N
N

N

HAL

open science

Controlling the structure and properties of toughened
and reinforced isotactic polypropylene
Shi-Wei Wang

» To cite this version:

Shi-Wei Wang. Controlling the structure and properties of toughened and reinforced isotactic
polypropylene. Food and Nutrition. Université de Lorraine, 2012. English. NNT: 2012LORR0231 .

tel-01749412

HAL Id: tel-01749412
https://hal.univ-lorraine.fr/tel-01749412
Submitted on 29 Mar 2018

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.univ-lorraine.fr/tel-01749412
https://hal.archives-ouvertes.fr

UNIVERSITE
DE LORRAINE

AVERTISSEMENT

Ce document est le fruit d'un long travail approuvé par le jury de
soutenance et mis a disposition de Il'ensemble de la
communauté universitaire élargie.

Il est soumis a la propriété intellectuelle de l'auteur. Ceci
implique une obligation de citation et de référencement lors de
I'utilisation de ce document.

D'autre part, toute contrefacon, plagiat, reproduction illicite
encourt une poursuite pénale.

Contact : ddoc-theses-contact@univ-lorraine.fr

LIENS

Code de la Propriété Intellectuelle. articles L 122. 4

Code de la Propriété Intellectuelle. articles L 335.2- L 335.10
http://www.cfcopies.com/V2/leg/leg droi.php
http://www.culture.gouv.fr/culture/infos-pratiques/droits/protection.htm




UNIVERSITE Ecole Nationale Supérieure des

DE LORRAINE Industries Chimiques
(ENSIC)
en co-tutelle avec 1’'Université de Sichuan
Ecole Doctorale : Ressources Procédés Laboratoire Réactions et Génie des Procédés
Produits Environnement (RP2E) (LRGP-CNRS UPR 3349)

Controlling the structure and properties of toughened
and reinforced isotactic polypropylene
Controle des structures et des propriétés d’un

polypropylene isotactique.

THESE

présentée en vue de 'obtention du
DOCTORAT DE L'INSTITUT NATIONAL POLYTECHNIQUE DE LORRAINE
Spécialité : Génie des Procédés et des Produits
par
Shi-Wei WANG

Soutenue le 12 avril 2012

Composition du jury:
Rapporteurs : Michel BOUQUEY MaTire des Confé&ences al'Universitéde Strashourg, France
Xiao-Bo LIU Professeur & [I'Université des Sciences et Technologie
Electroniques, Chine
Examinatreurs: Guo-Hua HU Professeur &l’Université de Lorraine et membre de I’IUF, France

Ming-Bo YANG Professeur al’ Université de Sichuan, Chine







TITRE
Contrde des structures et des propriétés d’un polypropyléne isotactique
RESUME
Entant que polymére de grande diffusion, les applications du polypropyléne isotactique (PP)
sont limitées par sa faible resistance au choc. D’aprés la relation structure — propriéés, sa
résistance auc choc peut &re amdioré en contr@ant sa structure. Dans ces travaux,
difféents types d'agents nuclénts ont &éutilsé pour promouvoir la formation des cristaux
de type b&a et de mdéanges de deux PP de masses molaires diffé&entes. Les propriédé&s
me&saniques, le comportement ala rupture, et la morphologie cristalline ont &éé&udiés. Les
influences du type et de la teneur en peroxyde et agent nuclént sur la morphologie
cristalline et les propriéé& meeaniques ont aussi &éexplorés. Un agent nuclént suporté
sur des nanotubes de carbone multi-parois (MWCNT) a &é utilisé pour modifier la
structure cristalline du PP, ce qui a permis d’augumeter sa résistance au choc 7 fois
comparé acelle du PP vierge et 3 fois comparé acelle du PP cristalliséen phase bé&a.
Cette importante augmentation en resistance au choc peut &re attribué ala formation des
trans-cristaux de type béta qui est favorisée par ’agent nucléant supporté sur les MWCNT.
MOTS-CLES
Polypropylene, agent nuclént, polypropyléne arhéologie contrdee, ré&sistance au choc.

