui in Japan, occurred in
1968 with the discovery of the milled MgCl, support for ethylene polymeriza-
tion. This technology was extended to the PP industry in 1970s by extra addition
of internal and external electron donors to ameliorate the isotacticity of PP
without inhibiting catalyst activity, which led to the third-generation of PP
catalysts with high yield (15-30 kg PP/g cat), eliminating the need for catalyst
residue removal (Ti < 5 ppm), but the atactic component was still inconve-
niently too high.

The second breakthrough came out with “the reactor granule technology”
(RGT) in the 4th generation catalysts in the 1980s. This heterogeneous catalysis was
based on active MgCl, and allowed for a real process simplification, eliminating the
process for ash content and atactic removal and avoiding the occurrence of a large
amount of fine powder. The particle morphology of the prepared catalyst could
be replicated in the final polymer as the particles grow during the polymerization,
which was called “replication phenomenon.” The catalyst can have a granular or
spherical form with a higher and longer activity (20-60 kg.PP/g.cat); also, it has
high stereoregularity with isotactic index typically above 95%, tunable molecular
weight distribution, and so on [21].

Several routes have been employed for the preparation of granular or spherical
catalysts with controllable particle size and morphology. One feasible strategy is
implemented by controlled preparation of a new support material, the adducts of
MgCl; and an alcohol, which is subsequently titanated and reacted with an internal
donor to obtain supported catalyst. The archetypal example of controlled precipita-
tion was disclosed in the work of Kashiwa and coworkers at Mitsui [22]. MgCl, is
contacted with 2-ethylhexanol in alkane solvent, forming a homogeneous solution.
The formed solution then is reacted with phthalic anhydride and TiCl,. The mixture
is subsequently contacted with diisobutyl phthalate (DIBP) as an internal donor
to form precipitated solid particles with heating. Then the particles are treated
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with TiCl, again to obtain the final catalyst. Another successful example using this
precipitation method is the N series of catalysts (BRICI, Sinopec). According to this
method, anhydrous MgCl, is reacted with tributyl phosphate and epichlorohydrin
in toluene to form a uniform solution. The solution is subsequently treated with
phthalic anhydride and TiCls. The resultant solid particles have regular spherical
form; then the solid catalyst is contacted with DIBP and TiCl, to obtain the final
catalyst [23].

The spherical MgClenEtOH support is also a commercially successful example
by Basell/Avant ZN range, Sinopec/BRICI DQ catalyst [24], and Brorealis [25].
Spray-drying or controlled precipitation and emulsion process can be adopted to
produce the spherical MgCl,enEtOH support. As exemplified in Avant ZN range,
molten emulsions of the MgClLenEtOH (n = 2-3) adduct in paraffin oil are cooled
rapidly to obtain spherical particles with a narrow particle size distribution.
Similarly, the spherical support of MgClLenEtOH (n % 3) is used in the DQ cata-
lyst [26-28]. Instead of contacting a solid support with catalyst components, the
emulsion-based catalyst of Borealis is based on a liquid/liquid phase system, and the
catalyst components are contained in a liquid phase.

Furthermore, Mg(OEt), has been successfully used as a starting material in
SHAC and Toho Titanium THC catalyst system [29-35]. Mg(OEt), support plays
a significant role in the development of the super high activity catalyst (SHAC)
system, with ethylbenzoate as the internal electron donor in the early stage. The
internal electron donor ethylbenzoate can be replaced easily by other donors; for
example, benzoate is used in commercial SHAC 310 catalyst and phthalate in SHAC
320 catalyst. As a starting material, Mg(OEt), also could be converted to a carboxyl-
ate by contacting with CO,, to form a soluble Mg medium. The soluble carboxylate
Mg can be reacted directly with TiCl,, which shapes the basis of the Amoco CD
catalyst [36-38]. After reacting with a Grignard solution such as nBuMgCl, the
Mg(OEt), could be converted to a Mg(OR)CI support with controlled morphology.
A catalyst based on this Mg(OEt) Cl support has also been mentioned by SABIC
[39, 40] and Basell/Akzo Nobel [40, 41].

The 4th RGT catalysts have also promoted the revolutionary development
of PP-based production processes, such as Hypol, Unipol, Spheripol, Novelen,
Spherizone, Catalloy, etc., and made it possible to generate multiphase alloys and
blends directly in reactors, producing high-performance materials not available
from conventional technologies. First, the catalyst is the only active center, propyl-
ene polymerization takes place in the catalyst, as the polymerization goes on, the
catalyst grows into a polymer particle with active site within it, so both the catalyst
and the polymer particle can act as reactor during the polymerization.

For Z-N catalysts, the internal and external electron donors are very critical in
tuning the chain structure, MWD of the polymer, and hydrogen response; their
effect is mainly determined by the binding energy and mobility on the MgCl,
surface, controlling the stereoregularity of the PP chain. As mentioned above, inter-
nal electron donors are added during catalyst preparation while external electron
donors are used in the process of polymerization. For a given system, changing the
internal donor/Ti ratio and/or Al/external electron donor might lead to a dramatic
difference in the polymer structure.

The search for further catalyst improvements brought to light various novel
internal donors which were not readily extracted from the support by the alkyl-
aluminum cocatalyst. The diether compounds used as an internal donor in the 5th
generation Z-N catalyst systems, in particular 2,2-disubstituted-1,3-dimethoxypro-
panes with an O-O distance in the range of 2.8-3.2A, which are not extracted easily
due to the relatively strong interaction with the catalyst surface, when contacting
the AlEt; cocatalyst, show high stereospecificity even without using an external
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donor [42-47]. The diether compounds exhibit particularly high polymerization
activity, typically giving yields exceeding 100 kg PP/g cat, good high hydrogen
sensitivity, and relatively narrow MWD. Aliphatic dicarboxylic ester-based internal
donor and, in particular, succinates and polyol esters have been employed by Basell
[48, 49] and BRICI/Sinopec. Different from the 4th generation phthalate-based
catalysts, the succinate internal donors developed by Basell produce PP with much
broader MWD 10-15 using an alkoxysilane as an external donor. In addition, the
succinate-based catalysts also generate ethylene-propylene copolymers with lower
glass transition temperature, which enables the production of heterophasic copo-
lymers having great balance of stiffness and toughness. Similarly, the polyol ester
family developed by BRICI/Sinopec as an internal donor has a similar polymeriza-
tion performance to succinate-based systems. However, unlike the succinates, this
catalyst system yields high stereoselectivity even without alkoxysilane external
donors [50]. In addition to this, mixed donors are also employed in many cases, for
example, the mixture donor system of succinate and diether [51] or succinate and
dimethoxytoluene [52].

In recent decades, numerous researches focus on finding more potent electron
donors for the 6th generation Z-N PP catalysts. Despite the fact that the phthalate-
based catalysts produce PP with far lower phthalate content below the 0.3 wt%
(3000 mg/kg) concentration limit in the REACH Regulation (EC) 1907/2006,

a totally phthalate-free solution is highly motivated and becomes a competitive
advantage. As shown in Figure 4, there are several types of nonphthalate electron
donors that are commercially used or proposed [53]. The new nonphthalate solution
(Consista donors) of Dow (Now Grace), as a exemplified example 1,2-phenylene
dibenzoate donors (Figure 5) [54-57], undoubtedly takes the vanguard in the
developments of nonphthalate replacement. It is worth noting that a more com-
plicated catalyst preparation process may be required in contact with the internal
donors and TiCly. In order to improve the final polymer particle morphology and
catalyst performance, the process of use of ethylbenzoate or 2-methoxy ethylben-
zoate as buffering to the procatalyst and TiCl, may be needed before adding the
phenylene dibenzoate [58].

Typically, alkoxysilane compounds are used as the external donors and added
in the polymerization process. The stereospecificity of the Z-N catalysts could be
controllable by changing the substituents of the alkoxysilanes containing relatively
bulky groups [53]. The correlations between the structure of the silanes’ external
donor and their polymerization performance have been discussed in detail by
Harkénen and Seppala [59-65]. Silanes containing hydrocarbon substituents
and oxygen atom with the appropriate size and electron density are expected
to obtain PP with high isotacticity index. An industrial silane external donor
typically contains at least one secondary or tertiary carbon linked to the silicon
atom. It is reported that this bulky group could protect the silane against removal
from the catalyst surface when contacting with aluminum alkyl [66]. By far,
cyclohexyl(methyl)dimethoxysilane (donor C) and dicyclopentyldimethoxysilane
(donor D) have been most commonly used [66]. Some commercial external donors
are listed in Figure 6. When compared to donor D of the polymerization perfor-
mance, donor C gives high hydrogen sensitivity and the latter gives particularly high
stereospecificity [67] and broader MWD [68].

The Mw and MWD of a PP are critical to the end-use application of the PP
product. For fiber spinning applications, relatively low MW and narrow MWD
are favored. In contrast, high melt-strength is required for extrusion of pipes
and thick sheets; therefore, broad MWD and relatively high MW are needed.

For heat-resistant PP, generally with high isotactic stereoregularity, broadening
MWD is beneficial for balance between high rigidity and toughness. And choosing
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Recent disclosure of internal donors [53].

Figures.
1,2-Phenylene dibenzoate donovs from Dow.

17



Polypropylene - Polymerization and Chavacterization of Mechanical and Thermal Properties

E1O._ . OFt
[

Et0” "OEt

"TEOS”

I _ OMe \( _ OMe \N . OEt
"Si] "SI’ ~ i
MeO’ ‘OMe  MeO’ ‘OMe E10” OEt
"NPTMS” "IBTMO” ur

A D AL L O

Me MeO~ \ Me MeO

"c" D" “DIP or P” "1BIP" "DIB"
OO0 f\ i
i’ si; o
MeO OMe MeO OMe Me MeO~
“IBMDMS” "BPIQ” "BMDS” “E”
Figure 6.

Typical industrial external donors in use.

alkoxysilane external donor in the polymerization process is a convenient
approach to control stereoregularity, MWD, and the H, response and ethylene
incorporation. However, it is often the fact that a single external donor is difficult
to yield desirable control over multiple properties of the final polymer. To over-
come this problem, multiple external donors could be taken into consideration

to tune polymer properties by mixed external donors or separate addition in
different reactors. Take for example that Exxon have exploited combination of
tetraethoxysilane (TEOS) and donor D in a two-stage polymerization process
[69]. TEOS alone was utilized at the first stage, producing high melting index
polymer; then, donor D was added at the second stage, forming resin with high
isotacticity and low melt flow rate, similar to those produced by D donor alone.
However, the combination of multiple donors and a two-stage process obtained

a final polymer with high isotacticity, high melting index, and broader MWD. In
addition, the mixed donor D and TEOS systems showed higher incorporation of
ethylene and high hydrogen sensitivity in continuous copolymerization of propyl-
ene with ethylene [70]. Another case in point of combination of multiple external
donors was revealed in the “self-extinguishing” catalysts concept of Dow’s
SHAC™ catalyst system in the Unipol process [71]. In the process of polymeriza-
tion, a mixed external donor consisting of alkyl benzoates and alkoxysilanes is
used; the catalyst systems are very active at the normal operating conditions but
dramatically lose their activity at higher temperatures, and therefore prevent
reactor-fouling. Further development in the “self-extinguishing” catalysts is also
mentioned by combinations of NPTMS with aliphatic esters such as di-n-butyl
sebacate or isopropyl myristate [72].
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3.2 Metallocene catalysts

Since the discovery of MAO by Sinn and Kaminsky, single site catalysts, and
metallocenes particularly, have presented significant and meaningful innovation
in olefin polymerization catalysis. For commercialization of metallocene catalysts,
these metallocene systems have to be compatible with the advanced process tech-
nologies, which are referred to as “drop-in catalysts.”

From a commercial perspective, iPP seems a reasonable starting point, and
metallocenes suitable for iPP production generally are based on supported-zircono-
cenes. So far, over 900 applications since 1984 have been patented on the iPP-based
metallocenes by Hoechst, Exxon, Fina, Mitsui, BASF, and so on. The typical chemi-
cal structure of the employed zirconocenes is illustrated in Figure 7.

The single-site metallocenes allow microstructure tailoring in the molecular
level of the produced PP with narrow molecular weight distribution (Mw/

Mn = 2). The chance to control the polymer molecular structure by metallocene
complex design helped to shape a better knowledge of the basic structure-per-
formance relations in PP. As illustrated in Figure 8, different molecular chains of
PP with various stereoregularity can be produced by design of the metallocene
catalyst structure [73-76], such as isotactic polypropylene (iPP) [77, 78], hemi-
isotactic polypropylene (hiPP) [79], syndiotactic polypropylene (sPP) [80], and
stereoblock polypropylene [81-83]. The correlation between the microstructure
of PP and the symmetry of the metallocene complexes has been established via
Ewen’s stereocontrol rules [84]. These tailor-made metallocene catalysts indi-
cated the 2nd breakthrough in olefin polymerization followed by the discovery
of MAO.

Along with the development of the tailor-made metallocenes, the homogeneous
stereospecific catalysis has allowed the industrial preparation of atactic poly-
propylene elastomers with high molecular weight and longer iPP blocks. Several
metallocene complexes have been employed for producing PP-based elastomer
by designing the architectures of the metallocene catalyst. A “molecular switch”
approach was reported by Waymouth and Coates, the unbridged metallocene cata-
lyst can be changed into a dual-site catalyst by intramolecular oscillation to generate
stereoblock PP without extra metallocene [85-89]. A schematic illustration is shown
in Figure 9, and these complexes were thought to oscillate stereocontrol between
their rac-like (isospecific) and meso-like (nonstereospecific) configurations during
polymerization, thus producing stereoblock PP containing alternating isotactic and
atactic blocks. This intriguing idea was further developed by other groups to dis-
cover other metallocenes having similar behavior of oscillating stereocontrol, such

Figure 7.
Hoechst (left) and BASF metallocenes [9].
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Molecular switching between the two site configurations during polymerization of the unbridged metallocene
catalyst.

as bis(2-aryl-indenyl) zirconocenes and hafnocenes with diverse aryl substitutions
[90-92]. Moreover, the types of solvents and counterions can unfavorably limit
ligand rotation; therefore, PP with complex microstructures might be produced.
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By combining different stereospecific metallocenes, thermoplastic PP elasto-
mers could also be prepared. In 1996, Chien employed a mixture of two different
metallocenes, which consists of isospecific Cy,-symmetric metallocenes such as
rac-ethylenebis(1-indenyl) zirconium dichloride or rac-dimethyl silylbis(1-indenyl)
zirconium dichloride and nonstereospecific C,-symmetric metallocene such as
ethylenebis(9-fluorenyl)zirconium dichloride, to produce PP-based elastomers by
propylene homogeneous polymerization [93-95]. The combined dual-site metallocene
catalysts generate a reactor blend comprising isotactic PP, atactic PP, and stereoblock
PP containing alternating isotactic and atactic blocks. In the produced blends, the
stereoblock PP contains immiscible isotactic and atactic PP blocks due to the chain
transfer between stereospecific and nonstereospecific sites. Different from the early
multisite catalysts for generating PP-based elastomer, this dual-site catalyst system,
which combines two single-site metallocene catalysts, allows flexible tailoring of
the elastomer properties by simply changing the molar ratio of added C,/C,, metal-
locenes. Surprisingly, Fink successfully synthesized iPP-b-sPP stereoblock PP using
silica-supported MAO/dual-site metallocene catalysts that combined isospecific rac-
Me;Si[Ind],ZrCl, with syndiospecific iPr (FluCp) ZrCl,. In another example of produc-
ing iPP-b-sPP stereoblock PP, Rytter and coworkers used AlMe; together with the MAO
as an activator to the homogeneous dual-site catalyst system consisting of isospecific
rac-Me;Si(4-t-Bu-2-MeCp),ZrCl, and syndiospecific Ph,C(FluCp)ZrCl, [96].

Many novel polymers can be produced by post-modification reactivity of
metallocene-generated polymers. For example, vinyl-terminated PE could be incor-
porated onto a polypropylene backbone by a metallocene catalyst [97]. However,
due to poisoning effects, polar groups should be avoided in the process of olefin
copolymerizations, but protecting routes such as polar grafted PP can be employed
in their incorporation [98]. Furthermore, 1,4-divinylbenzene comonomer is often
used in propylene polymerization to generate styryl-capped chains that can be
further functionalized at the chain ends [99]. Chain ends by chain transferring to
alkyl aluminum can also be functionalized by a variety of reactions [100].

3.3 Post-metallocene catalyst

Like the single-site metallocene, the post-metallocene catalysts also possess
the ability to tune the structure and properties of the prepared PP with precision,
through tailoring the substitution patterns of the ligand [101-103]. Syndiotactic
polypropylene (sPP) was produced by a phenoxy-imine ligand system discovered
by scientists at Mitsui and simultaneously at Cornell University in New York.
Subsequently, a series of researches and development focusing on post-metallo-
cenes resulted in highly isotactic PP with high activity (Figure 10) [104-106].

In 2004, based on the Symyx Technologies (Symyx) using high throughput
technology by Dow, VERSIFY™ Plastomers and Elastomers which are based on
propylene/ethylene copolymers were developed with a pyridyl amine catalyst system
(Figure 13, the 2nd complex). The produced VERSIFY™ Plastomers and Elastomers
possess narrow molecular weight distribution, a broad chemical composition
distribution compared with polymers from other single-site catalysts, and unique
regio defects, which are very critical to their properties. These novel materials are the
first PP-based polyolefins made in Dow’s solution process, and they have excellent
optical properties with high clarity and great processing performance compared to
their ethylene-based counterparts. Although high temperature performance, elastic
recovery, and anti-scratching and mar resistance performance are inadequate in
many applications in high value fields due to their high ethylene-propylene rubber
phase, they have been expanded to many new applications as new materials owing to
their brilliant toughness, the optical properties, and filler compatibility.
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Post-metallocenes for isotactic PP

Figure 11.
Polypropylene with different steveoisomers: isotactic polypropylene with isolated stereodefects (a), isotactic

stereoblock polypropylene (b), gradient (c), and steveoblock polypropylenes (d), which contain havd isotactic
and flexible atactic segments [3].
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Inspired by the chain shuttling technology, Dow then using the pyridyl amine
catalyst system combined with alkylaluminum as chain shuttling agent provided an
alternative way to make stereo-block polypropylene with narrow MWD and high
molecular weight [108-110]. As illustrated in Figure 11, single-site racemic catalysts
are used to prepare stereoblock PP, and the catalyst system actually is a dual-site
catalyst containing a 50/50 mixture of the two enantiopure sites, yielding isotactic
stereoblock PP. In the solution polymerization, polar solvents such as 1,2-difluo-
robenzene are preferred, in order to improve alkylaluminum-mediated polymeryl
shuttling between the two sites, giving rise to alternating isotactic blocks with
either (R) or (S) configuration [111, 112]. There are also other combined pyridyl
amine catalysts with CGC or metallocene catalysts employed in the chain shuttling
polymerization, to produce stereo-block polypropylene [3].

Ketimide and amidinate complexes can also be used for ethylene propylene diene
monomer (EPDM) in a high temperature solution polymerization process, and the
highest activities in ethylene polymerization were achieved with bis(tert-butyl)keti-
mide (N=C-t-Bu,)-ligated titanium complexes [19]. This type of ketimide catalysts is
licensed from Nova Chemicals by DSM Elastomers for the production of a new EPDM
rubber product, with the trademark of Keltan ACE (referred to as “advanced catalysis
elastomers”). The catalyst structure was further modified to amidinate complex 9
with the general structure [(CsRs) Ti—{N=C(Ar)NR’,}X;] (X = Me or Cl) [113-116].

4. PP polymerization process

The production of PP and PP-based polymers in commercial scale is highly related
to catalyst and process technology. Typically the processes could be divided into four
categories: gas-phase, bulk, slurry, and solution polymerization technologies.