TITLE
Controlling the structure and prope rties of toughened isotactic polypropylene

ABSTRACT
As a commodity polymer, the applications of isotactic polypropylene (PP) are limited by its
low impact strength. Based on the structure-property relationship, its impact strength could
be improved by controlling its structure. In this study, different kinds of nucleating agents
were used to promote the formation of beta crystals of PP as well as mixtures of two PPs of
different molar masses. The mechanical properties, fracture behaviour, and crystalline
morphology were investigated. The effects of the type and content of the peroxide and
nucleating agent on the crystalline structure and mechanical properties of the PP were also
explored. A multi-walled carbon nanotude (MWCNT) supported nucleating agent was
introduced to modify the crystalline structure of PP and the impact strength of the resulting
PP was 7 times that of the pure PP and more than 3 times that of B nucleated PP. The large
increase in the impact strength was attributed to the formation of beta transcrystalline
morphology which was promoted by the MWCT supported nucleating agent.

KEY WORDS
Polypropylene, nucleating agent, controlled rheology polypropylene, impact resistance.
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Chapter 1 Introduction
1.1 Motivation and objectives

Polypropylene is one of the most important general used plastic materials. It is
polymerized by propylene monomer and has many advantages such as a light weight, heat
resistance, and good corrosion resistance. It was been widely used in many fields especially
the motorcar, construction and home applications. Howe ver, compared with other materials,
polypropylene also have some weak points, such as the impact resistance and high melt

viscoelasticity, which will limit its applications and processing.

For polypropylene, the most urgent work needed to be addressed is its low impact
resistance, which significantly limites its applications in structural and engineering material
fields. Based on the structure and property relationships, it is necessary to modify the
strcture of polypropylene to increase its impact resistance and enlarge its application. Like
other crystalline polymers, the crystallization process of polypropylene also contains two
parts, which are the nucleation process and the growth of the nuclei. In the first process, the
molecular chain of polymers regular stack into thermal stable and large enough nuclei, then
the nuclei growth into a spherulite stage and finally start the growth process. The way of
nucleation is divided into two parts consider of the existence of heterogeneous nuclei,
homogeneous nucleation and heterogeneous nucleation. Homogeneous nucleation refers to
the process of the spontaneous formation of nuclei for the PP melt under the decrease
temperature. In such a process, the number of the nuclei is very small, and with a slow
crystallization process, so the final crystal size is very large and the crystallization
efficiency is very low. In contrary, the existence of solid impurities in the polypropylene
melt act as the starting point in heterogeneous nucleation, and it can adsorbs the
polypropylene molecules on its surface to form the nuclei. Obviously, the heterogeneous
process provide more nuclei in the crystallization process, and speed up the crystallization
rate as well as reduce the spherulite size, improving the crystallinity and crystallization
temperature in case of constant sperulite growth rate, and finally give many new
performance to polypropylene material. Therefore, the heterogeneous nucleation is the

theoretical basis of the polypropylene crystallization modification.

There are different levels of polypropylene structure since the existence of asymmetric
carbon atoms in the main chain of polypropylene. So, unlike the crystallization process of

inorganic crystals, only part of the polymer molecular can be stack into the crystal cell.




While the crystalline morphology can be changed as a result of the change in molecular
conformation or the accumulation, and form several different crystal type, the so called
homogeneous polycrystalline phenomenon. Addition of nucleation agent in polypropylene
melt can get the fine grain spherulites structure, increase the number of crystal nuclei within
the system, make ceramics in number and decrease in the number of spherulites, and finally
improve the physical and mechanical properties of polypropylene. Isotactic polypropylene
has many crystal structures and the most common one is the stable alpha phase, it can be
formed under the normal processing condition. Alpha crystalline morphology has a coarse
grain between the spherulites, and the grains will makes the cracks caused by external force
developed along it during the deformation of the materials, finally causes the brittle fracture
of the materials. The internal arrangement of beta form crystal is evacuate and the interface
between spherulites is much fuzzy than alpha form crystal, so it gives a good impact

absorption for the deformation of polypropylene matrix.

Generally, there are four methods to induce the beta crystal in iPP matrix: (1) select the
appropriate melting and crystallization temperature; (2) select the temperature trandient
method; (3) select the shear direction; (4) adding beta nucleating agent. Among them, using
beta nucleating agent gives a high content of beta crystal and has been considered to be the

best method

Rheological property gives a significant effect on the polymer material processing. As
is well known that polypropylene has good processing and performance, while it has a high
molecular weight and wide molecular weight distribution because of the traditional
Zigeler-Natta catalyst used in the synthesis process, and result in the high viscoelastic

during processing, which will limits its processing.

There are two methods to modify the rheological properties of polypropylene. One is
the in suit modification, which refers to the modification during the synthesis process; the
other is the after suit modification, which refers to the blending of two different molecular
weight polymers or introduce the peroxide to promoting the degradation of synthetic
polypropylene. The later one has many advantages such as the easy performing and low
cost and is wildly used in the control of polypropylene molecular weight and distribution.

The final product obtained by this way is called controlled rheology polypropylene.

This work is mainly deal with the toughness of polypropylene, by way of introducing
the beta nucleating agent into the iPP matrix. Then the type of nucleating agent was
changed and the matrix was modified by way of degradation and melting blending. To
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avoid the reduction of yield strength of IPP as a result of the beta crystal modification; a
new method was used that is by supporting nucleating agent on the fiber surface. By this
method, the toughness of iPP matrix improved more than seven times compared with the
pure PP, while the stiffness lose not so much. The mechanism of the increase of

mechanical properties was also explored.
1.2 overview of thesis
A brief overview of this thesis is as follow.
Chapter 2 describes the main experiments in this study

In Chapter 3, a new method called the essential work of fracture (EWF) method was
introduced to the polypropylene matrix to evaluate its fracture behaviors. The specific
essential work of fracture values of CPPs incorporated with a NA of different amount were
all lower than that of pure CPP, while the specific non-essential work of fracture was the
highest at relative low o NA loading (0.1wt%), and then decreased with further increasing
amount of a NA. Similar trend of variation was observed with increasing amount of f NA
in CPP and it was found that the variation of Kg for B NA nucleated CPP versus NA content
accorded well with the essential work of fracture versus NA content, which indicated that
the addition of B NA could lead to effectively increased B crystal content and consequently

improved fracture resistance of CPP

In Chapter 4, the structure and properties of controlled rheology polypropylene were
explored by  way of using three different peroxides, namely
2,5-dimethyl-2,5-di(2-ethylhexanoylperoxy) hexane (DMDEHPH), Dicumyl peroxide
(DCP) and Benzoyl peroxide (BPO). The results indicated that the CRPP prepared using
DMDEHPH exhibited a significant increase in viscosity with shear rate decreasing,
especially in the low shear rate region and the shear stress was also higher than DCP and
BPO induced iPP in the low shear rate range. The notched impact strength and the tensile
elastic modulus of DMDEHPH induced CRPP were also higher than the other two
peroxides induced CRPP. The melting and crystalliztion properties, dynamic rheological

properties were also studied.

The main point in Chapter 5 is a series of beta nucleated controlled rheology
polypropylenes (CRPPs), which were prepared through reactive extrusion of polypropylene
(PP) and dicumyl peroxide (DCP). Differential scanning calorimetry (DSC) and wide-angle
x-ray diffraction (WAXD) were used to evaluate the ability of three different kinds of
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nucleating agents (NAs), E3B, WBG-I1l and TMB-5, to induce B-crystals in the CRPPs. The
results indicate that TMB-5 shows the best nucleation effect and can induce the highest
relative content of B-crystals. For the effect of DCP content on the B crystal of CRPP, it was
found that with 0.3wt% TMB-5 incorporated, the critical DCP content was emerged at
0.1wt%. For the effect of NA content on the B crystal of CRPPs, the total B crystallinity
index and relative B crystal content were found to reach a maximum value at a content of

0.5 wt% B NA, witha 0.1wt% DCP content incorporated.

The effect of the fiber supported nucleating agent on the mechanical properties and
morphology of isotactic polypropylene were investigated in Chapter 6. The fiber and
nucleating agent refers to the multi-wall carbon nanotubes and calcium pimelate
respectively. The composites of isotactic polypropylene and multi-wall carbon nanotube
supported B nucleating agent exhibited 7 times over that of pure isotactic polypropylene
and more than 3 times over that of B nucleated isotactic polypropylene in impact toughness.
Results obtained from SEM, differential scanning calorimetry and wide-angle X-ray
diffraction verified the enhanced nucleating ability of the multi-wall carbon nanotube
supported B nucleating agent, which greatly improved the impact toughness without

significantly deteriorating the strength and stiffness of the polypropylene composites.

In Chapter 7, the mechanism of superior impact resistance of fiber supported beta
nucleating agent modified isotactic polypropylene was explored. That is the formation of
beta transcrystalline morphology in the interfacial region of isotactic polypropylene/fiber
composites. The result is verified in beta nucleating agent supported single fiber filled
isotactic polypropylene micro-composites by the polarized light microscopy. Also, in the
beta nucleating agent supported carbon nanotube modified isotactic polypropylene injection
molded samples, a certain number of interphase beta transcrystallinity formed in the
adjacent region of carbon nanotubes. Further more, the interfacial beta transcrystalline
morphology is related to the mechanical properties of the isotactic polypropylene injection
molded samples, and gives a convectively evidence for the seven times improvement of the
sample’s impact resistance. This work gives a new perspective for the toughening of

polymer and polymer composites.