For homopolymer and random copolymers, bulk, slurry, and gas-phase processes
can be employed. By connecting an additional gas-phase reactor to the polymeriza-
tion equipment, in which the EPR is generated by ethylene-propylene copolymer-
ization, impact PP can be produced. For the production of a polypropylene-based
elastomer and most of the commercial EPDM rubbers, a solution process is required
with a homogeneous catalyst system. In a slurry, bulk, or a gas-phase reactor, the
polymer is generated around the heterogeneous catalyst particles. The slurry process
and bulk process typically employ autoclaves or loop reactors. Gas-phase reactors
generally adopt the form of fluidized-bed or stirred-bed. In fluidized-bed reactors,

a gaseous stream of nitrogen and monomer is responsible for fluidizing the polymer
particles and transferring the reaction heat, while in a stirred-bed reactor, mechani-
cal stirring is employed to distribute the polymer particles and transfer heat. Ina
specific gas-phase stirred-bed reactor, horizontal or vertical layout can be taken.
Different reactor configurations are illustrated in Figure 12.

The polymerization can be conducted in a single reactor or multiple reactors.
Single reactors are typically employed to produce uniform composition, while
multiple reactors in series can be adopted for PP with more complex microstructure
and composition distribution expanding the properties of homopolymers and
copolymers. Impact PP copolymers are typical examples produced in multiple
reactors. The target product can be achieved in the two different steps diversify-
ing the polymer microstructures. Isotactic polypropylene particles are formed in
the first reactor by propylene homopolymerization, while a stream of mixture of
propylene/ethylene is fed to the second reactor to make propylene-ethylene rubber
phase copolymers, which is dispersed within the same catalyst and homopolymer
particles. A schematic illustration of impact PP production is shown in Figure 13.
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The improved impact strength attributes to the heterophasic ethylene-propylene
copolymer scattered in the crystalline iPP matrix formed in the first reactor.

In the past decades, the process configuration has evolved, driven not only by
economics, but mainly by product performance. Multiple reactors allow for flexible
operation during polymerization to make various polymers that can be considered a
blend of multiple components (reactor blends). Along with the improvement of the
catalyst technology, the major worldwide companies have developed their own PP
process using multiple-stage technology or combining bulk and gas-phase polym-
erization: Spheripol (Basell), Hypol (Mitsui Chemicals), Unipol (Dow Chemical),
Innovene (INEOS), Novelen (BASF), Spherizone (Basell), and Borstar (Borealis).

4.1 Spheripol process

A typical Spheripol II process, which is one of the most employed process
owned by Basell, consists of two liquid loop reactors and a gas phase reactor for

(a)

)
) m
© (e)

Figure 12.
Reactor configurations for olefin polymerization: (a) autoclave; (b) loop; (c) fluidized-bed; (d) vertical gas-
phase; and (e) horizontal gas-phase [107].
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Figure 13.
Process of production of impact PP [107].
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producing more than 100 types of PP brands including homopolymer and random
and impact copolymers with supported catalysts. The two loop reactors are typi-
cally operated under standard conditions of 70°C and 4 MPa with liquid propene
circulating round the two loop reactors. An axial flow agitator is used to maintain
good flowability, ensure good heat transfer, and keep substantial polymer particles
from agglomerating from the slurry in each loop [35]. Typically, the PP concentra-
tion content was kept around 40 wt%.

HY/HS catalysts, together with triethylaluminum, and an external donor such
as a dialkyldimethoxysilane are continuously fed into the reactor to produce PP
with a specific stereoregularity. Morphology control of the HY/HS catalyst par-
ticles is very critical in the initial polymerization stage (the first several seconds to
minutes). For this reason, a prepolymerization stage in which the catalyst particles
react at lower temperature and monomer concentration is employed to prevent
catalyst particles from generating fine powders due to rapid polymerization. The
catalyst particles grow slowly in this prepolymerization stage and produce only
small amounts of polymer (< 100 g/g) in the catalyst granules before this catalyst
is fed into the loop reactor. Mean residence time of the polymer particlesin a
single loop is about 1-2 h. Multiple loop reactors can be operated in a tandem way
to narrow residence time distributions, tune the polymer structure and properties,
and increase productivity.

The isotactic PP particles are produced in the two loop reactors bypassing the
copolymerization unit. Due to the high isotactic stereoregularity, generally, the
HPP obtains high rigidity and tensile strength with high melting point. By adding
propylene and ethylene and hydrogen in the two loop reactors, random copolypro-
pylene (RPP) can be prepared; generally, the ethylene content in the RPP is below
4 wt% to avoid reactor fouling. The stereoregularity of a RPP, thus, is impaired via
the insertion of the ethylene molecule; therefore, the melting point and crystalline
temperature decreased, and the soluble fraction in the temperature-rising elution
fraction (TREF) also increased correspondingly. However, the optical properties
of the RPP could be improved dramatically with very low gloss, especially when
a transparent nucleating agent is added. In the 3rd gas-phase reactor, either a
vertical reactor with an agitator or a fluidized-bed reactor, mixture of propylene
and ethylene, is fed to generate an ethylene-propylene rubber phase which is
dispersed within the isotactic polypropylene particles already formed from the
loop reactors; thus, impact polypropylene can be prepared. The EP rubber consists
of polyethylene and polypropylene blocks {—(CH,—CH,),—[CH,—C(CH3)],—}, and
in an industrial production, the ethylene content of the whole impact PP could be
up to 15%, or the rubber phase content could be up to 30%.

4.2 Hypol process

Mitsui Petrochemical has developed a similar process using bulk polymerization
with their specific supported catalysts. In a Hypol I PP process (Figure 14), two
conventional reactors in series are employed, with reaction heat removed by evapo-
ration of cool liquid propylene in the reactors. The slurry containing PP particles is
then fed into a heated flash vessel, in which the propylene is recovered for recycling
use. One or two gas-phase reactors with stirring might be added in tandem with the
two bulk polymerization reactors to produce impact polypropylene. The reactors in
the 2nd Hypol process of Mitsui Chemicals are replaced with two loop reactors and
gas-phase fluidized-bed. Similar with Spheripol process, Hypol processes are design
with innovative HY/HS supported catalysts to be able to produce HPP, RPP and
impact copolymers.
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Figure 14.
Hypol I PP process technology.

4.3 Unipol process

Unipol polypropylene process technology, which has its roots in gas-phase
polyethylene process of Union Carbide Corporation (UCC), is built around two
vertical fluidized bed reactor systems. Dow’s Unipol PP process is one of the most
advanced processes used worldwide, which allows simplified process scheme and
high cost-effective investment with less factory field and equipment. The process is
stable and predictable. In the upper section of the vertical gas-phase reactor, there
is an expandable pressure vessel, where it operates at 3.5 MPa and 65°C. The heat
removal can be improved by charging liquid propylene and propane, and the operat-
ing conditions satisfy the dew point of the monomer; therefore, it achieved high
energy efficiency. The fluidized-bed reactors have extensive back mixing and a short
residence time of less than 1.5 h, which is beneficial to shorten transition product.

With Shell High Activity Catalyst (SHAC) of Dow (Now Grace) for the UNIPOL
process, HPP, RPP, and impact PP could be produced using this Unipol technology.
Especially, this process is suitable to develop and produce high-performance RPP
and impact PP. The ethylene content of a RPP can be up to 7-8%, and be above 20%
for an impact PP, and thus, the rubber phase could be above 40% in an industrial
production. Impact copolymer is produced in the second reactor in Figure 15,
where ethylene, hydrogen, and recycled propylene are fed to produce polymer par-
ticles containing isotactic PP and active catalysts generated from the first reactor.
Then, the reactor polymer product (bottom) is sent to a gas/solid separator where
the separated gas is recycled back to the top of the copolymer reactor. The final solid
product is discharged from the separator to the purge tower.

4.4 Spherizone process

The concept of multizone circulating reactor (MZCR) was proposed by Basell
two decades ago, and the Spherizone process employing the revolutionary reactor
aims at improving product properties and broadening the range of products, despite
the success of the Spheripol process. The Spherizone process, using Basell's HY
and RGT catalysts, involves continuous circulating of the growing reactor granule
between two interrelated zones operating under peculiar fluid-dynamic pattern,
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Unipol gas-phase fluidized-bed process.

and produces polymer particles with excellent morphology and tunable composi-
tion in the reactor. The versatility of the Spherizone process is demonstrated by the
various high-quality products that include HPP, RPP, and some special products.
Due to the unique design and operation, the MZCR process is capable of provid-
ing polymers with various components within the same catalyst granule in a short
residence time, making them mix at a molecular scale.

In the so-called riser (Figure 16), the polymer particles and monomers flow
upwards in a fast fluidization state. In the top, the rising gas is separated from
the solid particles, which then enters and goes downward in the so-called down-
comer. The circulation of the polymer particles is handled by the pressure balance
between the two zones. In the multizone circulating reactor, HPP and RPP can
be produced. Optionally, the multizone circulating reactor can then be con-
nected with another gas-phase fluidized bed reactor, where ethylene-propylene
copolymerization can take place to generate high impact PP. In this reactor, the
EP rubber phase is generated within the HPP matrix discharged from the first
reaction stage.

4.5 Novelen process

BASF’s Novelen PP process is based on two gas-phase reactor vessels equipped
with vertical helical agitators, which can provide excellent agitation for catalyst
particle dispersion and heat transfer, for making HPP, RPP, and impact copoly-
mers of ethylene-propylene using their specific high activity and stereospecific
catalysts. The catalysts need to be well-dispersed in the polymer particle tank to
avoid agglomeration of the granule particles, and this process is operated under
conditions of 70-80°C and 3-4 MPa to keep the monomer gaseous in the reactors.
Reaction heat can be effectively removed from the evaporation of liquid propylene,
so the temperature is controlled stably.

The primary reactor can only be used to produce HPP and random copolymers
of ethylene-propylene. For impact copolymers, the EP rubber phase is produced in
the 2nd vessels, by feeding propylene and ethylene into this reactor.
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Figure 16.
Multizone circulating reactor [118].

4.6 Innovene process (BP Amoco)

Instead of the vertical agitator of the BASF process, the INEOS’s PP process
uses one or two horizontally stirred reactors. Uncondensed monomers and
hydrogen are injected into the reactors from the base to maintain the gas com-
position, while condensed recycled monomers are discharged into the top of the
reactor to provide cooling. Fluidized-bed deactivation system is used in both
horizontal reactors to avoid particle agglomeration. Homopolymers, random
copolymers, and impact copolymers can be produced in this process using highly
effective CD series catalysts. This process is suitable for the production of high-

impact copolymers with high rubber content, and the rubber phase content could
be up to 50%.

4.7 Borstar process

The Borstar PP process developed by Borealis is based on a double loop reactor
and a fluidized-bed reactor in tandem connection for the production of HPP and
RPP. The loop reactor is operated under supercritical conditions with increased
comonomer and hydrogen concentration, and higher temperature avoiding gas
bubbles. For producing the impact PP, additional one or two fluidized-bed reactors
are connected in series, as illustrated in Figure 17.
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Figure 17.

Borstar polypropylene process scheme (four-reactor setup) :(a) prepolymerizer; (b) loop reactor; (c) first
gas-phase reactor; (d) second gas-phase veactor; (e) thivd gas-phase reactor; (f) coolers; (g) separators; (h)
low-pressure degasser; (i) dryer; (j) purge bin [117].

Using the HY/HS catalysts of Borealis, which are prepared from emulsion strat-
egy from two-phase liquid/liquid contact, Borstar PP technology produces high-
performance HPP and RPP with very low ash content and narrow molecular weight
distribution in the supercritical loop reactor due to excellent heat removal and high
productivity. The rubber phase (EPR) of the impact copolymers is typically gener-
ated through the 3rd and 4th gas-phase reactors. Using the multi-reactor processes
described, it is feasible and practical to further broaden PP material properties
meeting up the ever-demanding customer needs.

4.8 Solution polymerization process

Autoclaves, tubular or loop reactors all could be used in a solution process.
Different from the slurry and gas-phase process, the solution polymerization pro-
cess is generally operated at a much higher temperature above 100°C, and in order
to form a homogeneous uniform solution, a reaction solvent is added to dissolve the
catalyst and polymer generated during the polymerization. Typically, the average
residence time is much lower (5-20 min) in contrast with the bulk or gas-phase
process (1-4 h). Since polymerization takes place in a more uniform solution, heat
and mass transfer resistances are avoided, and this homogeneous process is practi-
cal for the production of ethylene-polypropylene copolymer elastomers, EPDM
rubbers and stereoblock PP with soluble Ziegler-Natta catalysts, metallocenes, and
post-metallocenes. Although conventional HPP could be produced in a solution
process, the overall cost is too high to produce them due to requirements for use of
solvent and additional process for removal of the solvent.

Solution polymerization process is also very appropriate for production of the
atactic PP and PP-based elastomers. Commercial equipment developed to make
atactic PP has been announced by Himont (Canada), El Paso (Texas), and Huls
(Germany). Special PP-based polyolefins are also produced using the solution
process by Exxon, Dow Chemical, and other companies. Propylene-ethylene
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copolymers referred to as commercialized Vistamaxx™ are launched successfully
by ExxonMobil with a special metallocene catalyst. The VERSIFY™ Plastomers
and Elastomers of propylene/ethylene-based copolymers are produced profitably
with a new post-metallocene pyridyl amine catalyst system in solution process.
Stereoblock PPs [17] are also produced by using oscillating metallocene, or a mixed
catalyst systems of two metallocenes and/or post-metallocenes in the presence of
chain transfer agent or chain shuttling agent, as mentioned above.

5. Conclusion and outlook

Polypropylene-based polyolefins are undoubtedly one of the most robust mate-
rial fields in polymer production and consumption worldwide. The remarkable
progress in olefin polymerization catalyst and PP process technology contributes to
the development of various PP-based polyolefins and helps to meet the continuous
growing demand of the global market. Today, HY/HS Ziegler-Natta catalysts and
RGT technology will continue to play a significant role in production of HPP, RPP,
and impact PP especially via bulk, gas-phase polymerization process, or combina-
tion of the two processes with the newest developed process technology. With RGT
technology which provides virtual nanoreactors within the catalyst and the polyole-
fin particles, it is possible to design more high performance micro-reactor catalysts.
The molecular catalysis of single-site metallocene and post-metallocene catalysts
enables precise control of the molecule structure and properties via homogeneous
solution polymerization, and high-throughput screening technology provides more
robust single-site catalysts with a molecular architecture approach. This allows
materials scientists and engineers to design products with a broadening range of
properties with advanced catalysts and polymerization process. Despite high activi-
ties, a little nontoxic catalyst residue could still be left in the polyolefin; therefore,
research and development of greener and cleaner PP products with special high-
performance are still way ahead.
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Chapter 3

Thermal Conductivity of
Polypropylene-Based Materials

Antonella Patti and Domenico Acierno

Abstract

In this work, the authors aimed to provide an overview about the thermal
conductivity of polypropylene, of its related compounds and the main methods
of measurement. The growing spread of polypropylene in the industrial world
together with the increasing demand of thermally conductive plastics represented
the driving force of studying the heat transport in the polypropylene, and of recent
progress and development of the thermal conduction in polypropylene-based
materials. At regard, the common approach has been devoted to fill the polymer
with thermally conductive materials: metallic, carbon based, ceramic and mineral
fillers have been taken into account depending on the need to preserve electrical
insulation, lightweight, production increasing or cost saving in the final composi-
tions. Different parameters have been considered in order to optimize the ultimate
thermal performances in the realized composites: (i) filler dispersion, (ii) filler/
matrix and filler/filler interactions. The introduction of functional groups on the
filler surface or in the polymer chain has been tested for acting on the dispersion
and on the interfacial interaction. Then, hybrid materials, consisting in two par-
ticles different in size and shape combined with the attempt to realize a synergistic
effect and to support a conductive network in the matrix, have been investigated.

Keywords: polypropylene, heat transport, measurement methods, enhancement,
composites

1. Introduction

Polypropylene (PP), once discovered, immediately has been appreciated for
its remarkable and various qualities like low density (the lowest compared to all
thermoplastics), excellent chemical and corrosive resistance, dimensional stability,
recyclability, flexibility, good processability, and low cost. All these advantages have
contributed to make it ideal for a wide range of applications and to be processed
thought many converting methods [1].

Injection molding is a very common used technique to work polypropylene, so
much to cover about a third of its consumption [2]. In automotive, injection mold-
ing represents the main process for realizing vehicle components and PP is one
among the conventional used thermoplastic materials. In the car, polypropylene is
applied in the interior trim components as pillars, glove box, console bins and con-
sole housings, or exterior parts as air inlet panels and wheelhouse liners, or again
under the hood for producing a fuse block cover, radiator, and coolant reservoir [3].
Extrusion, instead, is the single most popular process for forming PP in fibers, fila-
ments, sheets and other products, depending on the die profile [4]. PP resins can be
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also blow molded or biaxially oriented into thin films; in this case, it is usually used
in electronics, packaging and food storage. Many products, such as printings films,
magnetic films, decorations films, heat-sealing films, metal electronic deposition
films are realized by biaxially oriented PP (BOPP) [5].

Moreover, polypropylene along with others thermoplastics as polyvinylidene
fluoride (PVDF), polytetrafluoroethylene (PTFE), polyethylene (PE), polycarbon-
ate (PC), polyphenylene sulphide (PPS), polyphenylene oxide (PPO), has also been
considered in heat exchanger applications in order to replace heavier and expensive
metals strongly subjected to corrosion problems. Different models of heat exchang-
ers have been also studied as shell and tube, plate, finned tube, and hollow fibers
[6]. Yet, the overall heat transmission coefficient in polymer heat exchangers had
been lower with respect to that obtained by metals and different approaches have
been suggested to improve the heat transport in this field. The first was concerned
with the reduction in thickness wall by requiring a new type of design; the second
consisted in an increase of the thermal conductivity (TC) of the polymer resins [7].

Unfortunately, most polymers are thermally insulators and an augment of their
TC represents one of the challenges of the recent scientific research for the coming
benefits in the emerging heat exchangers applications, and also in the electronic
and automotive technologies. In fact, plastics are one of the common materials
for covering and protecting the electronic components or a better alternative to
produce lighter vehicles with reduced fuel consumption. For example, in electronic
assembly, miniaturization and higher power density have been experimented in
order to achieve more advanced performances: a single chip has been made up of
lots of transistors. This led to an intensification of power and a significant heat
flow that can negatively affect the lifetime and reliability of the device, if it is not
opportune dissipated away in time [8]. In the modern car engine, the electronic
control unit (ECU) involves both hardware and software, required to perform the
functions as mixture formation, combustion and exhaust gas treatment. In order to
accommodate the more stringent standard imposed by the European Community
on the emissions of pollutants from cars (Euro 6 standards), new kinds of control
unit platform with high capability and reduced weight and size have been studied.
Due to an inevitable increase of power density, thermal management has become an
important aspect linked to the ability to easily dissipate the heat [9]. In an internal
combustion engine, an elevated heat transfer affects performance, efficiency and
emissions because it reduces the average combustion gas temperature and pressure,
and the work per cycle transferred to the piston, for a given mass of fuel within
the cylinder [10]. In automobile components, an improved TC of the constituent
materials for engine cover, radiator, and coolant reservoir could be convenient to
promote the faster diffusion of the heat, in order to avoid the overheating of the
overall system and compromise the respective performances. In injection molding
or extrusion, the greater would be the TC of the processed materials, lower would
be the heating or cooling time and the operating costs of the overall processes.
Moreover, during the cooling phase of these processes, sudden variation of TC
could determine shrinkage, stress, delamination or voids in the final products [11].

In improving the heat conduction of the plastics different efforts have been
spent in the scientific research with the addition of fillers characterized by a TC
superior to the matrix [12-14].