In chapter 8, effect of filler (such as B NA, carbon nanotube, and B NA supported
carbon nanotube) on the structure and properties of polypropylene blends was explored.
Based on the melting and cooling behaviours, dynamic mechanical and rheological

properties analysis, the suitable aproportion for the iPP blends is 50wt%:50wt%, the
4




suitable processing parameters is 200°C and the srcew speed is 200rpm. The beta
nucleating agent can successfully induce beta crystal in modified iPP blends and the turning
point of the properties appears at the content of 0.5wt%. Carbon nanotube mainly induce
alpha crystal in modified iPP blends, and for the properties of carbon nanotube modified
iPP blends, there is no turning point because of its dominant alpha crystalline morphology.
The B NA supported carbon nanotube shows good induction ability than the single § NA or

single carbon nanotube, there is also a turning point exist at the content of 0.5wt%.




Chapter 2 Experimental

2.1 Materials

2.1.1 Materials for chapter 3

The CPP (K8303) , was a granular material of propylene-block-ethylene copolymer
produced by Beijing Yanshan Petrochemical Co, Ltd (PR China), with 17.8 mole percent
(mol %) of ethylene and a melt flow rate of 1.39¢/10 min (measured at 230 °C and 2.16 kg).
Two kinds of NAs were used. a NA Millad 3988, a kind of dibenzylidene sorbitol
derivatives, was produced by Milliken Chemical Europe NV. B NA WBG- II, a kind of rare
earth organic complexes, was produced by Guangdong Winner Functional Materials Co,
Ltd (PR China)

2.1.2 Materials for chapter 4

The iPP with a melt flow rate (MFR) of 2.16 g/10 min (ASTM D1238, 230<C, 2.16
kg), trademark F401, was purchased from LanZhou petroleum chemical corporation, P. R.
China. The 2, 5-dimethyl-2, 5-di (2-ethylhexanoylperoxy) hexane (DMDEHPH) was
purchased from Jiangsu Qiangsheng chemical Corporation, P. R. China. Dicumyl peroxide
(DCP) was purchased from China National Medicine (Group) Shanghai Chemical Reagent
Corporation, P. R. China. Benzoyl peroxide (BOP) was from Chengdu Kelong chemical
reagent Company, P. R. China. The half time of the three kinds of peroxides is different,
being 17min, 9min and 0.2min, respectively, for DMDEHPH, DCP and BPO at 150<C.
This means that the activity sequence of peroxides is BPO>DCP >DMDEHPH.

2.1.3 Materials for chapter 5

The polypropylene used in this chapter was isotactic PP (F401), a homopolymer resin
with a melt flow rate of 2.16 g/10 min (ASTM D1238, 230<C, and 2.16 kg) from LanGang
Petroleum Chemical Co, Ltd (PR China). Dicumyl peroxide (DCP) was obtained from
China National Medicine (Group) Shanghai Chemical Reagent Corporation, whose half-life
time is about 0.25min at 200<C. Three types of B NAs, E3B, WBG-Il and TMB-5, were
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supplied by Jiangsu Gaoyou Auxiliary Agent Factory (PR China), Guangdong Winner
Functional Materials Co (PR China), and Shanxi Provincial Institute of Chemical Industry
(PR China), respectively. Structurally, E3B is a commercial red pigment, WBG-II being a

rare earth organic complex, and TMB-5 a kind of amidating agent.

2.1.4 Materials for chapter 6

A commercial grade iPP, T30S, with a melt flow rate of MFR=2.3g/10min (ASTM
D1238, 2300C, and 2.16kg load) from LanZhou petroleum Chemical Co, Ltd. (PR China),
was used in the chapter. The MWCNTSs with a diameter of about 8nm and the length of
about 10-30 um, synthesized from methane by way of catalytically chemical vapor
deposition, was supplied by Chengdu Institute of Organic Chemistry, Chinese Academy of
Science. The received MWCNTSs were chemically treated and hydroxy groups were
attached to the tube wall. The B NA was a compound prepared with pimelic acid and
calcium stearate of the same molar ratio, which assured that the calcium stearate can only

react with one of the carboxyl group of pimelic acid.

2.1.5 Materials for chapter 7

The commercial grade iPP, T30S, with a melt flow rate of MFR=2.3g/10min (ASTM
D1238, 230 °C, and 2.16K g load) from LanZhou petroleum Chemical Co, Ltd. (PR China),
was used in the chapter. A short cut ribbon-like polyacrylonitrile-based CF, T300,
purchased from NanTong SuTong Carbon Fiber Corporation (PR China), was used in the
micro-composite preparation. The Mult-wall Carbon nanotube (MWCNT) with a diameter
of about 8nm and the length of about 10-30 um, synthesized from methane by way of
catalytically chemical vapor deposition, was supplied by Chengdu Institute of Organic
Chemistry, Chinese Academy of Science. The received MWCNTSs were chemically treated
and 5.58wt% of hydroxy groups attached to the tube wall.

2.1.6 Materials for chapter 8

The two polypropylenes 3060 (MFI 3 ¢/10 min) and 11079 (MFI 60 g/10 min) with
different molecular weight and molecular weight distribution used in this chapter were
kindly supplied by TOTAL petrochemicals and made in E.U. The Mult-wall Carbon
nanotube (MWCNT) was supplied by Chengdu Institute of Organic Chemistry, Chinese




Academy of Science. The B NA was a compound prepared with pimelic acid and calcium

stearate of the same molar ratio.

2.2 Sample preparation

2.2.1 Preparations of samples for chapter 3

Load
5T
Ligament length
)’
notch notch |
«
IFPZ
OPDZ
v

‘ ,Jl‘/t

Load

Fioure. 2-1 DDENT sample used for EWF test

To compare the effect of o and B NAs on the fracture performance of nucleated CPP,
the weight percentage of both NAs was set as 0, 0.1wt%, 0.3 wt % and 0.5 wt %. The CPP
resin and NAs at preselected mass ratio was melting blended in an SHJ-20 co-rotating
twin-screw extruder made by Nanjing Giant Electromechanical Co. Ltd (PR China). The
barrel temperature was set in the range of 180-225°C. The extrudate was pelletized after
extrusion and, after drying to remove the attached moisture during extrusion and p elletizing,
the pellets were injected into both dumb-bell and rectangular shaped samples of 4 mm
thickness on a PS40E5ASE (Nissei) precise injection molding machine. The temperature
profile was 180-225°C from the feeding zone to the nozzle, and both the injection and
holding pressures were 50.0 MPa. Then the rectangle samples were compression-molded
into sheets of about 0.5 mm thickness at 200°C and 10 MPa. The DDENT specimens
(length>width=100>35 mm) shown in Fig.2.1 were cut from the compression-molded
sheets. The sharp pre-cracks on both sides of the specimens were made perpendicularly to
the tensile direction with a fresh razor blade. The ligament lengths and the thickness were

measured before the test using a microscope and a vernier caliper, respectively.




2.2.2 Preparations of samples for chapter 4

iPP and peroxide were melting mixed in a twin screw extruder (SHJ-20, Nanjing Giant
Company, P. R. China) with a peroxide content of 0.03wt%. The temperatures were set at
170 to 210<C from the hopper to die. The extruded threads were pelletized and then dried to
remove the attached moisture at room temperature for 24h. The dried pellets were then
injection molded into a dumbbell-shaped tensile specimens, using an injection molding
machine (PS40E5ASE, Nissei, Japan) with a temperature profile of 180 to 225<C from the
hopper to nozzle. The rectangle specimens, with the thickness of about 0.5mm, were

compression molded at the temperature of 200<C and the pressure of 10Mpa.

2.2.3 Preparations of samples for chapter 5

Firstly, for the evaluation of the effectiveness in inducing B crystals of different NAs,
the B NAs were mixed with PP pellets at a fixed content of 0.3wt% with 0.1wt% DCP
incorporated. The reactive extrusion of the mixtures was performed on an SJ-20AX25
single-screw extruder with a temperature profile of 180 to 230<C. The extruded threads
were pelletized and then dried to remove the attached moisture at room temperature. Then
the dried pellets were injected into a dumbbell-shaped mold, using an injection molding
machine (PS40E5ASE, Nissei, Japan) with a temperature profile of 180 to 225<C from the
hopper to die.