In this work, the authors have focused the main attention on literature studies
involving TC of polypropylene and the factors on which it depends as the crystal-
linity, testing temperature and pressure, polymer chain orientation, and molecular
weight. Following, the effect of introducing fillers on the heat transport ability of
the PP matrix has also been illustrated. Critical issues in the preparation of ther-
mally conductive plastics, concerning the particles dispersion and the interface
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resistance, have been also highlighted. Finally, filler functionalization and hybrid
materials have been presented as methods to support the heat conduction in the
PP-based composite systems.

2. Thermal conductivity of polypropylene
2.1 Definition of thermal conductivity in polymers

In general, heat transfer takes place through three different mechanisms:
convection, conduction, irradiation.

In a solid, the main mechanism of heat transport is the conduction correspond-
ing to the transfer of particle vibration energy to the adjacent particles without any
motion of the matter but exclusively due to collision [12].

In steady state condition, Fourier’ law (Eq. (1)) [15] describes the heat conduc-
tion across a slab of solid material of surface area A and thickness Y whose sides are
set at two different temperatures T e Ty, respectively, in the direction normal to a
slab surface (see Figure1):

Q=kALL @)

InEq. (1), Q is defined as the heat flow required to maintain the temperature
difference AT = (T;-Ty) between the two opposite surfaces; Y represents the
conduction length path; A is the cross-sectional transfer area, and finally k is the TC
of the slab material (in W/mK, SI units).

In the 1932, Debye introduced the concept of mean free path of thermal waves,
simply called phonons, for explaining the thermal conduction in a dielectric crystal,
in which the electrons are not free to move. In this case, the TC has been described
through the following expression, also called Debye equation (Eq. (2)):

¢yl

k=3 @

where ¢, is the specific heat capacity per unit of volume, [ is the phonon mean
free path and v is the average phonon velocity.

Usually, the thermal conduction occurs through these phenomena: (i) by charge
carriers as electrons and holes,also defined as energized electron motion; (ii) by
phonons, i.e., energy quanta of atomic lattice vibrations due to atom interaction and
collision and (iii) by photon conductivity verifiable only in the case of high temper-
ature. Depending on the material’s nature, the different phenomena do not always

Q
\ '

- \ \

Heat conduction across a slab of a solid material.
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happen simultaneously, but one can dominate over the others. For example, in
metals, the electronic contribution exceeds the phonon one; whereas in insulators,
phonons contribution prevails over the electrons one [11-14]. Polymers are ther-
mal insulators, and due to defects, grain boundaries, and/or scattering with other
phonons the mean free path of phonons (1) is very low and consequently also their
TC [16]. For most of thermoplastics, the TC at 25°C falls in the range of 0.11 W/mK
(for polypropylene) and 0.44 W/mK (for high density polyethylene) [17].

2.2 Methods for measuring the thermal conductivity of polypropylene-based
materials

The classical steady state (SS) and non steady-state (NSS) methods are the two
main techniques for evaluating the TC of a material. In the first case, the measure-
ment is carried out after reaching the equilibrium state, while in the second case,
the test is performed during the heating phase [18].

The SS mode allows measurements on glass, polymers, insulators, ceramics,
metals, composites with an uncertainty of 2-3%; the NSS mode permits to extend
the testing also of liquids, gases or powders with an uncertainty up to 10% [12].
However, the first approach is more time consuming and not suitable for shaped
samples as concentric cylinder or sphere.

In the SS method, the principle of operation is based on Fourier’ law, while in the
NSS method, the TC is indirectly evaluated by measuring the thermal diffusivity (o),
according to Eq. (3):

k=oac,p (3)

Here, ¢, and p are the heat capacity and the density of the tested material,
respectively.

The common apparatuses for evaluating the performance in heat transport of PP
and its related compounds are: the “Guarded Hot Plate Method (GHPM)” and the
“Heat Flow Meter Method (HFMM)”, based on SS approach, or the “Flash Method
(FM)” and the “Transient Hot Wire Method (THWM)”, instead based on NSS
approach.

The differences among these techniques are found essentially in required time
for testing and operation mode [19].

The GHPM (Figure 2a) is constituted by a hot plate, placed between two
samples of the examining material. The outer side of each specimen is in contact
with a cold surface. A known heat flow (i.e., the heating power) is applied to one
side of the sample and passes through it by establishing a temperature gradient
between the two opposite faces of the sample. At steady-state, the TC is evaluated
by measuring the difference in temperature and applying the Eq. (1).

The layout of the HFMM (Figure 2b) is very close to the GHPM apparatus
designed for a single sample, but the first arrangement is faster and more accurate
with respect to the second one [18]. The principal difference concerns the replace-
ment of the main heater with heat flux sensor (HFT) [12].

In the FM (Figure 2c), a short but intense energy pulse is sent to one side of the
sample and the temperature increase is measured on the opposed side in function of
time. The thermal diffusivity can be calculated by Parker Formula (Eq. (4)) [20]:

2
1.384d (4)

tin

where d is the sample’s thickness and t;/, is the time required for the signal to
reach the 50% of its maximum value.

40



Thermal Conductivity of Polypropylene-Based Materials
DOI: http://dx.doi.org/10.5772/intechopen.84477

|
i —
|

|

]

@ s E
dy ix -

(d} :0
E s
T = -
| 2« { -
= ' SAMPLE
= 9 COMTAINER
L J

Figure 2.
Schematic vepresentation of TC measuring devices: (a) GHPM; (b) HFMM; (c) FM; (d) THWM.

The THWM (Figure 2d) implicates vertical or cylindrical geometry in which
a wire, generally of platinum, is crossed by a constant electric current. A radial
heat flow takes place around the wire that spreads in the tested sample. The TC is
estimated, knowing the temperature profile on time (T(t)) and the heat output by
Eq. (5) [21]:

1 In (ﬂ) (5)

= 47Z(T(t) - To) ;/*ZC

in which In C is the Euler’s constant, q is the applied thermal flow, r is the wire
radius and T is the cell temperature.

Finally, also differential scanning calorimetry (DSC) has been considered as a
technique for measuring the TC of solid materials. The analysis has been performed
by incorporating a temperature sensor [22] or a made in-house accessory into the
common apparatus [23]. It is possible also utilized the standard DSC machine,
without any special modification or calibration, by setting a specific temperature-
time profile and recording the dynamic response of the sample [24].

2.3 Factors affecting the thermal conductivity of polypropylene

The TC of polymers is affected by several factors as crystallinity, chemical
constituent, bond strength, molecular weight, side pendent groups, defects or
structural faults, processing conditions and temperature [14].

Anderson [16] reported that the TC of polymers decreased as the disorder
increased: imperfections, by decreasing the order of the molecular structure, caused
a large phonon scattering that reduced the heat transport. Since the polymeric
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structure order of the amorphous is lower than of the crystalline, the related ther-
mal behaviour of the former has been expected to be lower compared to the latter,
and also TC temperature dependence has changed in different ways depending on
substance state. In details, below the glass temperature, as the temperature grew up,
the TC of the amorphous remained the same or increased with temperature (prob-
ably for the effect of raising chain mobility), while for crystalline the TC initially
remained the same and then diminished. Probably, in this second case, a decrease or/
and breakup of the crystalline portions have been promoted by higher temperatures
after which the conductivity of the amorphous has been risen. These considerations
were confirmed by studies of Bashirov et al. [25] and Osswald et al. [26],developed
not only on PP, but also on high-density polyethylene (HDPE), low-density polyeth-
ylene (LDPE) and other polymers. On the contrary, an opposite trend of the TC of
PP against temperature was found by dos Santos et al. [11]. In their work, the authors
measured the TC of semi-crystalline and amorphous polymers starting from room
temperature and going up to melting temperature (for semi-crystalline polymers)
or glass transition (for amorphous polymers). Results showed that initially, as the
temperature rose between 25 and 125°C, the TC of PP slight decreased from 0.25 to
0.15 W/mK; then, it underwent a sudden increase reaching a peak of approximately
0.47 W/mK during the melting process, and finally it decreased. In the temperature
range of 2-100 K the TC of polypropylene was evaluated by Choy et al. [27]. In the
case of isotropic crystalline conditions, an increasing trend that exhibited a maxi-
mum near 100 K was detected; then, when the sample was extruded and a marked
anisotropy of TC was induced, the heat transport resulted in an order of magnitude
increase in the extrusion direction. Finally, a nearly linear temperature dependence
without any detectable plateau of the TC of PP copolymer was observed by Barucci
et al. in the range of temperature from 0.1 to 4 K [28].

Most of the TC measurements of polymers have been carried out at atmospheric
pressure, which is far from the operating process conditions. At regard, some
measurements have been reported in order to verify the effect of pressure on TC of
polymers. Dawson et al. [29] measured the thermal parameter for polypropylene at
pressures of 20, 80 and 120 MPa over the temperature range from 250 to 50°C. For
each pressure, the isobaric curve of TC as a function of temperature showed a “Z
shaped”, probably attributed to a phase transition (crystallization during cooling).
Beyond an increase encountered during this phase, the TC remained fairly constant
with the temperature. At an equal temperature, an increase of TC was always
verified with pressure, approximately of 20% going from 20 to 120 MPa. Andersson
et al. [30] performed measurements of heat conduction of PP at 300°K by changing
pressure in the range between 0 and 37 bar. They concluded that, when the pressure
was exercised on the sample, a stress in the longitudinal direction was generated,
greater than in the radial direction, by leading to anisotropy of the properties in the
tested material. Experimental data, related both to atactic and isotactic PP, demon-
strated that the TC increased strongly with pressure with a continuous change in the
slope of curve until it reached an asymptotic value.

From the above, the actualizing the anisotropy in a sample has implied an
influence of its thermal transport behaviour. In fact, when the orientation has
been induced in the polymer, its TC became higher in the direction of a molecular
orientation and lower in a direction normal to the orientation [31]. This attitude was
confirmed in the case of injection molding and extrusion [32] or foaming [33] pro-
cesses during which a macromolecular orientation of polymer chain was inferred.

Finally, a characterization of the heat transport directly on the melted PP has been
carried out because of in a common process the material was usually in the molten
state. In fact, in a solid state the TC of semi-crystalline thermoplastics was greater with
respect to melt state due to an increase of density upon the solidification. At regard,
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Polypropylene TC (W/mK)

Han et al. [14] 0.11

Goswami et al. [35] 0.12-0.17

Maier et al. [36] 0.17-0.22

Tripathi [4], Guo et al. [37], Birley [38] 0.22
Table 1.

Data reported in literature on TC values of polypropylene.

investigations about the effect of hydrostatic pressure, temperature, and chemical
structure on the thermal conduction of melted PP have been performed [26]. These
studies confirmed that, as the hydrostatic pressure increased on melt state, also the TC
of thermoplastics in general, and of PP in particular, increased for a reduction in free
volume. Furthermore, the TC of PP in molten form was not significantly affected by
temperature but it appeared to be a complex function of the molecular weight distri-
bution and possible long chain branching [34]. Generally, an increment of the TC of
polymers by raising the molecular weight was verified since a larger number of energy
transactions took place in a substance with shorter chains [16].

In Table 1 the TC values for polypropylene are shown.

3. Enhancement of thermal conduction in polypropylene-based
materials

3.1 Thermally conductive fillers in polypropylene

In general, the common approach for enhancing the thermal transport behaviour
of plastics foresees the addition of thermally conductive particles. By balancing in
the polymeric resin the filler content and type, it is possible to obtain the desired fea-
tures in the final products. Yet, the use of an extremely high percentage of reinforce-
ment (approximately more than 30% in vol.), is needed to achieve the TC values in
the composites, required for the modern technologies. This quantity represents a
real challenge for the processability of the material and makes difficult or impossible
extrusion and injection molding processes [14]. In the last few decades, great atten-
tion has been devoted to polymeric nanomaterials, born from the introduction into
the matrix of filler having at least one dimension in the order of 1-100 nm. Based on
the geometric characteristics, three groups of nanosize particles are distinguished:
one-dimensional (nanotubes and nanofibres), two-dimensional (layered miner-
als), three-dimensional (spherical particles). Small size and large surface area (for
a given volume) of nanofiller are considered the key factors for the development of
exceptional and unexpected properties with respect to macroworld as in the fields of
mechanical properties, barrier resistance, flame retardancy, scratch/wear resistance,
as well as optical, magnetic, TC and electrical properties [17]. Thermally conductive
fillers can be divided into three categories: metallic powders, ceramic particles and
carbon-based materials, and have been chosen depending on the needs to act both
on the heat and current transport. For example, by adding carbon-based or metallic
particles, the final compounds earned not only in terms of the thermal conduction
but also in terms of the electric one; yet, metallic particles, having high specific
gravities, could not be applied in the case of the lightweight target and carbon-based
reinforcements have been preferred. Conversely, the introduction of ceramic fillers
allowed acting on heat transfer of the neat matrix without compromising the electri-
cal insulation of the starting material [39].
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The thermal and electrical behaviour of PP matrix filled with two of copper
particles (in micron dimensions), was investigated by Boudenne et al. [40]. Results,
compared in terms of fillers size and volume fraction, highlighted the stronger heat
transport ability of the formulations including the smaller particles.

A similar study was conducted by Cheewawuttipong et al. [41] by adding into
PP two types of boron nitride (BN) with different particle size in micron. The
mechanical features (storage and loss modulus) and thermal ones (thermal conduc-
tivity, melting and crystallization temperature) were analyzed. They found that the
TC increased, according to the BN content and the larger size of the filler.

The application of conductive polymer composites (CPC) in manufacturing a
tubular heat exchanger for fluid heating was presented by Glouannec et al. [42].
The materials of the extruded tubes were obtained by blending the insulating
thermoplastic polymer (PP) with conductive filler like carbon black (CB) or carbon
fibers (CF). The experimental testing showed that the heat conduction of the CPC
heat exchanger was improved by a factor of 2 for the filler volume fraction of 25%.
For similar applications, Qin et al. [43] realized graphite (GP) enhanced PP hollow
fiber heat exchanger. Results showed that the addition of GP fairly improved the
crystalline, thermal stability and conductivity of the PP. The overall heat transfer
coefficient for a filler content of 15.0 wt% became five times bigger than that of
pure PP-based one.

Among the carbonaceous fillers, given the extremely high intrinsic TC, the
carbon nanotubes (CNTs) have been also considered [44]. The TC of the PP-based
nanocomposites grew up with the CNTs content in particular above 160°C, but the
rising trend not seemed to be dramatic as the increase in electric conductivity.

However the advantages of using minerals in many polyolefin applications
should not be overlooked. It has been successfully demonstrated that talc, cal-
cium carbonate, and magnetite led to an improvement of the productivity and
of physical properties, and to a reduction of costs since a portion of the polymer
has been replaced by lower-cost material [45, 46]. Moreover, due to a higher TC
of minerals with respect to the matrix, their addition also brought an increase of
heat transport in the ultimate compounds. The introduction of calcium carbonate
(CaCO;) nanoparticles in isotactic PP was studied by Vakili et al. [47], verifying
the particle effect on crystallization and heat transport behaviour of the ultimate
compounds. The TC was increased from pure PP by 64% for the sample contain-
ing the highest filler loading (15 phr). The authors stated that their results were
better than that obtained with carbon nanofiber (CNF) in the PP matrix [48], for
which at 0.08 volume fraction this increase has been almost 45%. Weidenfeller
et al. [49] added different micro-size particle of magnetite in various proportions
to a standard polypropylene copolymer. The TC increased from 0.22 to 0.93 W/
mK for a filler content of 44% in vol. of magnetite, nearly independent of the
particle size and distribution; whereas the electrical resistivity decreased more
than seven orders of magnitude. Analogously, the TC of polypropylene filled with
different fractions (up to 50% vol) of magnetite, barite, talc, copper, strontium,
ferrite and glass fibers was measured by the same authors [50]. Despite the high-
est intrinsic TC of copper, surprisingly, the best result was obtained with talc.
Using the model conductivities, according to Schilling and Partzsch, the inter-
connectivity of the conducting phase has been evaluated. Calculations showed
that the interconnectivity for talc was particularly greater than that of copper
probably due to the alignment of the talc lamellas in the polymeric resin into the
flow direction during injection molding; for copper no contact among particles
has been found. The authors concluded that the thermal transport could not be
explained solely by the difference in the property of the materials but taking into
account also the microstructure.
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Fillers Category Typical shape TC (W/mK)

Allumium nitride (AIN) Ceramics Roughly spherical 320 [30]

Alluminium oxide (ALO;) Ceramics Spherical or platelets 42 [8]

Barium titanate (BaTiO;) Ceramics Grains 6.2 [8]

Boron nitride (BN) Ceramics Hexagonal platelets 3 (through plane)
300 (in plane) [41]

Zinc oxide (ZnO) Ceramics Pseudo-spherical 60 [8]

Carbon black (CB) Carbon-based Pseudo-spherical 6-174 [39]

Carbon nanotubes (CNTs) Carbon-based Cylindrical shells 2000-6000 (on axis) [39]

Carbon fiber (CF) Carbon-based Elongated 600 [48]

Graphene (GN) Carbon-based Sheets 5000-6000 [39]

Graphite (GP) Carbon-based Platelets 100-400 (on plane) [40]

Copper (Cu) Metals Pseudo-spherical 389 [40]

Calcium carbonate (CaCOs) Mineral Pseudo-spherical 4.5[47]

Magnetite Minerals Grains 9.7 [49]

Talc Minerals Lamellar 1.76 (through plane)

10.69 (in plane) [50]

Table 2.
TC values of common fillers added into polypropylene.

A list of the used fillers to increase the thermal transport behaviour of PP and
their intrinsic TC are given in Table 2. These particles are added in the hosting
matrix by prevalently melt blending: one among the classical processes for com-
pounding, particularly preferred in an industrial context.

3.2 Critical aspects for optimizing the thermal conduction in composites

According to the rule of mixture (Eq. (6)), each phase contributes to final
compounds properties proportionally to its volume fraction:

Pe= g)?i ¢; (6)

where p, is composite property, p; is the intrinsic property of each specific
constituent and ¢; is their volume fraction in a composite system.

However, the experimental evidences confirmed that the values of the TC in the
designed composites were lower than those evaluated by applying the simple rule of
mixing model and the intrinsic TC of each constituent. This meant that nanoscale
unique properties could not be reproduced easily on the macroscale probably for
non-continuum effects at filler-polymer interfaces [51].

In fact, besides the filler type and its content, particles shape and size, their
orientation and dispersion in polymeric matrix, the adhesion between the filler
and the matrix and the thermal properties at the interface symbolized the acting
parameters to optimize the desired feature [12].

The interfacial resistance is also known as “Kapitza Resistance” from the name
of the discoverer that in 1941 found the temperature discontinuity at the interface
between metal (copper) and liquid (superfluid helium). It represents a barrier to
heat flow at the interface between two phases, due to possible weak contact and
differences in the phonon spectra [52]. The thermal contact resistance is attributed
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to phonons losses during heat transmission from one medium to another and is
qualitatively described by two limiting models: acoustic mismatch model (AMM)
and the diffuse mismatch model (DMM), representing the upper bound and lower
bound of thermal boundary resistance, respectively. The former assumes that all
phonons propagate as a planar wave, so the transmitted energy is related to different
acoustic impedances of two materials. Instead, the latter assumes that all phonons,
colliding into the interface, are randomly scattered. If the acoustic impedances
between materials are very different, the phonons scattering will contribute to
further increase the thermal resistance [53].

In addition to Kapitza resistance, in a composite a further resistance to the heat
transport, involving the solid-solid interface, i.e., particle-particle interface has to be
considered. Two solid bodies, which are apparently in contact, actually touch together
only in a few points due to their roughness and geometrical defects. In this case, when
heat flows normally from a hotter body to colder one, interstitial spaces between
contact points limit the thermal conduction that takes place only between effective
connections. The physical consequence is a constriction of flux lines, responsible of the
heat resistance best known as “thermal contact resistance” [54].