For the evaluation of the effect of DCP and NA content on the crystalline morphology
of CRPPs, the reactive extrusion of NA nucleated CRPPs were carried out on the same
extruder. Different grades of CRPPs were prepared under the same temperature profile (180
to 230C). The DCP contents were set as 0.05wt%, 0.1wt%, 0.15wt%, 0.2wt% and the NA
contents were set as 0.1wt%, 0.3wt%, 0.5wt%, 0.7wt%. DCP, NA and PP were premixed
with set proportions and filled into the hopper at the same time. The extruded thread was
pelletized and dried, and the obtained pellets were then injection molded using the same
injection molding machine with a temperature profile of 180 to 225<C from the hopper to
die.

2.2.4 Preparations of samples for chapter 6

The B NA and MWCNTs were first dispersed in an ethanol suspension using a

VCF-1500 ultrasonic irradiation instrument (Sonic & Materials, Inc., USA). Then the
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chemical supporting process of B NA onto MWCNT surface was performed in a three
necked bottle at about 80<C for 1h with a stirring rate of 1000 r/min, followed by filtering,

washing and drying. Some of the final powder was taken to perform the surface analysis.

To achieve a good dispersion of B NA, MWCNTs and MWCNT supported B NA in
the matrix iPP, a two-step process was employed to prepare the materials. Namely, master
batches were firstly prepared through melt compounding of f NA, MWCNT and MWCNT
supported B NA with iPP resin in an internal mixer at a barrel temperature of 200<C and an
apparent shear rate of 30r/min for 5min. Secondly, all the master batches were melt
compounded with iPP resins in an SHJ-20 co-rotating twin-screw extruder with a screw
diameter of 25 mm, a length/diameter ratio of 23, and a temperature profile of 190, 210,
230, and 225<C from the feeding zone to the die. The extrudates were then pelletized. The
pellets were dried and injection-molded into dumb-bell tensile samples and impact samples
on a PS40ESASE precise injection-molding machine, with a temperature profile of 190,
210, 230, and 225 <C from the feeding zone to the nozzle. Both the injection pressure and
the holding pressure were 37.4 MPa. The resultant samples, used for testing and
characterization, were named as Sample P (pure iPP), Sample C (MWCNT filled iPP),
Sample N (B NA nucleated iPP), Sample 1, 3 and 5 (MWCNT supported B NA filled iPP
with different filling content). The detailed compositions of the samples were listed in
Table 2.1.

Table.2.1 The composition used for preparation of iPP (Sample P), iPP/MWCNTSs (Sample C), f NA
nucleated iPP (Sample N) and MWCNT supported § NA modified iPP composites (Sample 1, 3, 5)

samples.
Sample Ingredients MWCNTSs (wt.-%) B NA (wt-%)  iPP(wt.-%)
P iPP - - 100
C iPP/MWCNTSs 0.10 - 99.9
N iPP/B NA - 0.25 99.75
1 iPP/ MWCNT supported B NA 0.1 0.25 99.65
3 iPP/ MWCNT supported B NA 0.3 0.75 98.95
5 iPP/ MWCNT supported  NA 0.5 1.25 98.25

2.2.5 Preparations of samples for chapter 7

The compound beta nucleating agent used in this work was prepared according to the
procedure proposed before. The iPP/single fiber micro-composites were prepared as
follows. First of all, the single carbon fiber was supported by beta nucleating agent
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according to our previous work in 2.2.4. A single beta nucleating agent supported carbon
fiber was placed between two pieces of iPP sheets ona glass slide. Then the glass slide was
fixed on the hot-stage, and covered by another glass slide which prevents the molten iPP
from adhering to the upper plate of the hot-stage. Using the heat-controlle, the temperature
was first raised up to 200<C over a period of 3 min to erase the previous thermal history of
the sample. When the iPP melted, it surrounded the whole portion of the fiber located under
the upper slide. After that it was cooled to the room temperature, the micro-composites
were successfully prepared. The beta nucleating agent supported MWCNT modified iPP
samples were prepared using the same procedure as described in 2.2.4.

2.2.6 Preparations of samples for chapter 8

Table.2.2 The different proportion of two iPP samples.

Samples A B Notes

1 100 0 The number shows the

2 90 10 weight percent of single iPP
3 70 30 in the two iPP blends.

4 50 50

5 30 70

6 10 90

7 0 100

Table.2.3 The processing parameters used in the experiment.of different iPP blends.

No. Parameter Extruded temperature Screw speed
() (r/min)
1 180 50
2 180 60
3 180 70
4 200 50
5 200 60
6 200 70
7 220 50
8 220 60
9 220 70

For our research, the samples with different proportion are listed in Table 1. Sample A
and B have the same molecular weight distribution. A stands for the high molecule weight
isotactic polypropylene 3060 (MFI 3 ¢g/10 min), B stands for the low molecule weight
isotactic polypropylene 11079 (MFI 60 ¢/10 min). First of all, all the samples were

extruded by the mini extruder, and then injected into the mould. The parameters were set as
11




follow according to the orthogonal design.

Table.2.4 The different content of beta nucleating agent modified iPP samples.

Sample iPP Beta nucleating agent Notes
Bl 99.9wt% 0.1wt% The beta nucleating agent is
B2 99.7wt% 0.3wt% a compound of pimelic acid
B3 99.5wt% 0.5wt% and calcium stearate
B4 99.3wt% 0.7wt%

Table.2.5 The different content of carbon nanotubes modified iPP samples.

Sample iPP carbon nanotubes Notes
C1 99.9wt% 0.1wt% The carbon nanotube is a
Cc2 99.7wt% 0.3wt% mult walled carbon
C3 99.5wt% 0.5wt% nanotube made by Chemical
C4 99.3wt% 0.7wt% vapor deposition method.

Table.2.6 The different content of beta nucleating agent supported carbon nanotube modified iPP

samples.
Sample iPP beta nucleating agent Notes
supported carbon nanotube
S1 99.9wt% 0.1wt% The B NA supported carbon
S2 99.7wt% 0.3wt% nanotube was made
S3 99.5wt% 0.5wt% according to our patent
S4 99.3wt% 0.7wt% (CN. 200910059258.8)

2.3 characterization

2.3.1 Differential Scanning Calorimetry (DSC) analysis

The DSC test was performed on a TA Q20 differential scanning calorimeter (TA,
America) in a nitrogen atmosphere. The calibration of the temperature and heat flow scales
at the same heating rate was performed with indium. For the determination of the beta
nucleating efficiency and selectivity of the beta-nucleating system used, the sample were
quickly heated up to 200<C and held for 5min prior to crystallization to erase effects of the
thermal-mechanical prehistory. Then, the samples were cooled from 200 to 100<C at a rate
of 10T /min to obtain the crystallization behaviours. After that, the samples were heated
up to 200<C from 100 <C at a rate of 10T /min to obtain the melting behaviours. The

samples for DSC tests were taken from the core layer of the injection molded bars.
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2.3.2 Wide-angle X-ray diffraction (WAXD) analysis

WAXD measurement was carried out with a D/max-rA X-ray diffractometer at room
temperature. The CuKa (wave length=1.542nm) irradiation source was operated at 40 kV
and 100 mA. Patterns were recorded by monitoring diffractions from 3 to 50< and the
scanning speed was 3Fmin. The samples for WAXD tests were taken from the central part

of the injection molded bars.

2.3.3 Mechanical Properties analysis

The notched impact strength was tested on a UJ-40 Izod impact test instrument (Hebei
Chengde Material Test Factory, China) according to ASTM D256. Tension of the DDENT
specimens was performed on an Instron electrical universal testing machine series 1X at 25
OC, with a crosshead speed of 5 mm/min. The load—displacement curves were recorded and
the absorbed energy until failure was calculated by computer integration of the loading
curves. The tensile test was performed on an AGS-J universal material test machine
(Shimadzu Instrument, Japan) according to ASTM D638-82a. The crosshead speed was
50mm/min. The flexural test was performed on an AGS-J universal material test machine
(Shimadzu Instrument, Japan) according to ASTM D790. At least five samples were used

for each measurement and the average results were reported

2.3.4 MFR analysis

The melt flow rate (MFR) test was performed on an XNR-400 melt flow rate
instrument (Chengde test machine factory, P. R. China) according to ASTM D-1238.

2.3.5 Capillary rheology analysis

The capillary rheology test was performed on a Rosand RH7D high pressure capillary
rheometer (Malvern instrument manufactory Corporation, UK). Each test was performed at
a temperature 0f200C and a L/D of 16:1, using about 20g dried pellets.

2.3.6 Dynamic rheological analysis (DRA)

The dynamic rheological test was performed on an ARES4400 Adanced Rheology
Expanded instrument (TA Corporation, America) at a temperature of 200<C. The parallel
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plates with a diameter of 25mm and a gap height of 2 mm were used for the
multi-frequency sweeping. The test specimens were cut from the sheet prepared by
compression moulding at 200<C. The frequency range was 0.025 to 100 rad/s, and the
maximum strain was fixed at 5%. These conditions were used to assure that the test was in

the linear visco-elastic region. For the temperature sweep, the range was set as 100-200<C.