In many previous works, it has been reported that two essential components for
an optimal effect of the reinforcement in a composite are filler dispersion and orien-
tation. A homogeneous filler dispersion in the resin led to a consistent load transfer
from the matrix to particle and in the realization of a conductive network for electri-
cal and thermal energy. Furthermore, if the particles were oriented in the direction
of applied force or heat, their full potential could be achieved both in terms of load
and energy transport. However, an efficient dispersion or/and a perfect alignment
of the inorganic filler, particularly for nano-sized, in the matrix represented a real
challenge during the process due to van deer Waals interactions between individual
particles that push to the aggregation and randomly disposition [55]. Yet, in the case
of heat transport, the enhancing the filler dispersion not always implied exceptional
thermal performance of respective composites, because an increase in the matrix
filler interfaces, and consequently in the phonon scattering, could be promoted.

In particular for nanocomposites, the large surface area of nano-size particles, by
maximizing the touching between particle and polymer, could increase exactly

the interfacial resistance. Thus, particles perfectly dispersed in the matrix with a
minimized interfacial resistance would not seem anyway the best solution in the
perspective of an advantageous heat transport because in this situation the particles
would exchange heat only with the matrix and not among themselves. Since the
mean phonon free path of the polymer is less than that of the particle, the efficiency
of the thermal conduction would not be satisfactorily achieved except by a network
of interconnected particles that carry heat among themselves [14].

Additionally, in the composites the conductive pathway can be build also by
particle agglomerates if a sufficiently reduced “mean interparticle distance” (MID)
has realized among them. So, in the case of poor dispersion and low filler load-
ing, the isolated agglomerates resulted not effective as well the dispersed ones. In
other words, the thermal network could also be get among the same aggregates
that behave like larger-size conductive particles without interfaces by actualizing a
sufficiently reduced MID. In this perspective, the aspect ratio of particles became an
interesting and important parameter to be considered because bigger was the length
of particles, lower could be the filler/matrix interface and scattering of phonons,
and greater was the TC value in the final system. Nevertheless, at an equal filler
percentage, if on one side the micro-dimension of the particles compared to nano-
size could be favorable for reducing the interfaces, on the other side it contributed to
an increase in MID [13].
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CNTs

Polymer chains

Figure 3.
Schematic of the heat conduction along particles forming a percolated network.

In conclusion, in order to successfully employ the thermal conductive particles
in composites for heat management applications, the realization of a conductive
pathway through the particles (shown in Figure 3) has to be attained through opti-
mal filler dispersion, good interfacial adhesion between filler-matrix and properly
contact between particles.

3.3 Effect of functionalization

The functionalization, i.e., the introduction of functional groups on filler
surface, obtained by covalent or non-covalent means, is a common approach widely
adopted for changing the chemistry of inert inorganic particles. This approach
is considered a successful tool for improving the compatibility and wettability
between the two phases of the composite system, and affecting positively the
dispersion and the interfacial resistance. Although few works are carried out on
this way, it is not excluded that between functional groups may arise interactions,
stronger than van deer Waals forces, which, binding more particles between them,
also promote a reduction in the contact resistance.

Patti et al. [56] studied the effect of filler functionalization on dispersion and
TC of PP-based composites by adding, in the same resin grade, three different
chemically treated surfaces (amino-and carboxyl-functionalized, and pristine one)
CNTs. A cubic polynomial trend of the TC as a function of the filler concentration
was found, for all three families of nanocomposites. This behaviour was attributed
to the occurrence of competitive dispersion/agglomeration phenomena which,
affecting the mutual distance among filler aggregates/agglomerates (MID), influ-
enced the formation of thermal paths.

CNTs, aluminum flakes (Al-flakes), and a commercially available AI-CNT pow-
der (embedded CNTs within Al-flakes), were used to prepared PP-based composites.
The characterization of these compounds in terms of mechanical and thermal tests
indicated that the crystallization and decomposition temperature as well as the TC
and tensile modulus of PP/Al-CNT were over than to the PP/CNTs and PP/Al-flakes
composites. It was hypothesized that free CNTs, produced during the preparation of
PP/AI-CNT systems, played an important role in forming a conductive bridge among
Al-CNT particles and in generating synergistic effects [57].
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Muratov et al. introduced two different types of surface treated BN into the
PP matrix: pristine and covered with silane coupling agent (—3-amino-propyl-
3-ethoxy-silane-APTES). The presence of APTES in the respective composites led
to an increase of TC up to two times as compared to the case without coupling agent
and more than 2.5-4 times as compared to pure PP [58].

Thus, if the first method for improving the compatibility filler-matrix is the
modification of the filler surface by using functional groups or coupling agents, the
other method consists in the modification of the matrix by grafting reactions of
different chemical groups. For example, in the case of polyolefins, maleic anhydride is
commonly grafted to polypropylene for improving the filler-matrix interface through
both physical and chemical interactions, as covalent linkages and hydrogen bonds [59].
Che et al. [60] functionalized the surfaces of micrometric BN with a thin layer of
polydopamine coatings (f-BN). Then, maleic anhydride grafted PP (PP-g-MA) was
also employed as the compatibilizer in the compounds for helping the covalent bonds
with polydopamine. The highest value of the TC was recorded for the prepared
mixtures containing the compatibilizer and functionalized filler. On the contrary,
the formulations containing pristine BN possessed a higher TC with respect to that
prepared with modified one. Probably, the coating of polydopamine layers increased
the polarity and hydrophilicity of fillers, which would be less compatible with the
non-polar and hydrophobic PP matrix, resulting in voids at the interface and filler
aggregation, and inducing a strong interruption of the thermal paths. Szentes et al. [61]
utilized novel types of coupling agents (olefin-maleic anhydride copolymer-based) as
a compatibilizer in CNTs/PP systems. They found that neither the chemical structure
of coupling agent nor the application methods (masterbatch and impregnation) have
been conclusive on the heat conduction of prepared compositions.

Although the experimental evidences seem to be lesser and to be explored in
greater detail, it should be emphasized that the increasing the compatibility between
filler and matrix not always a positive effect on heat transport has been verified.
Compatibilized samples sometimes display slightly lower TC with respect to non-
compatibilized systems, probably due to a polymeric wrapping around particles that
hinders the direct contact among themselves and, as a consequence, the thermal
transmission [62]. Patti et al. [63] found that the addition of PP-g-MA significantly
reduced the contribution of included CNTs to the ultimate thermal transport prop-
erties of the corresponded mixtures, from +42.2 to +19.6% in presence of neat CNTs
and from +47.7 to +11.7% for systems containing amino functionalized CNTs.

3.4 Hybrid materials

Nowadays, recent scientific attention has been devoted to hybrid material defined
as “a combination of two or more materials in a predetermined geometry and scale,
optimally serving a specific engineering purpose”. A hybrid has been conceived as
a mixture of two or more raw materials with own intrinsic properties and different
shape and size (“A + B + shape + scale”) to enhance or diminish physical, mechani-
cal, thermal and electrical properties, as stiffness or strength, and also to manipulate
the percolation limit [64]. In fact, the difference in dimension and geometry allows
to maximize the packing density and to favor a greater connection among the vari-
ous particles. The final properties of hybrids could be a combination between the
features of the individual constituents or a result of synergism, intended as a total
effect greater than the sum of each component, due to a joint action between fillers,
supplied by distinct geometry of shape, aspect ratio as well distribution [65].

King et al. [66] analyzed the effect of single carbonaceous fillers (CB, GP, CNTs)
and their combination on the TC of PP in the light of a potential market of fuel cell
bipolar plates. The association of these fillers in the matrix appeared always more
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effective in improving the tested feature compared to the potential of each single
species. In the case of hybrid formulations, the best result was obtained by mixing
together the three particles, probably for the formation of linkages among them. In the
case of composites including an individual filler, the highest TC value (28 W/mK) was
achieved with 80% in wt. of GP and was anyway higher than the desired TC required
for bipolar plates (20 W/mK). Krause and Potschke [67] investigated another useful
combination of carbon-based fillers (CNTs, CF, graphite nanoplatlets-GNP) in PP by
analyzing both the thermal and the electrical conduction of melt blended compounds.
Ren et al. [68] obtained the simultaneous enhancement on thermal and mechanical
properties of PP composites by adding graphite platelets (GPs) and graphene sheets
(GSs). Yao et al. [69] reported the enhancement on the TC and dielectric properties
of PP composites due to the synergistic effect of the introduced nano-sized aluminum
oxide (Al,O;) and micro-sized barium titanate (BaTiOs). At a maximum of filler
content (50% in vol.) the BaTiO;/PP and AL,O5/PP composites exhibited the same
increment in TC approximately equal to 100%, while for BaTi05/AL,05/PP systems

an abnormal heat-conducting properties (of an order of magnitude higher compared

Materials TC of PP (W/mK) Filler Filler size TC TC of
content measurement PP-composites
method (W/mK)
Boudenne et al. PP/Cu 0.25 35vol% Micron Periodical 2.20
[40] method in [72]
Cheewawuttipong PP/BN 0.25 30 vol% Micron THWM 2.00
etal. [41]
Vakili et al. [47] PP/CaCOs 0.21 15 phr Nano GHPM 0.36
Frormann et al. PP/CNF 0.125 8 vol% Nano GHPM 0.181
[48]
Weidenfelleretal. ~ PP/magnetite 0.22 44 vol% Micron FM 0.93
[49]
Weidenfeller et al. PP/talc 0.27 30 vol% Micron FM 2.50
[50]
Patti et al. [56] PP/MWNT 0.09 5vol% Nano HFMM 0.20
HeonKanget al. PP/AI-CNT 0.20 50 vol% Micron FM 0.70
[57]
Chen et al. [60] PP/PP-g- 0.22 25 wt% Micron FM 0.60
MA/f-BN
King et al. [66] PP/GP/CB/ 0.2 53.2vol%  Micro-GP HFMM 5.80
CNT Nano-CB
Nano CNT
Krause et al. [67] PP/GNP/CNT 0.26 7.5vo% Nano-CNT FM 0.50
Micro-GNP
Renet al. [68] PP/GS/GP 0.28 23 wt% Nano-GP FM 1.72
micron GS
Yao et al. [69] PP/ALOs/ 0.17 50 vol%.  Sub-micron THWM 0.90
BaTiOs ALO;
micron
BaTiO;
Cheewawuttipong  PP/VGCF/BN 0.23 53wt%  Micron BN THWM 290
etal. [70] nano VGCF
Russo et al. [71] PP/CNT/BN 0.09 11.5vol% Nano-CNT HFMM 0.25
Micro-n BN
Table 3.

Comparison among TC enhancement in some PP-based formulations due to the effect of different introduced
nano-sized and/or micro-sized fillers into the matrix.
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to the pristine PP) was recorded. Cheewawuttipong et al. [70] added BN and vapor-
grown carbon fiber (VGCF) into the PP resin. They found that by increasing the con-
tent, the distance between fillers could be reduced and the development of conductive
structure was attained. VGCF/BN hybrids possessed a better heat transport behaviour
than of composites incorporating BN single size, since VGCF contributed to generate a
conductive bridge by dispersing between BN and PP.

Finally, the development of carbon-based thermally conductive composites with
low electrical conductivity was actualized by PP-based ternary formulations, com-
bining CNTs (a thermal and electrical conductive filler) with additional thermally
conductive, but electrically insulating, particles (ZnO,CaCOs, BN, and Talc) having
different sizes and shapes [71]. Results showed that, in ternary formulations, an
increase of TC was always verified for all kinds of secondary particles, in particular
through the union of CNTs with BN. Significant reduction of electrical conductivity
was achieved, despite the presence of CNTs, with the addition of smaller secondary
species (BN and ZnO), while a further increment of the same feature was obtained
with larger ones (CaCO; and Talc).

Table 3 shows some values of TC reached in the PP-based composites, according
to the filler type, its size and added content.

An effective comparison of reported TC values has not been possible due to
differences in the filler loadings in each study. Yet, higher TC measurements were
verified in the presence of microparticles, in particular with layered shape (talc);
the same results have never been reached by adding nanoparticles. The highest
improvement of heat transport in PP was recorded with the introduction of two
combined carbonaceous nano- and micro-particles.

4, Conclusion

This review was devoted to summarizing the main literature studies about TC
of polypropylene and the recent developments of heat transport ability in PP based
compounds.

The TC of polypropylene has been measured in the range approximately
between 0.1 and 0.2 W/mK, but different parameters as polymer cristallinity, chain
structure and orientation, processing conditions and methods, temperature and
pressure have played a positive or negative role on its thermal transport behaviour.
In details, for the examined semi-crystalline polymer, starting from room tempera-
ture and going up to melting point, an opposite trend of TC have been reported.
The TC remained almost the same as the temperature increase until it decreased
during melting due to a possible breakup of crystalline regions. On the contrary,
opposite results showed a strong increase of TC really at melting point. Finally,
below 100 K, a growing tendency of TC against temperature has been verified.

The effect of acting pressure on TC of polypropylene seemed to be always positive,
probably for the induced stress in a longitudinal direction that led to anisotropy of
the tested feature. For the same reason, processes like extrusion, injection molding
and foaming, by causing an orientation of the polymeric molecular chains, could
determine an increase of TC in the same direction of the inferred one. In the molten
state, the TC of polypropylene appeared to be a complex function of molecular
weight and chain branching; it continued to increase by pressure but resulted
almost unaffected by temperature.

The devices, adopted for measuring the TC of PP and of its composites have
been prevalently the Guarded Hot Plate Method and the Heat Flow Meter Method,
based on a steady state approach, or the Flash Method and the Transient Hot Wire
Method, based on transient approach.
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Different efforts have been spent in literature in the improvement the heat
conduction of PP, by the addition of inorganic fillers (metallics, carbon-based,
ceramics and minerals) in micro- or nano-size, one-, two- or three-dimensional,
with a higher thermal transmission compared to the pristine resin. By increasing
filler loading, positive but not always satisfactory increases of TC in the respective
compounds have been achieved. The size and shape of particles, their orientation
and distribution in the polymer, the interfacial interaction between filler and
matrix and between filler and filler, have been identified as crucial aspects in the
optimization of final heat transport in the polymeric composites. All these factors
contributed to realize effective thermally conductive pathways in the composites,
actualized among particles with an advanced dispersion, good interfacial adhesion
with the pristine material (lower interfacial resistance) and the proper contact
among themselves (lower contact resistance).

The filler functionalization (i.e., the introduction of functional group on filler
surface) and the addition of compatibilizer in polymer/particles mixtures, have
been considered a useful approach for developing the compatibility between the
two phases, and consequently for improving the dispersion and the interfacial
interaction. Another approach has been the combination of two or more fillers,
having different size and shape, to optimize the filler packing and their distribution
in the matrix, so to realize and support an effective thermal conductive network.

By comparing data on PP-based compounds, despite the difference in filler load-
ing, the greater efficiency in improving the TC of the matrix seemed to be realized
in the case of combined micro- and nano-sized carbonaceous particles in the resin.
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Abstract

Polypropylene (PP) is a low-cost plastic commodity, which currently is in a
transition zone between massive use and engineering applications due mainly to
its limited mechanical properties, such as low tensile and impact resistance. That
is the reason why PP is usually modified with additives and particles to improve its
mechanical and thermal performance and thus meet the requirements demanded
by engineering applications. Besides, PP composites are suitable materials to be
processed by a simple, fast, automatic, and massive technique such as injection
molding. This makes PP composites attractive for several applications. However,
it is important to keep in mind that PP composites’ performance depends not only
on their intrinsic properties but also on processing conditions. This chapter will
summarize the relationship between processing and performance of several PP
composite—micro, nano, and hybrid—injected parts with the aim of generating a
bridge between technologic knowledge and scientist knowledge.

Keywords: polypropylene, injection molding, microcomposites, nanocomposites,
hybrid composites

1. Introduction

Polypropylene (PP) is a plastic commodity, which currently is in a transition
zone between massive use and engineer applications due mainly to its limited
mechanical properties, such as low tensile and impact resistance. Moreover, several
years ago the replacement of conventional materials with lighter ones has attracted
the attention of many industries, especially the automotive ones. Replacement of
traditional materials is achieved with the development of new composite materi-
als, which meet both the desired properties—mechanical, thermal, esthetic—and
alow weight, i.e., high relative properties. These are the main reasons why PP is
usually modified with additives and particles to improve its mechanical and thermal
performance and thus meet the requirements demanded by engineer applications.
Originally, PPs were modified with fillers as talc only to reduce their costs, but
currently the purpose is focused on improving properties such as rigidity, strength,
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toughness, dimensional stability, and even esthetics of PP parts [1]. To achieve this
purpose, several particles have been used, such as glass fibers (GF), nanoclay (NC),
carbon nanotubes (CNT), and rubber. In a further step, hybrid materials formu-
lated by two or more of these components have been proposed.

From an engineering point of view, mixing a polymer matrix with a particle
is an effective low-cost way to achieve the required properties when parts are
produced by injection molding. However, it is important to understand the way
in which particles and processing affect the structure and properties of processed
parts. It is important to keep in mind that PP composites’ performance depends
not only on their intrinsic properties but also on processing conditions. PP is also
strongly sensitive to defects produced during manufacturing processes such as
injection molding, which deteriorate and decrease a lifetime of composite parts
[2]. These defects are even more pronounced in the case of composites. In recent
years, a number of texts regarding properties of injection-molded reinforced
polypropylenes have been published [3-5]. However, because of the continuing
developments of PP composites, the achievable property values are continuing to
improve. In structural and semi-structural applications, particularly, in addition
to high stiffness and mechanical strength, adequate fracture toughness is often
required. In order to optimize these properties, the knowledge of the relation-
ship between morphology and deformation behavior seems to be essential. The
understanding of the fracture, micro-deformation, and mechanics of failure of
composites is therefore crucial for engineers. This chapter will summarize the
relationship between processing and performance of several PP composite—
micro, nano, and hybrid—injected parts aiming to generate a bridge between
technologic knowledge and scientist knowledge.

1.1 Injection molding process

Injection molding of thermoplastic polymers is a repetitive process in which a
molten polymer is forced to go through a mold cavity where it is held under low
pressure until it solidifies and it is finally ejected. A scheme of injection molding
machine can be observed in Figure 1.

First stage of injection cycle begins with the molten polymer filling the cav-
ity mold which is closed (filling stage). During filling stage, the screw doesn’t
rotate but acts as a dashpot which drives the molten material into the mold. At the
end of the filling stage, a lower pressure is held by the feeding system allowing a
small amount of additional material to enter the mold cavity to compensate the
volumetric contraction of the injected part (holding stage). Holding pressure
eventually decreases to zero; this defines the beginning of the third stage known
as “cooling stage.” In this stage, the molten material solidifies inside the cavity, the
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Figure 1.
Injection molding machine scheme.
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mold opens, and finally the piece is ejected. The mold then closes again to
start a new cycle [6].

1.2 Injection molding common defects

Although the main advantage of injection molding process is to manufacture
complex parts in a single, fast, and automatic operation, there still are some pro-
cessing inherent defects such as flow and weld lines which may deteriorate the
mechanical performance and appearance of final injected parts. Weld lines are
the result of the convergence of several flow fronts during filling stage. The origin
of these flow fronts may be due to several reasons: inserts inside the mold cavity,
thickness differences in the piece, or the presence of two or more injection points
[7]. Weld lines are usually V-shaped as it can be seen in Figure 2.

Cross section of the welding plane shows two different zones within the weld
line with some particular characteristics: a V-shaped zone where there is almost no
molecular diffusion and unfavorable orientation and a central zone with a better
molecular diffusion (see Figure 2). Weld line is a weak zone from a mechanical
point of view and uses to present visual defects too [8, 9]. Weld line performance is
determined by material nature, part complexity, and processing variables.

Another common and important injection molding defect is warping. Warping
is a macro-geometric deformation of injected pieces which remains after cooling.
The main causes of warping are differential contraction between different parts
of pieces and released residual stresses formed during cooling stage. These defor-
mations are mainly due to confinement of pieces in the mold cavity, orientation,
crystallization, or cooling differential.

1.3 Injected polypropylene

PP performance—mechanical, thermal, and electrical—depends mainly on its
morphology and crystallinity [10]; and processing affects both morphology and
crystallinity of polymers. In the case of injection molding, the molten polymer is sub-
jected to thermomechanical complex conditions characterized by high cooling speeds
and stress fields. These conditions change along the flow path and mold thickness,
i.e., polymer pieces present an intrinsic heterogeneous microstructure, character-
ized by a gradual and hierarchical variation of morphology, which evolves through
the spatial domain of the piece. Injected PP particularly develops a “skin-core”
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Figure 2.
Cross section of a weld line zone.
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Figure 3.
Skin-core microstructure seen by polarized optical microscopy.

microstructure, which can be seen by polarized optical microscopy (PLM), as in
Figure 3.

The number of observed “layers” in the microstructure depends on the resolu-
tion of the experimental technique used. A simple analysis considers a three-layer
model (two external skins and an inner core) [11-13], but other layers may be
also observed (two external skins, two sub-skin regions, two shear zones, and an
inner core). The intrinsic molecular nature of the polymer together with this layer
morphology determines the mechanical performance of injected PP parts.

Besides, adding a second component—particles or additives—into a PP matrix
may also change its crystalline structure, i.e., may produce changes in injected piece
performance.

Through this chapter, the relationship between processing and performance is
reviewed for injected PP composites. The combined effect of the molding process
and the fillers on the properties of the polymer composites is reviewed. Also, the
effects of the occurrence of inhomogeneities, such as weld lines or flow lines in
microstructure and therefore in performance, are summarized.

2. Injected PP microcomposites

The first attempt to obtain a good composite is to add a microparticle to the
polymer matrix. Among PP microcomposites, fiber-reinforced plastics are a popular
type of composites used in many engineering applications mainly because of their
excellent capability to form complex shapes. These fibers—glass or carbon, stiff
and elastic—generally increase both stiffness and strength of PP matrixes. Even
though injection molding is currently the most used technique to process this kind of
composites, there are some issues that directly link the processing with a nonuniform
orientation of fibers and their breakage. In fact, there is a strong heterogeneity of the
microstructure in terms of fiber orientation of injected parts: short-glass fibers use to
tend parallel to the injection flow direction in the skin zones and highly angled with
respect to flow direction in the core layer. Fiber orientation depends also on location
along the piece (e.g., distance from injection points). There is a strong dependence
of the macroscopic mechanical behavior on fiber orientation. In fact, when the
average angle of fiber orientation varies in only a few degrees with respect to loading
direction—corresponding with a change in the average value of the component of
fiber orientation matrix with respect to loading direction of only a few hundredths—
the composite tensile strength varies by approximately 7.5% [14]. In addition to
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orientation, fiber length also dominates the tensile strength of injection-molded
composites. In general, fiber breakage results in a decrease in tensile strength, so it
is important to know how injection molding affects fiber breakage. An increase in
shear (injection velocity, shear components, etc.) may cause an enhanced fiber and
matrix orientation which would lead to higher tensile performance along the flow
direction. However, it also causes a remarkable fiber breakage [15]. Experimental
results indicate that an increase in injection velocity results in a decrease in ultimate
tensile stress, due to the high fiber breakage. This effect is partly attenuated at low
mold temperature, due to an increase of fiber orientation [3]. In case of complex
parts that contain weld lines, the situation is even more complicated. The fibers

are nonuniformly distributed in the regions around the defects, and there is also
adistribution of glass fiber densities. All these features modify fracture behavior
of injected pieces changing failure patterns, with crack pathways that follow stress
concentrators developed during processing [4].

As it was stated before, not only all modifications are done to obtain a nano-
composite with improved mechanical performance, but also esthetic features are
searched for some special applications. Composites of thermoplastic polymers with
metallic fillers are an important group of engineering materials with a wide range of
properties including electric and thermal conduction, high mechanical properties,
and improved esthetic quality. Currently, metallic looking plastics replace metals
by plastic in many applications, trying to achieve the quality and prestige of metals
and adding value to products [16]. It is possible to obtain a metallic looking plastic
part by adding metallic pigments. In this way, it is possible to eliminate post-
processing operations such as painting. Metallic pigments have different shapes
and sizes. Particles with a flake shape promote the reflected light in a specular way
increasing the metallic appearance of part surfaces [17]. In spite of the injection
defects—as weld or flow lines—being known to affect pieces of esthetics, this could
be improved by adjusting processing conditions [18, 19]. Melt temperature is one
of the processing parameter that more influences esthetic of injected parts: higher
melt temperatures decrease shrinkage and make weld lines wider and more diffuse
[20]. In case of PP/aluminum composites, the presence of aluminum that increases
thermal conductivity plus the inherent temperature gradient and shear stresses of
the injection molding induces B-polymorph formation. This effect also depends on
processing conditions; a higher melt temperature induces a higher p-phase content.
At the same time, the mechanical performance of parts shows to be dependent on
PP morphology, i.e., processing conditions. Quasi-static fracture performance also
depends on the location of the samples. At weld line zone, PP/aluminum composite
failed in a brittle way following the weld line. Fracture toughness of both PP and
PP/aluminum is similar, indicating that weld lines are a predominant weak defect
inside the injected parts. Away from weld lines, PP and PP/aluminum show a

Figure 4.
SEM pictures of PP and PP/Al fracture surfaces.
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similar fracture behavior characterized by a nonlinearity of stress vs. strain curves
with a crack stable propagation and large plastic deformation. However, differences
in the propagation mode between PP and PP/aluminum parts were found. In fact,
specific plastic work w, (specific energy absorption per unit volume) is equal to
4.51 MJ/m? for neat PP and 16.01 MJ/m’ for the PP of PP/Al composite. These values
indicate that much more energy is involved in the propagation of a crack in the PP
of PP/Al samples than in the PP of neat PP samples. The occurrence of p-phase in
the composite promotes matrix fibrillation and makes PP of PP/aluminum parts to
consume more energy before break than pure PP injected parts (Figure 4).

3. Injected PP nanocomposites

In the last three decades, a large interest in nanocomposites was seen in both
academic and industry fields [21], due to their potential improvement of properties
with a low content of the second phase. In the case of nanocomposites, nanofiller
dispersion and orientation are very determinant of mechanical and thermal prop-
erties. In theory, only well-dispersed and exfoliated (nanoclays) nanoparticles
could lead to an effective improvement of composite performance. Most of com-
mercial nanoparticles, such as nanoclay, are hydrophilic and have weak adhesion
or interaction with a hydrophobic matrix as PP, leading to a nanocomposite with
a poor dispersion. As a solution to this problem, some producers recommend
using masterbatches (MBs), which include all compatibilizers needed to promote
nanoclay dispersion and have the additional advantage of being easy to process
and compatible with standard processing as injection molding. In fact, some
authors have reported nanocomposite preparation by using MB [22-25]. However,
these studies indicate that nanoparticles were not exfoliated but intercalated. The
influence of the flow pattern during injection molding on the fracture and impact
properties of complex injected PP/clay nanocomposites has been studied [22, 23].
Nanoparticles were mostly intercalated—even though they were chemically modi-
fied and compatibilized—and both fracture parameters (KIC and G) and impact
toughness were determined by molecular and nanoparticle orientation induced by
the flow pattern. Toughness mechanisms—as particle delamination or separation—
were active only in certain loading directions. It was stated before that nanoclay
delamination or splitting is an effective toughness mechanism in nanocomposites
[26]. In PP, craze-like bands are one of the main mechanisms responsible for matrix
energy absorption during deformation. To activate this mechanism, free surfaces
are necessary for craze bands to initiate and nanoclay delamination produces those
surfaces. However, these crazes can initiate only at the pole of clay particles, i.e.,
only particles oriented at 45° or more to load direction can induce multiple craz-
ing in tensile-loaded samples and subsequently act as a toughening mechanism.
Besides, weld and flow lines produced during filling acted as defects in the presence
of nanoparticles [22, 23]. For PP/nanoclay composites under tensile conditions, the
amount of absorbed energy was lower at the weld line than away from it and in the
flow direction. This is a clear example of how injection molding flow pattern affects
the piece performance of injected nanocomposites.

As nanofiller dispersion and exfoliation are crucial, a great effort has been
made to improve them by adding additives. However, it is also possible to improve
dispersion and exfoliation by changing their processing characteristics. An exam-
ple of this is shear-controlled orientation in injection molding (SCORIM), which
is a not conventional injection molding technique based on a shear-controlled
application to the molten polymer during holding stage. SCORIM involves the
use of a conventional injection molding machine with a special device with two
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Skin orientation (A index) Percentage of crystallinity (%) Jintegral (N/mm)
0.15 31 94.6

0.165 37 83.8

0.17 40 73

0.189 375 40.6

0.19 41 51.4

0.195 39 29.8

0.20 42 8.6

Table 1.

Orientation, percentage of crystallinity, and fracture energy values [34].

pistons that generate the shear stresses. It was reported that SCORIM improves
the performance of injected parts by controlling their morphology [27, 28].
Significant improvements were found in both stiffness and tensile resistance,
molecular and filler orientation, dimensional tolerance, esthetic appearance,
and weld line elimination in PP [29] and in its nanocomposites [30-32]. It was
demonstrated that SCORIM changes the morphology of PP nanocomposites, not
only in terms of molecular and nanoclay orientation but also in crystal phases
present in PP matrix: the shear stresses driven by SCORIM process induce the
formation of y phase in PP nanocomposites [24, 33]. SCORIM induces a thicker
skin in nanocomposites, i.e., a larger proportion of orientated molecules and clay
particles, which favors the sliding of macromolecules, improving the deformation
capability. Meanwhile, y polymorph induces a larger-scale plastic deformation
compared with the common a phase. y phase promotes tearing of PP ligaments
leading to fibrillation which is a toughness mechanism [34]. All these morphology
features—better molecular and particle orientation and y polymorph presence—
improved PP/nanoclay toughness (Table 1).

In case of carbon nanotubes (CNTs), it is important not only to attain a good
dispersion but also to obtain an interconnected network morphology (above the
percolation threshold) to lead an improvement in composites’ performance. This
morphology depends on nanotube orientation, dispersion, and distribution [35].
It is known that injection-molded parts have a higher percolation threshold than
compressed ones due to the morphology and orientation induced by processing
[36-38]. Moreover, weld lines could make particle dispersion and orientation
even more complex for this kind of materials. It was reported that PP-/CNT-
injected parts presented also agglomerates and an isotropic morphology induced
by flow pattern during injection [39]. Also, an orientation profile of CNT trough
molding thickness has been seen near to the injection point. CNT particles in
the skin zone are oriented parallel to the flow front, while they tend to align
transversally in the core zone. This has also been observed for fiber-reinforced
polymers [40, 41]. In weld line region particularly, it was reported that agglom-
erates are more diffuse with a random orientation of CNT in both skin and core
zones [42]. This heterogeneous orientation induces different fracture mecha-
nisms in the pieces, weld line zone being the weakest part of injected pieces.
Agglomerates act also as defects diminishing fracture energy of nanocomposites,
when compared with pure PP. As a result of this particle orientation, electri-
cal conductivity—both AC and DC—also changes along injected pieces: at the
weld line region, there is an increase in conductivity values due to the more
efficient conductive filler distribution. In this example, it can be clearly seen
that morphology developed during injection molding is a crucial feature which
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Electrical resistivity (Ohm/cm) e-Painting efficiency Gc (KJ/m?)
PP/CNT weld line 110° 0.7 33
PP/CNT bulk 110" 0.6 8.4
Neat PP 110" 0.1 181

Table 2.
Electrical, e-painting efficiency, and fracture energy values [42].

determines piece performance. A 3D interconnected CNT network is optimal to
obtain good electrical conductivity values, but it is not favorable for obtaining a
good fracture performance (since it inhibits alternative toughness mechanisms
to occur) (Table 2).

4. Injected PP hybrids

The use of two different reinforcements at the same time may expand the applica-
tion field of PP composites by combining their properties. Hybrid nanocomposites
made by a rigid filler and soft particles have attracted attention due to incorporation
of both stiffness and higher energy absorption and elongation at break. The goal
is to obtain an optimal balance between rigidity and impact resistance [43-45]. An
example of these kinds of hybrid composites is a rubber/nanoclay/polypropylene
nanocomposite, which may increase simultaneously stiffness and toughness of
PP. A study about how injection molding flow pattern and inhomogeneities affect
the morphology and performance of this hybrid nanocomposite at different loca-
tions in injected intricate moldings was reported in literature [46]. A noticeable
morphological feature was found: rubber particles appear to be more elongated and
oriented in flow direction in the skin of injected pieces, while they appear spherical
shaped in the core. Regarding nanoclay, an orientation profile was found: there is
a strong orientation of nanoparticles in flow direction in skin zone, while they are
randomly distributed in the core. A scheme of these morphology features is shown
in Figure 5. Surprisingly, there are no significant morphological differences between
the zone near the injection point and the zone of the weld line. These morphological
features have an important influence in mechanical performance of injected pieces.
In fact, fracture features showed to be dependent on the morphology developed
during processing: in the core—with spherical-shaped rubber particles and randomly
oriented nanoclay—a cavitation process was seen accompanied by shear yielding; in
the skin, with elongated-shaped rubber particles and strongly orientated nanoclay
particles in flow direction, there were no signs of cavitation, and fracture surface was
slightly rugged. It is known that size and shape of rubber particles play a key role in
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Figure 5.
Particle morphology feature scheme.
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toughness mechanisms [47-50]. Spherical particles favor stress concentration which
induces several absorption mechanisms—craze, shear yielding—while elongated ones
are not able to produce stress fields needed to promote toughness mechanisms [50].
The non-visibility of the weld line seen previously in the morphological analysis is in
concordance with fracture results: weld lines did not act as stress raisers and did not
introduce an alternative crack path.

Another kind of a hybrid composite which combines both reinforcement and
energy consumption promotion is composites reinforced with both glass and cel-
lulose fibers. Kahl et al. studied the synergetic effect of those two fibers in hybrid
injected PP-based composites. They found that fiber orientation depends not only
on the flow pattern but also on the amount of cellulose fibers present in the hybrid
composite. There is a general trend of both kinds of fibers to orientate parallel to
flow direction. A higher cellulose fiber content in the hybrid composite decreases
the orientation of both fibers. Besides, short fibers tend to align following flow
direction much more than longer ones [51]. There are some other examples of works
in which fiber interactions govern the morphology of hybrid injected pieces. Gamze
et al. found that mechanical performance of injected carbon nanotubes/glass fiber
PP hybrid composites depends on fiber interaction in the matrix. The simultaneous
usage of carbon nanotubes and glass fibers increases the system polarity, leading
to a better dispersion of carbon nanotubes, with the subsequent effect in the final
performance of pieces [52].

In summary, there are several evidences indicating that not only the developed
morphology during processing but also the interaction between reinforcements is
crucial in the final performance of injected pieces.

5. Conclusions

Through this chapter, it has been shown that PP composites’ performance
depends not only on their intrinsic properties but also on processing conditions.
Processing of a two- or three-phase PP-based composite induces distinct morpholo-
gies and microstructures that depend on both processing conditions and phase
interaction, i.e.:

* The same composite would develop different morphologies or microstructures
if processed with different conditions.

* Different composites processed with the same conditions would also develop
different morphologies or microstructures.

These induced characteristics, such as crystallinity, crystalline phase, or phase
morphology, will definitely affect final performance of processed pieces, includ-
ing thermal, mechanical, and fracture behaviors. Moreover, if different types of
reinforcements are added in a composite, it has been observed that not only the
developed morphology during processing but also the interaction between rein-
forcements is crucial in the final performance of pieces.

All these features should be kept in mind when trying to use a composite, knowing
that laboratory results should not be directly extrapolated to final processed pieces.
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Chapter 5

Tensile Properties in f-Modified
Isotactic Polypropylene

Koh-hei Nitta and Tsutomu Takashima

Abstract

Spherulitic isotactic polypropylenes (iPPs) having a wide range of f-phase con-
tents were prepared by adding f-nucleators, and the effects of the g-phase modifi-
cation on the mechanical properties of the iPP were investigated. This chapter
described the tensile properties of f-nucleated iPP, while key structural parameters,
such as spherulite size and crystallinity, were controlled. The increase in the g-phase
content led to broader yield peaks and an enhancement in the yield toughness but to
a reduction in the yield strength. On the other hand, the initial elastic modulus was
found to be independent of the §-contents. Furthermore, the deformation of the
p-spherulites, which have a sheaflike structure, was anisotropic and depended on
the stretching direction with respect to the sheaf axis. Consequently, the improved
drawability and ductility of $-iPP compared to a-iPP are thus associated with the
enhanced toughness resulting from the multiple deformation processes in the
sheaflike spherulites.

Keywords: f-phase crystal, mechanical properties, tensile deformation, spherulite,
crystalline morphology

1. Introduction

As well-known, isotactic polypropylene (iPP) is a polymorphic material with
various crystal forms [1], such as monoclinic (), hexagonal (), triclinic (y), and
smectic, of which the a-phase is the most typical crystalline form. Commercial
grades of iPP usually crystallize into the a-phase with sporadical occurrence of the
p-phase under higher supercooling [2]. Crystallization under a temperature gradi-
ent [3] or flow-induced crystallization [4, 5] encourages the formation of the
p-phase. To prepare of f-modified iPP samples, the introduction of selective f-nucle-
ators is the most reliable method [6]. However, unless using specific f-nucleating
agents, the f-phase cannot be obtained at high levels and is always accompanied by
a-phase crystals. The a/p ratio is very sensitive to the crystallization temperature
and the cooling rate because of the different nucleation rates of the two crystalline
species. Varga et al. [7] found that pure -phase can be achieved in the presence of
some selective f-nucleators by the selection of appropriate thermal conditions for
crystallization. Furthermore, the f-phase was found to be transformed to the
a-phase by heat treatment [8]. This demonstrates that the monoclinic structure is
thermodynamically stable, whereas the hexagonal f-phase is metastable and diffi-
cult to obtain under normal processing conditions.
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Recently the number of practical studies has increased [9] because the impact
strength and toughness of f-nucleated iPP exceed those of a-iPP. Although
many studies have compared the mechanical properties of a-iPP and -iPP, the
morphological origin of the differences in the mechanical properties has not been
clarified yet.

The mechanical properties of semicrystalline polymers such as iPP and polyeth-
ylene (PE) are governed by their morphological features which are specified by
several structural variables such as the degree of crystallinity, spherulite size, crys-
talline thickness, and structural organization of the supermolecular structure [10].
These diversity and independencies of these structural variables make it difficult to
provide a molecular or structural interpretation for the mechanical properties and
deformation behavior of semicrystalline polymers [10]. Indeed, changing the ther-
mal or processing conditions involves the concomitant modification of several
structural parameters; thus, it is difficult to determine the structural origin of the
change in mechanical properties as reported by Labour et al. [11]. Consequently, it
is necessary to keep all the other structural parameters to be fixed to elucidate the
effects of a given structural parameter on the mechanical properties. Very few
studies have dealt with the mechanical properties of f-nucleated iPP with a wide
range of f-phase contents, while all the other structural parameters, such as
supermolecular organization and crystallinity, are controlled. The aim of this chap-
ter is to elucidate the influence of the f-phase modification on the tensile properties
of iPP. For this purpose, crystallization procedures, for the production of iPP
sheets having a wide range of -phase contents with fixed crystallinity and spheru-
lite size, were developed. In addition, the effects of spherulitic morphology on
tensile properties were investigated by comparing the differences in deformation
mechanism of isolated a- and g-spherulites.

2. Structural characterization of #-modified isotactic polypropylene
2.1 Preparation method of f-modified polypropylene sheets

The starting material was a commercial iPP with a high tacticity (98%) obtained
in powder form. The weight-averaged molecular weight M,, and polydispersity
index M,,/M,, determined by gel permeation chromatography were 204 x 10> and
6.2, respectively. A f-nucleator prepared from an alcohol solution of pimelic acid
and calcium stearate was used. The iPP powder was added to the solution, and it
was dried in an oven at 373 K for 90 min.

The p-nucleator-added iPP powder was pressed and melted at 483 K. The sam-
ples were completely melted for 5 min between two aluminum plates prior to the
application of 7.8 MPa pressure to produce specimens of approximately 0.2 mm
thick. Adjustment of the degree of crystallinity in the volume fraction and the
spherulite size to the same value for all the samples was made by changing the
quenching temperature and the amount of the f-nucleators. The molten samples
were allowed to equilibrate under pressure for 5 min prior to cooling. On removal
from the press, the samples were plunged directly into a water bath maintained at
an appropriate temperature 0, 30, 60, and 100°C and subsequently tempered for
various periods at 100°C. Consequently, these procedures enabled us to achieve
sample specimens having a wide range of -phase contents with a constant crystal-
linity of about 65% and spherulite radius R of around 4 pm. The structural and
morphological characteristics of the samples were summarized in Table 1. The end
numeral of the sample code PP denotes the f-phase concentration in the crystalline
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Sampla A -Cont. ! % &t kg e o1 kg o . Rspem
FFO 1] 838.0 808 B5.9 36
PFP1B 16.4 B33.5 808 BS.3 3.7
PP43 42.7 g229.4 204 6.1 4.3
PPES G54 8252 801 BS5.1 9.1
PP&3 3.0 823.9 200 6.1 4.9
PPoE 878 821.3 aas £5.3 4.4

Table 1.
Characteristics of iPP sheets.

fraction of the iPP. In this chapter, PPO is denoted by a-iPP and PP98 is denoted
by f-iPP.

The crystalline f-phase content (the volume fraction of the -phase in the
crystalline portion) was determined from WAXD patterns. The WAXD measure-
ments were carried out at room temperature with a Rigaku RU-200 diffractometer
with Ni-filtered Cu-Ka radiation from a generator operated at 40 kV and 100 mA.
The f-phase fraction in the crystalline part of the specimens was assessed from the
ratio of the area of the main (300) g-phase to the sum of the areas of the four main
crystalline reflections: (110), (040), and (130) from the a-phase plus (300) from
the p-phase using Turner-Jones method [12].

Here, we modified the analysis method proposed by Somani et al. [13] to obtain
the volume fraction of g-phase in the crystalline fraction quantitatively. The reflec-
tion peaks in the WAXD profiles were deconvoluted. In the WAXD profile, (110) at
14.1°, (040) at 16.9°, and (130) at 18.5° are the principal reflections (in 26) of the
a-phase crystals of iPP, whereas (300) at 16.1° is the principal reflection of f-phase
crystals, and are considered as the markers for a-phase and p-phase crystals,
respectively. The various reflection areas were computed after subtraction of the
amorphous halo.

The volume fraction of f-phase crystals was calculated using the following
equations:

Sﬂ(300)ﬂ;}1
= S “14 kS -1 @
ﬁ(300)pﬂ5 + S(Zpac
and
S = Sa(110) *+ Sa(040) + Sa(130) (2)

Here k is the calibration factor, py. (=921 kgm73) is the density of the f-phase
crystal [14-16], p,. (=936 kgm>) is the density of a-phase crystal [17], Sy is the area
of the (300) reflection peak, and S,, is the sum of the areas of (110), (040), and
(130) peaks of a-phase crystals, respectively. The calibration constant k was esti-
mated to be 1.11 from the difference in the sensitivity of WAXD reflections with
respect to the thickness of the sheets for the a-phase and f-phase reflections.

Crystallinity can be precisely determined from density data. The densities of the
specimens were determined by the flotation method. A binary medium prepared
from various ratios of distilled water and ethanol was used. The volume crystallinity
can be obtained using

P~ Pa (3)
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where p is the overall density of the sample, p, is the density of amorphous phase
which was taken to be 854 kgm > [18], and p, is the density of crystalline phase
which was determined using

Pc = ¢ﬂpﬂc + (1 - ¢ﬁ)pac (4)

where ¢ estimated using Eq. (1) was employed.

2.2 Crystallization process

The morphological feature and the growth rate of the spherulites as a function of
time were examined using a polarized optical microscope during the isothermal
crystallization process. A polarized optical microscope (OLYMPUS, B201) fitted with
an automated hot stage was used. The hot stage (METTLER TOLEDO, FP82HT) was
held at a steady temperature to +0.2 K by a proportional controller. The film includ-
ing f-nucleators was sandwiched between a microscope slide and a cover glass,
heated to 483 K and kept at this temperature for 10 min to melt the crystallites
completely. Then the samples were rapidly quenched to a given crystallization tem-
perature T, and allowed to crystallize isothermally. In Figure 1, the growth rates of a-
and f-spherulites are plotted against the inverse of temperature. The growth rates
increased with decreasing temperature over the whole experimental temperature
ranges. Figure 1 reveals that the difference between the two growth rates decreases
with increasing temperature as shown by previous studies [6] and the growth rate of
the p-spherulites exceeds that of the a-spherulite below 410 K which is slightly lower
than 413-414 K determined by Shi et al. [19] and Varga [20]. This strongly suggests
that the f-spherulites are relatively larger than the a-spherulites in iPP materials
containing both phases prepared under usual conditions.

According to several kinetic theories [21-23], the growth rate G can be
expressed by

G = G exp (—AH/RT,) exp (—K,/TATf) (5)
10° : : :
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Figure 1.
Temperature dependence of growth rate of o- and B-spherulites.

74



Tensile Properties in f-Modified Isotactic Polypropylene
DOI: http:/dx.doi.org/10.5772/intechopen.83348

where Gy is a pre-exponential factor that is independent of temperature, AH, which
is equal to 6.28 kJ/mol and corresponds to the activation energy of chain motion in
the melt [22], AT = T?n -T (Tfn is the equilibrium melting temperature),

f =2T./(Ty, + T.) is a correcting factor, and K, is the nucleation constant in which
the crystallization mechanism is divided into three regions, Regimes I, II and III,
depending on the crystallization temperature and given by

I<g(1) = 21<g(11) = I<g(111) = 4b0666T9n/Ahka (6)

where Ahy is the heat of fusion, b is the thickness of the new layer, ¢ is the lateral
surface free energy, o, is the fold surface free energy, and kg is the Boltzmann
constant. According to Hoffman et al. [21], the surface free energy can be estim-
ated using

aolh

where ag is the width of new layer, [, (=0.154 nm) is the bond length, [,
(=0.1084 nm) is the projection length per atom, and C,, (=5.7) is the characteristic
ratio [23]. The essential parameters for the kinetic study of f crystallization [19] are
Ty, = 449 K, Ahs = 177 MJm 3, ao = 0.636 nm, and b = 0.551 nm. As a result, the
surface energy ¢ was estimated to be 1.4 x 10 *J m 2.

Using Eq. 6, logG + AH/2.303RT, was plotted against 1/TATf as shown in
Figure 2. Two linear parts corresponding to Regime II and Regime III were
obtained: the change in the slope occurs at 401 K, which is in the range (396-
403 K) published in the literature [1], and the slope ratio is 1.74. It was estimated
that o, = 2.68-3.08 x 10~ 2] m 2 from the slopes using ¢ of 1.4 x 10~ *J m 2 The
work of chain folding ¢ can be derived from the fold surface energy given by
q = 20, ag bo. Consequently, the value of ¢ for the f-phase was estimated to be
11-13 kJ/mol, which is about half the value (28 kJ/mol) for the a-phase given by
Shi et al. [19].
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Figure 2.
Regime analysis of the growth rate of the p-spherulites.
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Figure 3.
Loventz-corrected SAXS patterns of iPP samples having different B-contents with a fixed crystallinity.

2.3 Crystalline morphology

The small angle X-ray scattering (SAXS) measurement was performed with a
point-focusing optics and a one-dimensional position-sensitive proportional coun-
ter (PSPC) with an effective length of 10 cm. The CuKa radiation supplied by a
MAC Science M18X generator operating at 40 kV and 30 mA was used throughout.
The distance between the sample and PSPC was about 40 cm. The geometry was
further checked using a chicken tendon collagen, which gives a set of sharp diffrac-
tion spots corresponding to 65.3 nm.

From the volume fraction of the crystals yy, and SAXS long period L,, the
lamellar crystal thickness L. and amorphous layer thickness L, can be determined,
assuming a two-phase model, from the following relationship:

L. =yvyLy, L, =1 —xv)Ly (8)

Figure 3 shows the Lorentz-corrected SAXS intensities plotted against magni-
tude of scattering vector s (= 2/ sind) where 20 is the scattering angle and 1 is the
X-ray wavelength (= 0.1542 nm). The maximum point in the SAXS curves yields
the average long period. The s value of a-PP (or PP0) was around 0.07 nm™ ", and
the s value of 3-iPP (or PP98) was around 0.0625 nm ', indicating that the long
period L,, of -iPP is greater than that of a-iPP. The iPP samples with both modifi-
cations have two SAXS peaks corresponding to the a-phase peak near 0.072 nm ™!
and f-phase peak near 0.0625 nm ™. This strongly suggests that the modified iPP
samples with the a- and g-spherulites coexist but no co-crystallization of a-phase
and fg-phase crystals takes place. The specific long periods for a-phase and f-phase
were about 14 and 16 nm.

3. Tensile deformation

The sample specimens were cut into a dumbbell shape having a gauge length of
10 mm. The tensile strain was calculated from the ratio of the increment of the
length between the clamps to the initial gauge length. The tensile stress was deter-
mined by dividing the tensile load by the initial cross section. The stress—strain
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curves at room temperature were measured at a constant crosshead speed of
20 mm/min.

Figure 4a shows the overall stress—strain curves for all the samples with various
p-phase contents at the same crystallinity. The ultimate tensile elongation markedly
increases with increasing the f-phase content, and the $-iPP (PP98) has higher
drawability than a-iPP (PPO). The p-iPP is elongated more gradually with ambigu-
ous necking as compared to a-iPP, which is elongated with obvious necking.

As seen in Figure 4b, the initial elastic strain domain is surprisingly insensitive
to the change in the composition of the crystalline phase at a fixed crystallinity.
Thus, Young’s modulus was constant and completely independent of the g-phase
content (see Figure 5). This phenomenon is responsible for the strain concentration
in the amorphous region [24] because the amorphous phase in iPP is rubberlike
at room temperature and the mechanical modulus of the amorphous phase is con-
siderably lower than those of a- and f-phase crystals. Consequently, before
yielding, the deformation of the semicrystalline polymers is dominated by the
deformation of the amorphous phase, indicating that the initial elastic region
depends mainly on the crystallinity.

The elasticity limits where the actual stress-strain curves for the f-modified iPP
samples are deviated from the linear elastic behavior were around 0.1 strain as
shown in Figure 4b. The deviation may be due to the onset of microscopic plastic

Temp.: 297K
CHS: 20mm/min

(a) ]

Stress IMPa

10 120 0.2 0.4 0.6 0.8 1
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Figure 4.
Stress-strain curves of iPP samples having different f-contents with a fixed crystallinity. (a) Overall curves and
(b) their magnification in the initial strains.
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Figure 5.
Yield stress and Young’s modulus plotted against the p-contents for the B-nucleated iPP.
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deformation resulting from the lower packing density of the f-phase. The main
differences in the stress-strain curves exist in the yield region. In this region, the
macroscopic structural transformation from a spherulitic structure to microfibrils
takes place.

The yield process was found to become broader as the f-phase content
increases, and the yield stress linearly decreases with increasing -phase content (see -
Figure 5). This is relevant to the early and more gradual activation of plastic processes
in the f-phase as compared to a-phase because of the higher molecular mobility in
the p-phase at the same temperature. This demonstrates that the plastic behavior is
much more sensitive to the nature of the crystalline phase. In addition, the yield peak
in the stress—strain curves broadens, and the neck region is more ambiguous as the
p-phase increases. As mentioned before, the f-phase crystals have a lower cohesive
force than the a-phase crystals, which is also reflected by their lower melting temper-
ature and lower density. The lower cohesive force leads to easier slipping of the
lamellar chains, resulting in a lower yield stress. Furthermore, as shown in Figure 6,
the yield energy, which is defined as the energy dissipated for yielding to take place,
linearly increases with increasing f-phase content, and all data almost fall on the solid
line, which can be calculated according to the simple mixture law as follows:

Uy = ¢pUpy + (1= ) Uay 9)

Here Uy is the yield energy (resilience), which was estimated from the area under
the stress-strain plot from the origin to the stress drop, and Uy and U,y are the
yield energies of -iPP and a-iPP, respectively.

To obtain better insights into the plastic behavior of the crystalline component,
the WAXD experiments were carried out at room temperature during tensile tests.
The direction of the incident beam was perpendicular to the plate surface of the
specimens. Figure 7 shows the WAXD patterns of a-iPP (PP0) and g-iPP (PP98).
The WAXD patterns of the undrawn specimens of PPO and PP98 are shown in
Figures 7a and d, respectively. The patterns of iPPO stretched at a strain of 0.4 and
PP98 stretched at a strain of 0.8, in which both stretched samples are in the post-
yielding region, are shown in Figures 7b and e, respectively, and those of both
specimens at the final failure point are shown in Figures 7c and f, respectively. The
Debye rings of the (300) and (030) reflections of the f-phase crystals remain in the
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Figure 6.
Yield energy (vesilience) plotted against the p-contents for the p-nucleated iPP.
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-iPP (a)
-1PP
Figure 7.

Small angle X-ray diffraction patterns of a- and p-iPP samples: (a) oviginal a-iPP, (b) stretched a-iPP at a
strain of 0.4 (neck region), (c) stretched a-iPP at the failure point, (d) original B-iPP, (e) stretched B-iPP at a
strain of 0.8 (neck region), and (f) stretched p-iPP at the failure point.

PP98 sample deformed up to the post-yielding region (see Figure 7e), and they are
scarcely oriented even in the initial necking region. In contrast to PP98, PP0
exhibits the reflections of the a-phase concentrated in the perpendicular direction
to the elongation even in the post-yielding and necking regions. This pattern is
almost the same as the typical profile of the iPP specimens at the final failure point,
indicating that a-iPP attains the final c-axis orientation of crystals after yielding.

In addition, it should be noted here that there is no clear difference in the orienta-
tion pattern at the final failure point between PP98 and PPO. The strain induced

f — a transition on tensile drawing has been reported by several authors [25-29]. In
the present work, there is no evidence for the occurrence of a § — « transition as
seen in Figure 7f, but the final orientation morphology of PP98 appears to be the
same as that of PP0. The reflections showing the attainable final orientation exist
between 14 and 16°, suggesting the assignment of smectic form as demonstrated by
Turner-Jones et al. [12] and Shi et al. [8].

4. Deformation of isolated spherulites

According to our previous studies [30, 31] concerning the yield behavior of
typical spherulitic polymers such as PE and a-iPP, several lamellae tend to cluster
into bundles with tie molecules, where these are separated from one another by the
amorphous regions and the lamellar clusters constituting of spherulites act as
deformation units. The lamellar clusters are bridged by the inter-cluster or
intercrystalline links, as proposed by Keith-Padden et al. [32], thus acting as stress
transmitters. The stacked lamellae or lamellar clusters are fragmented into cluster
units or blocks at the yield point, resulting in a stress drop. Beyond the yield point,
the plastic deformation involves the rotation of the cluster units and the sliding of
stacked lamellae inside each cluster units, and the fragmented cluster units are
rearranged into microfibrils in the necking region [33]. The continuous structural
transformation corresponds to the neck propagation. In the case of g-spherulitic iPP
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showing a broad yield process, the lamellar clusters disintegrate accompanied by
sliding crystalline stems and chain slip inside the crystalline lamellae. Consequently,
the fragmentation of lamellae and/or lamellar clusters hardly occurs. These differ-
ences in yielding mechanism between a- and g-spherulitic iPPs are due to the
differences not only in the cohesive force between crystalline chains but also in the
spherulite morphology.

Figure 8 shows an atomic force microscopy (AFM) micrograph of the morphol-
ogy of the f-form iPP spherulites prepared in this work. The morphology is signif-
icantly different from the typical spherulite morphology of a-phase iPP. This
spherulite seems to be type III according to Norton and Keller’s classification [34]
because there is no lamellar twisting within the spherulites. The embryo $-spherulites
consist of parallel stacked lamellae. This type of spherulite is referred to as a
sheaflike structure. Shi et al. [19] reported that the f-spherulites develop initially
as rodlike structures and then by branching of the lamellae, finally evolving into
sheaflike structures. In this case, the spherulite is formed from one crystal via a
unidirectional growth mechanism. The spherical shape is attained through continu-
ous branching and fanning via the intermediate stage of sheaves. However, the
a-spherulites consist of an aggregate of chain-folded lamellae growing from a cen-
tral point (nucleus). This is referred to as an acicular structure. Both structural
models of a- and g-spherulites are shown in Figure 9.

It is likely that the spherulite morphology plays a central role in controlling the
plastic deformation and tensile behavior of both PE and iPP materials. The
mechanical responses to tensile yielding and the deformation process are considered
to be fundamentally different between a- and f-spherulites. Tensile deformation of
a-iPP materials is accompanied by necking process, in which the initial isotropic

Figure 8.
AFM pictuves of a p- spherulite.

Acicula Sheaf

Figure 9.
Hllustrations of lamellar arrangement of o- and B-spherulites.
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spherulite structure is converted into a highly oriented one. On the other hand, the
p-iPP exhibits broader yield peaks without obvious necking formation and has a
lower yield strength than that of a-iPP. Furthermore, the $-iPP specimen began to
be whitened with further extension, whereas the a-iPP exhibited partial stress
whitening beyond yielding. This stress whitening seems to be caused by the forma-
tion of numerous voids after yielding [35].

Previously, we reported a method for preparing a thin film with huge isolated
spherulites embedded in a soft (smectic) matrix [36]. The deformation mechanism
of spherulites can be examined from the direct observation of the stretched film on
the polarized optical microscope. Thus, we mounted the manual stretcher on the
optical microscope to observe the deformation process of the isolated spherulites.

Figure 10a shows the optical microscopic pictures of an isolated a-spherulite.

A few arc-shaped cracks rapidly appeared in the polar zone in the initial stages of

Figure 10.

Polarized optical microscopic pictures of (a) uniaxial stretching of an isolated a-acicular spherulite,

(b) uniaxial stretching perpendicular to the sheaf axis of an isolated B-sheaf spherulite, and (c) uniaxial
stretching parallel to the sheaf axis of an isolated B-sheaf spherulite.
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stretching. With increasing strain, the arc-shaped cracks developed in the polar
zone and proceed from the outer to the inner portions of the spherulite. Subse-
quently, radial craze-like fractures began to form in the equatorial region perpen-
dicular to the stretching axis, and then the radial crazing progressed along with the
spherulite radius, resulting in the evolution of large dark bands in the equatorial
region. The evolution of the dark bands is related to the yield process as demon-
strated previously by Nitta et al. [36]. It should be noted here that the deformation
mechanism of a-spherulites is isotropic because crystalline lamellae within a-
spherulites radiate from a common center and the crystalline lamellae aggregate
with spherical symmetry. Unlike the a-spherulite, f-spherulites are sheaflike type
of spherulites with a spherical asymmetry (see Figure 9). As shown in Figure 10b
and c, the deformation behavior of the -spherulite depends largely on the
stretching direction with respect to the sheaf axis. In the case of the

p-spherulites, when drawn perpendicular to the sheaf direction, the radial crazing
preferentially appeared in the equatorial zone along the sheaf axis, and then the
dark crazing zone developed further with increasing strain. Finally, a hole appeared
in the center of the deformed spherulite, indicating that the deformation is concen-
trated perpendicular to the stacked lamellae located in the center of the spherulite.
On the other hand, when drawing along the sheaf axis, the spherulite was deformed
into an ellipsoid accompanied by the formation of crazed cracks, and there is no
clear strain concentration.

It was found that the strength of the f-spherulite is anisotropic and depends on
the direction of the embryo or parallel stacked lamellae in the center of the spheru-
lite. When the g-spherulites were subjected to stress perpendicular to the sheaf axis
(see Figure 10b), obvious deformation bands generated preferentially near the
equatorial zone within the uniaxially deformed spherulites. According to previous
theoretical [37, 38] and experimental results [39], the equatorial region, particularly
the center of the spherulites, is subjected to higher strains and stresses as compared
to the polar region. Consequently, interlamellar separation is likely to occur near the
equatorial plane of the stacked sheaflike lamellae because the sheaf direction is
perpendicular to the loading direction. As the strain increased, separation of the
sheaf-lamellae continued, and more deformation bands and crazes generated pref-
erentially near the equatorial zone of the deformed spherulites. In the final stage,
holes or local disintegration appeared near the center of the deformed spherulites.
This lamellar separation was accompanied by massive voiding at the onset of the
formation of a microporous structure, which is preferential for the applications of
p-phase iPP [29, 40]. On the other hand, when the g-spherulite was stretched in the
growth direction of the embryo sheaf (see Figure 10c), there was no obvious
deformation bands around the equatorial zone. Thus, intralamellar deformation is
likely to take place for the sheaf-lamellae under uniaxial tension because the sheaf-
lamellae are parallel to the loading direction. Considering that the intralamellar
stretching of the sheaf-lamellae involves the unfolding of chains, leading to local
necking or sliding, the intralamellar stretching of sheaf-lamellae strongly resists
deformation compared to the interlamellar separation; thus, no localized deforma-
tion bands appeared near the equatorial zone.

As well-known, the f — a transformation occurs on heat treatment. The film
having isolated f-spherulites was heated up to 433 K at a rate of 2 K/min and then
quenched in an ice-water bath. This treatment allows the recrystallization into
a-modification within the isolated g-spherulites. The arrangement of the crystalline
lamellae in the a-spherulites prepared by the § — «a transformation is a sheaflike
structure, which is different from the usual a-spherulites showing an acicular
structure. Thus, the sheaflike spherulite prepared by the f — a transformation
process is a new type of a-spherulite. As shown in Figure 11, the sheaflike
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Figure 11.
Polarized optical microscopic pictures of (a) uniaxial stretching perpendicular to sheaf axis of an isolated a-
sheaf spherulite and (b) uniaxial stretching parallel to sheaf axis of an isolated a-sheaf spherulite.

a-spherulite is optically negative, indicating that there are no traces of a cross-
hatched structure within the g-spherulites.

The deformation behavior of the sheaflike a-spherulite was also anisotropic and
significantly different from that of the acicular type of a-spherulite as shown in
Figure 10. When the axis of the sheaf was transverse to the loading direction, the
deformation bands appeared obviously along the sheaf axis, and then the further
deformation extended the highly oriented and deformed zone in the equatorial
region of the deformed spherulite. The uniaxially deformed spherulite is clearly
divided into two parts: one being nearly undeformed and another being consider-
ably deformed. The nearly undeformed sections are jointed by the transition zone
that propagates in the stretching direction. The interlamellar separation of stacked
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sheaf-lamellae in the equatorial zone was initiated in the first stage of deformation,
and then the separation of the sheaf-lamellae continues, and more deformation
bands proceeded as the strain was further increased. On the other hand, when the
sheaf axis was in the draw direction (see Figure 11b), the spherulite was initially
deformed to an ellipse of similar shape to that expected for affine deformation. This
is because its equatorial region is tougher because the lamellae parallel to the
stretching direction more strongly resist deformation than the lamellae perpendic-
ular to the loading direction as mentioned in the discussion of g-spherulite defor-
mation. Subsequent deformation caused micro-necking in such a way that the
traces of the sheaf structure remain in the center portion of the spherulite. The
sheaf-lamellae located perpendicular to the loading direction are brittle, whereas
the sheaf-lamellae located parallel to the loading direction are tougher or ductile.
This anisotropic deformation behavior is quite different from the isotropic defor-
mation of acicular a-spherulites, but it is similar to those of sheaf j-spherulites as
well as isolated PE spherulites, as shown by Lee et al. [41]. This is plausible because
PE spherulite is sheaflike.

It has been long recognized that the deformation of crystalline polymers must be
considered in terms of various structural parameters such as crystallinity, lamellar
thickness or long period, and spherulite size. However, the present results imply
that deformation behavior and mechanical response of bulk iPP materials are
affected not only by these structural factors but also by the morphological texture
within spherulites.

5. Effects of spherulite morphology on tensile properties

To investigate the effects of the lamellar organization within the spherulites on
the tensile properties of bulk iPP sheets, a-modified iPP samples were prepared by
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Figure 12.
Dependence of p-contents of B-nucleated iPP on the heat-treatment temperature.
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the heat treatment of 5-iPP (PP98) sheets. The PP98 sheets were heated at a 2 K/min
and kept for 300 min at a fixed temperature. The S-phase contents are plotted
against the fixed temperature in Figure 12. The f — a transformation occurs at
around 413 K, and the g-iPP was completely transformed into the a-phase above
427 K. It should be noted here that the thus-prepared iPP sheets contain sheaf type of
spherulites. Consequently, we obtained three types of iPP sheets having a fixed
crystallinity of around 73%, for example, the a-iPP sheets showing acicular spheru-
lites, the a-iPP sheets showing sheaflike spherulites, and the g-iPP sheets showing
sheaflike spherulites. Here, we have referred to these samples as a-acicular, a-sheaf,
and f-sheaf.

Figure 13 shows the stress-strain curves measured at various temperatures for
a-acicular, a-sheaf, and f-sheaf sheets. At all temperatures, the stress-strain
curves in the initial elastic strain domain were almost the same for these three
samples. This is plausible because the crystallinities of these samples are almost
equal. This also indicates that Young’s modulus is dominated by the bulk crystal-
linity and is almost independent of the lamellar morphology of the spherulites and
of the crystal modification. In addition, the a-acicular iPP sample is in more brittle
manner than the a-sheaf and the g-sheaf iPP samples and broke around the yield
peak except at 380 K. This indicates that the plastic deformation is much more
sensitive to the change of the spherulite texture than to crystalline modification.
This corroborates the previous results that the deformation behavior of isolated
p-sheaf and a-sheaf spherulites is similar and significantly different from that of
the a-acicular spherulites. Moreover, -spherulites show a greater resistance to
break when the strain direction is almost parallel to the sheaf axis. Interestingly,
the yield strengths in a-acicular and a-sheaf iPPs are almost the same, although
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Comparison of stress-strain curves of spherulitic iPP sheets with a fixed crystallinity: a-acicular spherulites
(blue), a-sheaf spherulites (green), and p-sheaf spherulites (red).
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Figure 14.

Comparison of stress-strain curves of a-spherulitic iPP samples with different contents of sheaflike spherulites.

larger than that of the f-sheaf iPP. This indicates that the yield strength is much
more sensitive to crystal phase modification than to the lamellar arrangement of
the spherulites. The reduced yield stress of f-sheaf iPP compared to those of the
a-acicular and a-sheaf iPPs is associated with the greater chain mobility in the
p-phase crystals. The lower packing density of the f-phase is accompanied by the
reduced stem interactions in the f-crystalline lamellae as compared to the
a-lamellae, leading to the lower yield stress of the f-phase compared to that of
the a-phase. An additional factor reducing the lamellar strength is the crystallo-
graphic symmetry of the hexagonal -phase, which provides three equivalent
glide planes.

To confirm these conclusions, we compared the stress-strain behaviors mea-
sured from 320 to 380 K for a-spherulitic iPP sheets with different amounts of
sheaflike spherulites which were prepared by tempering the iPP samples with the
different amount of f-spherulites. Note here that these iPP sheets have a fixed
crystallinity of about 74%. As a result, a-spherulitic iPP sheets having various
sheaflike spherulite contents with constant crystallinity were prepared. Figure 14
also shows that the ductility enhances as the content of sheaf spherulites increased,
whereas the yield strengths of all sheets are the same and almost insensitive to the
lamellar arrangement of the spherulites.

6. Summary
Based on our investigation of the tensile properties of a-iPP and f-modified iPP,

in which all the other structural parameters, such as overall crystallinity and spher-
ulite size, were controlled, the following conclusions can be drawn:
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(1) The stress-strain curves in the initial elastic strain region are dominated by
the effects of crystallinity but are almost insensitive to changes in the crystal
phases, as well as to the lamellar arrangements of spherulites.

(2) The yield strength is more sensitive to the crystal modification than the
lamellar arrangement of spherulites, and a-iPP shows a higher yield stress
than f-modified iPP.

(3) The plastic deformation process of the spherulites is sensitive to the lamellar
arrangement of spherulites. The sheaflike spherulites are more ductile than
the acicular spherulites and exhibit anisotropy in their plastic properties. The
improved drawability and ductility of p-iPP compared with a-iPP is thus
associated with the enhanced toughness resulting from multiple deformation
processes in the sheaflike spherulites.
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Chapter 6

Effect of Processing and
Orientation on Structural
and Mechanical Properties of
Polypropylene Products

Luca Fambri and Luca Lutterotti

Abstract

Polypropylene (PP) represents one of the most worldwide used plastics with a
large variety of products and applications. As usual for semicrystalline polymers,
the properties of PP products strictly depend on the processing (fiber spinning,
film extrusion, injection, etc.), where orientation and crystallization phenomena
are involved. The object of this communication is the mechanical and structural
characterization of oriented products from iPP homopolymers, i.e., injection
molded dumbbell specimens (IM), lab-scale single fibers and commercial bulk
continuous filament (BCF), woven non-woven fabrics (WNW) by using differen-
tial scanning calorimetry (DSC), dynamical mechanical thermal analysis (DMTA),
tensile measurements, and X-ray diffraction (XRD) analysis. In particular, a recent
methodology to analyze diffraction images of oriented polymers to obtain crystal
structure, texture, and microstructural information is presented. The higher the
orientation, the higher the mechanical properties and the sharper the texture, as
revealed by a quantitative texture analysis that has been also developed and success-
fully applied to oriented PP nanocomposites.

Keywords: fibers, woven non-woven fabrics, tensile properties, DMTA, DSC,
XRD analysis

1. Introduction

On the market volume basis of standard plastics, polypropylene occupies the
second position after various polyethylenes (HDPE, LDPE, and LLDPE) and is
expected to rise by 3% per year by 2024 according to the recent report by Ceresana
[1]. Following PlasticsEurope about 9.9 m of PP were demanded in 2017 for food
packaging, sweet and snack wrappers, hinged caps, microwave containers, pipes,
automotive parts, bank notes, etc. in Europe [2]. The success of polypropylene
derives from the proper balanced physical and chemical properties with a combina-
tion of many factors, such as low density, excellent thermal stability, good chemical
resistance, high crystallinity, and high stiffness or hardness with a wide design
flexibility and simplicity of recycling making PP an attractive construction mate-
rial. Owing to plausible melt rheology and thermal properties, PP-based materials
are compatible with many processing technologies and can be processed by injec-
tion molding, film blowing and casting, extrusion of woven non-woven fabrics,
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fiber spinning, and calendering [3, 4]. Also polypropylene composites for injection
molding represent a sector of production for applications where higher stiffness
and hardness are required. These higher mechanical properties are often obtained
by addition and dispersion of particulate fillers and/or glass fibers [5].

Depending on the process and applications, various grades of polymer are
properly selected and defined by melt flow index (MF) that represents the output
of polymer expressed in g/10 mins during a vertical extrusion and measured in
standard conditions, usually at 230°C and load of 2.16 kg with a diameter die of
2.096 mm [6]. @@ @Melt flow grades in the range 0.3-2.0 are chosen for pipes,
sheets, and blow molding, whereas higher grades between 2 and 8 are selected for
film and fiber production. Higher fluidity polymers with MF above 8 are typically
used for injection molding and extrusion coating [7]. Common MF for woven non-
woven (WNW) fabrics is usually in the range 18-25.

During various processing conditions, polymer chains are oriented, and the final
properties directly depend on the combined interaction of polymer crystallized and
amorphous phases during shear flow and/or elongational flow. The latter is typically
dominating in film and fiber production. In particular, it is possible to achieve a
high extension of macromolecular chains due to the relatively easy spinning, with a
very high level of alignment [8, 9]. According to Kunugi, experimental maximum
modulus and strength of about 40 and 1.5 GPa, respectively, could be obtained for
highly extended helix crystallizing polymer [10]. In the case of injection molded
polypropylene, an extensive work has been published with specific details on the
effect of macromolecular orientation on polymer structure, after process, charac-
terized by XRD, DSC, and DMTA in dependence on various factors, such as skin
layer, filler effect, copolymers, flow direction, processing parameters, etc. [11].

In this chapter both injection molded samples and fiber-based products are com-
pared as function of polymer processing. Mechanical, thermal, and structural analyses
are presented. Particular attention will be spent on interpretation of X-ray analysis on
fiber oriented polymers, comparing results before and after mechanical and creep tests.

2. Experimental
2.1 Products and polymers

Various products of PPs with different MF in the range 3.6 and 18 g/10 mins
were selected and analyzed for the comparative evaluation of the effect of process
on properties and orientation. The higher the molecular weight, the lower the melt
flow. Figure 1 shows the empirical relation between molecular weight and melt flow
according to literature data [12] and Eq. (1):

log MW = 2.47-0.234 log MF (1)

where MW is the molecular weight expressed in kDalton and MF is the melt
flow measured in standard conditions (230°C and 2.16 kg). The MF value of poly-
propylene of various products is also reported. See details in Table 1.

Dumbbell specimens ASTM type (3.2 thickness, 12.7 width) were obtained by
injection molding machine Arburg 320 C type Allrounder 500-250 (screw 35 mm)
from iPP HP551M (Basell, Ferrara; MF = 8 g/10 mins). Processing conditions were
injection velocity of 40 cm®/s, melt temperature (nozzle) of 240°C, and injection
pressure 1100 bar.

WNW fabrics with surface density of 80 g/m” were spunbonded by Texbond
Spa (Rovereto, TN, Italy) by using iPP with melt flow of 18 g/10 mins (at 2.16 kg

92



Effect of Processing and Orientation on Structural and Mechanical Properties of Polypropylene...
DOI: http://dx.doi.org/10.5772/intechopen. 85554

400
350 S @ experimental data from Ref 12|
. . linear fitting from Equation 1
530 =
I
E 250 JFS.
£ { M|
g 20 -
= s
& Evaion Sy ] WNW
E 150 r 5;:':':;,-:;6071 . ‘/"
o T e:-:: =
% ey i P

100

0.1

1 10
MFI {g/10min) at 2.16Kg and 230°C

Figure 1.
Relation between melt flow index and molecular weight. The value of various products are indicated, i.e., woven
non-woven (WNW), bulk continuous filaments (BCF), injection molding (IM), and fiber spinning (FS).

Code Product MF g/10 mins Process

FS Monofilament 36 Fiber spinning

IM Dumbbell 8.5 Injection molding

WNW Fabrics 18 Woven non-woven spunbonding

BCF Multifilament 10.0 Bulk continuous filament spinning
Table 1.

Products obtained from polypropylene of different melt flow.

and 230°C). Due to the anisotropy of the process, fabrics were tested in machine
direction (MD) and cross direction (CD) [13]. Normalized thickness of samples for
mechanical testing was obtained assuming 0.905 g/cm as bulk density of polymer.

BCF of 64 filaments with the total titer of 1150 dtex [14] and equivalent diam-
eter of 403 pm were industrially produced by Aquafil Spa (Arco, TN, Italy) by using
PP with melt flow of 10 g/10 mins (2.16 kg, 230°C).

Monofilaments of PP and composite fiber were produced in lab-scale starting
from commercial pellets (Sabic PP505P with MF = 3.6 g/10 mins at 2.16 kg and
230°C) and kaolinite masterbatch (Paralux by Vale, Brazil). Polypropylene fibers
containing kaolinite in the range 1-30 wt% were manufactured by a two-step pro-
cess, i.e., compounding/melt spinning and hot drawing. Melt-compounding was per-
formed in a corotating intermeshing twin-screw extruder Rheomix Thermo Haake
PTW16 (L/D 25; D = 16 mm; rod die 1.65 mm; temperature profile 130-230°C).
Drawing of extruded filaments with 500 pm diameter was set at 145°C in order to
produce single fiber at increasing draw ratio (DR) in the range 5-15. More details of
compounding-spinning-drawing processes are described in literature [15, 16].

2.2 Mechanical and thermal tests

Tensile tests were performed on dumbbell ASTM specimens (Section 3.2 x 12.7 mm),
BCF multifilaments (200 mm length), and WNW fabrics (50 mm width and 200 mm
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length) by using a dynamometer Instron mod. 4502 with a crosshead speed of
100 mm/min. WNW fabrics were tested both in machine and in cross direction.
Single fibers of 10—20 mm were tested with a crosshead of 5-10 mm/min.

Differential scanning calorimetry was performed on PP specimens of about
15 mg by means of a Mettler DSC30 calorimeter by thermal cycling in the range
0-220°C with a heating/cooling rate of 10°C/min. Melting and crystallization
temperature/peak were registered. The crystallinity X was determined referring the
measured melting enthalpy AH; in the first heating scan to 207 J/g and the standard
enthalpy of the fully crystalline PP according to Eq. (2):

X =100 AH,/207. (2)

DMTA-thermal creep specimens of WNW (stripes 20x5 mm) and BCF (15 mm
length) were subjected to dynamical mechanical analysis in tensile mode by using
a DMTA MK II (Polymer Laboratories) with a dynamic deformation of 11 pm,
frequency of 5 Hz, static stress between 1 and 16 MPa, and heating rate of 3°C/min
in the range —50/120°C. Storage (E’) and loss (E”) moduli are reported as a function
of temperature. Thermal creep (TC) was also evaluated according to Eq. (3):

TC = 100*(AL/Ly) (3)

where AL is the specimen length variation and L is the initial length.

Isothermal creep at 25°C was performed on samples 200 mm length (and 50 mm
width for WNW fabrics) by applying for 30 mins a constant stress of 16 MPa for
BCF and 3.5 MPa for WNW, and a following recovery for 30 mins at a minimum
stress of 1.5 MPa for BCF and 0.05 MPa for WNW, respectively. WNW fabrics were
tested both in machine and cross direction.

2.3 Fiber diffraction measurements
All diffraction images were collected in transmission using a modified Laue

camera with a removable image plate 24 x 15 cm” with a pixel size of 43 microns
at a distance from the sample equal to 8.81 cm. The sample to detector distance

(a) (b}

Figure 2.

Fiber diffraction raw images for the PP fibers with 10 wt% kaolinite (K10). (a) As-span fibers showing
smoother texture. (b) Fibers at DR = 10: the central spots radially dispersed are due to diffraction from the
residual bremsstrahlung radiation in the filtered only X-ray beam. Sharper spots are produced by the PP strong
fiber texture, and more continuous circles ave from kaolinite diffraction.
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was calibrated through a Si standard powder packed between two Mylar films and
stretched by the same fiber diffraction sample holder used for the polymers.

The beam (CuKa radiation at 40 kV and 30 mA) was collimated through a pin-
hole and a Ni filter to ensure a proper resolution in the images and sufficient beam
intensity. Only one diffraction image per sample was sufficient to get all the crystal,
texture, and microstructure information needed.

In Figure 2(a) and (b), two of these diffraction images are shown for the PP
fibers with kaolinite filler. The two images enlighten how easily the differences in
texture can be caught by the fiber diffraction technique. Not only the quality of the
texture can be appreciated but also a quantitative analysis can be done by a proper
methodology shown in the following paragraph. From the two images, we can also
see some artifacts originated from the not strictly monochromatic beam (diffrac-
tion of the bremsstrahlung), but we account for them in our analysis.

3. Results and discussion
3.1 Mechanical properties

The effect of orientation of various polypropylene products can be firstly evalu-
ated by the different mechanical properties; in particular modulus and maximum
stress (strength) are summarized in Figure 3.

Dumbbell specimens exhibited a tensile modulus of 950 + 9 MPa, yield stress
of 33 + 1 MPa, and stress and deformation at break of 15 + 2 MPa and 73%, respec-
tively. Mechanical properties are quite different from other products, even if
molecular weight is quite similar to BCF products. In injection molding, chain align-
ment and solidification follow a different pattern with respect to the fiber formation
during spinning, and consequently dumbbell specimens exhibit heterogeneity in
macromolecular orientation with a skin effect and a disordered core structure, as
well described in literature [11]. Moreover, it should be considered that the shape
factor, calculated as the ratio between the perimeter and section, is lower for IM
(0.8 mm™) with respect to 160 mm ! for WNW, 80 mm ™! for BCF, and in the range
of 8-31 mm ™" for FS depending on the drawing. The efficiency of chain orientation
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Figure 3.

Comparison of mechanical properties (tensile modulus and strength) of various oriented products, such

as WNW, undrawn fibers from WNW, BCF, and drawn fibers with DR = 10; selected data of PP fibers or
nanocomposite fibers with 10 (K10), 20 (K20), and 30% (K30) of kaolinite. Data of IM sample are also shown
for comparison.
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Figure 4.
Comparison of stvess-strain curves of BCF filament and WNW fabrics tested in MD and CD directions.

is more evident in fiber-like products, where processing conditions determine a
linear stretching (drawing) of polymer with elongation flow, either in spinning or
in drawing.

The higher the orientation, the higher the modulus, the higher the strength, and
in general the lower the strain at break. It is evident of the lower values of WNW
fabrics with respect to undrawn fibers and BCF filaments. An almost linear depen-
dence between strength and stiffness can be observed in Figure 3.

The highest modulus and strength have been obtained for lab-scale fiber after
drawing 10 times (DR10) and relatively higher values for nanocomposites with
kaolinite between 10 and 30%.

Stress-strain curves of WNW fabrics and BCF filaments are shown in Figure 4. The
effect of fiber spinning in BCF and the direct drawing in the process with draw ratio
of about 4 determines not only a stiffening of the filament but also an increase of max
stress (320 MPa) and a relatively high deformation at failure (125%). More peculiar is
the orientation in WNW fabric where longitudinal or machine direction and transversal
or cross direction determine a different mechanical behavior. Anisotropy of WNW
products is very common and usually decreases with the increase of surface density.

This effect is more evident in the creep curve shown in Figure 5, where CD
sample exhibited not only a higher deformation after 30 mins creep with respect to
MD sample (3.1 vs. 2.0%) but also a higher residual after 30 mins recovery (about
0.8 vs. 0.3%).

Correspondingly a higher storage modulus was found for MD sample with
respect to CD sample, as shown in Figure 6. On the other hand the peak of the
polymer glass transition temperature (Tg) remains localized at about 0°C.

The different thermal creep (at 3.5 MPa) of WNW with respect to BCF is
reported in Figure 7, and it decreases in the order WNW-CD > WNW-MD > BCF. In
all cases the deformation starts at about 30°C after the glass transition interval
depicted by the loss modulus peak in the interval —15/30°C. As expected, the higher
the orientation, the higher the storage modulus, the lower the loss modulus, and
consequently the lower the thermal creep.

Figures 8and 9 show DMTA data of BCF filaments. Storage modulus and
thermal creep directly depend on the applied stress.

Moreover, it is evident that static stress of 1 or 7 MPa determines a thermal creep
starting from about 30°C, as in the case of WNW with 3.5 MPa (see Figure 7). On
the other hand, at higher stress of 16 MPa, thermal creep starts at 0°C that corre-
spond to the Tg, measured at the maximum of loss modulus peak.
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Comparison of creep curves of WNW fabrics tested in MD and CD directions at 25°C with an applied stress of
3.5 MPa for 30 mins, followed by 30 mins recovery.
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Comparison of thermal creep measured in dynamic mechanical analysis of BCF filaments performed at
different static stresses of 1, 7, and 16 MPa.

Creep curves of BCF filaments at 16 and 78 MPa are compared in Figure 10.
Experimental data have been interpolated by using a simple exponential model,
as previously described [16]. The two parameter K and n formally represent
the intensity and the rate of the creep, and they are directly dependent on the
applied stress.

Thermal analysis (DSC data) could be useful for a preliminary evaluation of
samples. The first heating scan is representative of the products, whereas the cool-
ing step and the second heating scan give information on the polymer. Crystallinity
(endothermal peak), the quality of the peak from melting peak and crystallizability
of polymer during the cooling step, usually depends on molecular weight. For IM
sample melting temperature of 169.2°C and melting enthalpy of 83.2 J/g (crystal-
linity of 40.2%) were determined. Tables 2 and 3 show selected data of WNW
and BCF samples, respectively. DSC data of various WNW fabrics before and after
testing are almost similar.

Thermal analysis of BCF original filaments and after creep or mechanical exper-
iments revealed an interesting result of increased crystallization, in dependence on
the well-known phenomenon described as “stress-induced crystallization” [17] or
“orientation-induced crystallization” [18] that occurs either in fiber processing or
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Comparison of creep curves of BCF filament tested at 25.0°C with different high applied stresses of 11 or
78 MPa for 30 mins, followed by 30 mins of recovery.

WNW First Scan Cooling Second Scan
T AH; X T. AH, T2 AH,
[°C] [)/g] [%] [*C] /gl [*C] /gl
As received 175.5 84.6 40.5 1211 95.2 164.2 96.2
MD after creep 3.5 MPa 1716 84.1 40.2 1215 96.3 1634 96.6
CD after creep 3.5 MPa 173.7 843 403 121.8 951 163.6 96.7
MD after failure 1701 86.2 412 121.8 95.7 163.5 95.8
CD after failure 1731 82.5 399 1201 94.1 165.1 95.2

Crystallinity is calculated according to Eq. (2).

Table 2.
Thermal results of WNW fabrics (melting and crystallization temperature; melting and crystallization
enthalpy in the three DSC scans).

BCF First Scan Cooling Second Scan

T AH,; X T. AH, T2 AH,

[C] /gl [%] [°C] /gl [°C] /gl
Asreceived 175.5 74.6 357 114.4 90.9 166.6 913
After creep 16 MPa 172.9 74.0 354 1151 894 165.5 90.7
After creep 78 MPa 172.9 794 38.0 1154 89.5 165.5 91.5
After failure 174.0 108.3 518 1154 89.1 166.0 90.5

Melting and crystallization temperature; melting and crystallization enthalpy in the three DSC scans. Crystallinity is
calculated according to Eq. (2).

Table 3.
Thermal results of BCF filaments.

in fiber testing. The residual deformation after creep and recovery was found at 0.7
and 7.5% after loading 16 or 78 MPa, respectively, and correspondently crystallinity
of 35 and 38% was measured. It should be noted that crystallinity of BCF filaments
increased up to 52% after the failure (strain failure at 125%).
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Figure 11.

Comparison of max stress and strain at failure of PP fibers in the two steps of processing, i.e., spinning and
drawing. Interpolation curve following the equation proposed in literature [17].

3.2 Case of highly oriented products (fibers)

Single fibers at different levels of drawing were prepared and characterized.
Figure 11 shows the relationship between the max stress and deformation at break
that could be interpolated according to the criteria of independence of a total maxi-
mum orientation or the network deformation concept [17]. It could be assumed as
a direct combination of the orientation obtained in fiber spinning, the extension
of the fiber during fiber drawing, and the strain deformation during tensile testing
[17]. Experimental results of PP fibers have interpolated separately, distinguishing
the spinning step and the drawing step.

The calculated values of 827 and 1225 MPa formally represent the maximum attain-
able strength in fiber spinning and fiber drawing. It is well evident that 1225 MPa is
underestimated, suggesting that various and different phenomena occur during fiber
production with different roles and consequences on the ultimate properties.

Moreover, the effect of the filler was also observed and evaluated in drawing, by
comparing the modulus and the strength of the fiber as function of draw ratio, as
shown in Figure 12. The higher the draw ratio, the higher the orientation, and the
higher the modulus and the strength, for both PP fiber and composite fibers.

The maximum modulus and strength have been obtained after drawing at
draw ratio of DR 15 for both iPP and composite fibers, with values in the range of
8-9 GPa and 900-990 MPa, respectively.

3.3 Texture analysis

Fiber diffraction using transmission images is a powerful technique to analyze
polymers especially in fiber or textile form. From a just one diffraction image, it
may be possible to get crystal structure information [19, 20], texture [21, 22], and
also microstructural features [21]. A strong texture and crystallization may help the
crystal structure solution and refinement the same way as the texture is used for
crystal structure solutions [22]. The major problem in the quantitative analysis of
these transmission images is to account for the texture in a correct way. Simple fiber
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Figure 12.
Modulus and strength of PP fibers and nanocomposites with 10 and 20% of kaolinite as function of draw ratio.

textures can be modeled easily as proven by Ran et al. [23], and in-line analyses can
be carried out to monitor the crystallizable behavior of polypropylene fibers. But
only one attempt has been made to obtain some rough quantitative information on
the texture by Jin et al. [24] for the polypropylene fibers. In this paper we will show a
procedure to perform a global diffraction analysis from which we can obtain simul-
taneously all information from the crystal structure to the orientation distribution
function (ODF). The ODF is a function describing the volumetric amount of material
with a specific crystallographic orientation in one direction. The procedure is based
on the Rietveld texture analysis [25, 26] but using transmission images [20, 21].

To briefly recall the general methodology, the 2D images collected in transmis-
sion are transformed in spectra sampling the image in radial slices each one covering
a certain diffraction cone angle [27-29]. All the spectra are refined at once in the
Rietveld refinement program MAUD [30] using in addition to the crystal structure
and size-strain model a texture model to obtain the ODF. In the case of samples in
fiber form, the more suitable model is the standard functions [20, 31] as it provides a
sufficiently flexible way to represent the ODF with few refined parameters. Instead
for smoother texture, like in the case of WNW samples, which we could not model
with an ideal standard function, the more flexible spherical harmonic method [25,
31-33] has been used but in the exponential form to ensure a positive function.

Only isotactic polypropylene (iPP) was found in our samples, and for the fiber
diffraction images fitting and refinement, we started from the crystal structure
determined by Natta et al. [34, 35]. In order to reduce the number of degrees of
freedom in our model, we used a bond and angle restraint function for the iPP. This
was sufficient to drive our analysis to a unique solution and safely obtain the ODF
that was our principal goal.

Figure 13 reports the fitting for the BCF as-span sample. The same analysis
procedure was applied also to the strained fibers after creep/recovery at 78 MPa
with residual deformation of 7.5% (as shown in Figure 10) and after thermal
creep in DMTA at 16 MPa with residual deformation of 30% (see Figure 9). The
experimental diffraction image on the left was transformed by unrolling around the
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Figure 13.

O;g'ginal fiber diffraction image for the BCF as-span on the left. Unrolled and fitted data at the end of the
analysis on the right. The lower part of the right image (spectrum number from o to 143) contains the unvolled
experimental data, on the upper part (spectrum number 144 to 287), the calculated patterns. The matching of
the two parts indicates a good fitting and correct model.

diffraction center (the white hole) in steps of 2.5° in order to get 144 radial diffrac-
tion spectra that were fitted by the program MAUD. Figure 13, on the right, shows
the result of the fitting. The calculated patterns in the top part well reproduce the
unrolled experimental spectra in the bottom. The longer spots at low angles, and
visible in the image on the right as radial short strings, are due to the diffraction of
the bremsstrahlung that was also included in the pattern modeling. In the unrolled
map on the right, the presence of sharper spots vertically means sharper texture.
Instead, sharper spots horizontally correspond to a better crystallization of the
fibers/compound.

In Figure 14 we have recalculated some of the pole figures from the ODFs
obtained for the three BCF samples. Pole figures, being 2D, are somehow more
convenient to visualize the texture characteristics. All three different fibers show
the same kind of texture: the fiber axis is parallel to the normal to the pole figures,
and a perfect fiber symmetry was found for the (100) axis. For the texture analysis,
we were obliged to use the monoclinic c-setting for the iPP instead of the more
common b-setting. The usual (001) fiber axis becomes the (100) in our case,
because of the different cell conventions used. The texture sharpness does not
change significantly between the as-span and strained fibers at room temperature,
but there is a strong increase in fiber alignment after thermal creep. In fact the
fiber spread obtained from the fitting was 15 + 1° for the as-span and 17 + 1° for the
room temperature creep but becomes 9 + 1° for the fibers after creep in DMTA up to
120°C (see Figure 9). Also the mean crystallite sizes, as measured from the analysis,
increase from 14 to 19 nm with the thermal creep, but it is not affected by the creep
at room temperature. These findings are in agreement with the residual deforma-
tion of BCF filament, i.e., 30% after thermal creep (Figure 9) and 7.5% after creep/
recovery (Figure 10).

For the WNM samples, for which we show only one experimental diffraction image
and its fitting in Figure 15, the results of the texture analysis for the three samples, as
received and after creep in MD and CD directions, are shown in Figure 16. The texture
is weaker than in the previous BCF case and it is not a fiber one. The machine and
cross directions show a slightly different fiber alignment that gives result to a different
texture when subjected to creep in their respective direction. The texture sharpness
increases a bit and more for the machine direction, as it was showing a more favorable
alignment of the fibers from the beginning.
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Figure 14.

Recalculated pole figures for BCF fibers (from top): as-span, after creep at 78 MPa (room temperature) and
after thermal creep at 16 MPa. Only after creep at high temperature we notice an increase in the crystallographic
alignment of the fibers. The fiber sample direction corresponds to the normal to the pole figures.
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Figure 15.

Original fiber diffraction image (left) and unvrolled and fitted patterns (right) for the WNW sample. The
texture is much smoother with respect to the drawn fiber samples. With respect to Figure 13, the uncomplete 20
range has been cut to enhance low-angle features.

Finally, we analyzed in fiber diffraction also one sample containing kaolinite.
The analysis was more difficult in this case as two textured phases are present.
Again, kaolinite shows a high density of modulated planar defects and strong
compression in the plane normal to the fibers axis.
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Figure 16.

Recalculated pole figures for WNW samples (from top): as prepared, after creep in machine direction, and
after creep in cross divection. The pole figures’ horizontal direction corresponds to the normal to the WNW
in-plane tissue. The cveep direction is normal to the pole figures for MD and vertical for CD.
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Figure 17.

Rietveld fitting of the unvolled diffraction image for the sample K1o. The spectrum number corresponds to a
pattern integrated vadially every 2° in the circumferential divection starting from the horizontal plane. There
ave 180 experimental integrated patterns in the lower part and 180 vecalculated patterns in the upper part. The
waving vertical lines correspond to the kaolinite diffraction interplanar spacings in compression in the plane
perpendicular to the fibers.

104



Effect of Processing and Orientation on Structural and Mechanical Properties of Polypropylene...
DOI: http://dx.doi.org/10.5772/intechopen. 85554

oo

&ml
= 2.51.
1.00

o.40/

E 0.18]
006
Figure 18.

Recalculated pole figures of iPP (top) and kaolinite (bottom) vesulting from the Rietveld texture fitting. The
fiber direction is normal to the pole figures.

To correctly model the unrolled diffraction patterns, as reported in Figure 17, we
had to derive a modulated planar defect model for kaolinite starting from a previous
turbostratic model [36]. This modulated defect structure has been tested by analyzing
the powder diffraction pattern of the same kaolinite used as filler in the fibers.

The fitting of the fiber diffraction, for the iPP with 10 wt% kaolinite at DR = 10,
is reported in Figure 17. The iPP texture and microstructure characteristics are
similar to the BCF, especially the one after thermal creep, and by difference with
Figure 13, the reader may recognize which ones are the diffraction spots and lines
of kaolinite. Kaolinite shows a high compression state perpendicular to the fiber axis
corresponding to about 0.8% equivalent elastic strain. This extremely high deforma-
tion is probably induced by the fiber drawing and the intercalation with kaolinite. By
the strong texture, the deformation mainly belongs to the (001) kaolinite basal plane
(perpendicular to the plane) that is also the intercalation and faulted plane.

From the crystallization point of view, the iPP is similar to the BCF after thermal
creep (17 nm for the mean crystallite sizes), and kaolinite is arranged in packets of
about 50 nm perpendicular to the basal plane.

Figure 18 is showing the recalculated pole figures for the iPP and kaolinite. The
fiber spread of the iPP corresponds to 7.3 + 0.5°, and so kaolinite contributes to the
alignment of the fibers reaching a texture even sharper than the BCF after thermal
creep. From the kaolinite pole figures, we can deduce that the (001) basal plane is
distributed normal to the fiber axis but in a perfect fiber texture.

Finally, from the analysis of the fiber diffraction image, we can measure also
the amount of kaolinite, and thanks to the proper modeling, including texture and
strain effects, the refined amount was 10.7 wt% that is very close to the amount
inserted (10 wt%).

4, Conclusions

It can be concluded that polymer processing directly affects mechanical proper-
ties of iPP fiber-like products, as observed in the case of WNW fabrics and fibers,
both BCF and monofilaments. The higher the orientation, the higher the modulus
and the strength, the lower the deformation at break, and the higher the creep
resistance. No particular variation of crystallinity of specimen before and after
creep and fracture test was detected by DSC analysis, except for BCF after failure.

105



Polypropylene - Polymerization and Chavacterization of Mechanical and Thermal Properties

In the case of composite fibers, the improvement in mechanical properties of
monofilament is mainly dependent on the fiber drawing, whereas only a marginal con-
tribute of kaolinite content has been observed. For instance, the processing-drawing
with draw ratio of 10 produced monofilaments of iPP and kaolinite composite with
modulus and strength in the range of 5.5-6.5 GPa and of 770-870 MPa, respectively.

From the texture analyzed by X-ray, we can notice that the fiber alignment is
only affected by the creep at high temperature. Stretching the fibers at room texture
has a negligible effect on the texture. The situation may be different for the WNW,
where the fibers have a higher mobility and the stress can change their orientation,
also at lower temperatures.

In addition, from this work we can conclude that the mechanical properties are
highly correlated to the texture and reverse. The fibers after thermal creep, which are
showing the higher residual deformation, show also a higher increase in the texture.
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Appendices and nomenclature

BCF bulk continuous filament

CD cross direction

DM(T)A dynamic mechanical (thermal) analysis
DR draw ratio

DSC differential scanning calorimetry

FS fiber spinning

IM injection molding

MAUD material analysis using diffraction, software for X-ray analysis
MD machine direction

TEM transmission electron microscopy

Tg glass transition temperature

XRD X-ray diffraction

WNW woven non-woven fabric

ODF orientation distribution function
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