2.3.7 X-ray photoelectron spectroscopy (XPS)

The surface analysis of MWCNTs and MWCNT supported 3 NA were performed on
an XSAMB800 (Kratos) X-ray photoelectron spectrometer with a base pressure of about
2x10-7 Pa. The XPS spectrometer was operated in the FAT (fixed analyzer transmission)
mold using Mg Kal,2 as the X-ary radiation source. The spectrometer energy scale was
calibrated using copper plate according to the ASTM E902-88. The C 1s binding energy of
the graphite peak was fixed at 284.8eV for the calibration purposes.

2.3.8 Fourier-transform infrared spectroscopy analysis (FTIR)

The samples for FTIR test were MWCNTs and MWCNT supported § NA. The FTIR
spectra were recorded from 500 to 4000cm® by a 560 FTIR Spectrometer (Nicolet,

America)

2.3.9 Scanning electron microscopy analysis (SEM)

For morphology observation, the injection molded samples were fractured in liquid
nitrogen after 30-minute immergence. Then the fractured surfaces were sputtered with gold
and observed in a JEOL JSM-5900LV SEM instrument, using an acceleration voltage of
20KkV.

2.3.10 polarized light microscopy analysis (PLM)

The morphology of the beta nucleating agent chemically supported single carbon fiber
filled iPP micro-composites were investigated by a Leica DMIP polarized light microscopy
(PLM) equipped with a Linkam THMS 600 hot stage. The micro-composite was heated to
200 °C over a period of 5 min to erase the previous thermal history, followed by a rapid
cooling (10 °C /min) to 125 °C, and then isothermally crystallized for 30 min at 125 °C.
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2.3.11 Dynamic mechanical thermal analysis

Before the DMA-measurements, the samples were cooled down to the pre-selected
temperature in the measurement chamber. All measurements were carried out with a
constant strain of 1% and the temperature studied ranged from -60°C to 150°C under a
heating rate of 3°C/min. In order to measure the storage modulus, loss modulus, loss factor
and Tg of the nanocomposites, the measurements were performed at fixed frequency of
10Hz. For each composition, at least two samples were tested and the average values were
discussed. The samples for DMTA tests were compression molded at the temperature of
200<C and the pressure of 10MPa.
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Chapter 3 Effect of alpha and beta nucleating agents on the fracture
behavior of polypropylene-co-ethylene (CPP)

3.1 Introduction

Polypropylene-co-ethylene (CPP) is a versatile semi-crystalline polymer used in a
wide variety of applications. The interrelation between structures, especially the crystalline
structures, and mechanical behavior of CPP as well as its blends or composites, has been
reported in many literatures [, The crystallization process of polymer includes two stages,
that is, nucleation and crystal growth. Nucleation involves the orientation of the loose
coiled polymer chains into proper conformation, while in the process of crystal growth,
polymer chains grow on the nuclei in a three-dimensional pattern and in most case, form a
spherical crystal cluster which is called a spherulite. Nucleation in polymers may be
homogeneous or heterogeneous. Homogeneous nucleation occurs at high degree of
super-cooling, while heterogeneous nucleation occurs at relatively low degree of
super-cooling and often with the addition of a foreign body called nucleating agents (NAS)
which reduces the free energy barrier for nucleationt*?. It is well know that NA can increase
the number of crystallization sites and reduce the spherulite size. Many articles have
reported the enhanced physical properties of semi-crystalline polymers such as impact
strength and surface gloss when the crystallites size becomes smaller as a result of NA
addition.

The essential work of fracture (EWF) method has gained great interest in recent years
for its special applicability in studying the fracture performance of ductile polymer products,
especially for sheets and films 1191, The EWF concept was first proposed by Broberg !
and then developed by Cotterell 2221 Mail?227] Reddel!?"! and Karger-Kocsis (222 et al.
According to the EWF theory [%22° the total energy required to fracture a pre-cracked
specimen can be partitioned into the essential work of fracture, W, and the non-essential
work of fracture, W,. We is a surface energy dissipated in the inner fracture process zone
(IFPZ), and W, is a volume energy dissipated in the outer plastic deformation zone (OPDZ).
The Deep Double Edge-Notched Tension (DDENT) sample used for EWF tests to show the
different energy dissipation zones is presented in Fig. 2.1. For a given thickness, W, is

proportional to the ligament length, I, and W, is proportional to 1. Thus the fracture energy
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can be written as:

W, =w,It+ A 1% (1)

wy =W, /lt=w, + pw | B

Where wys is the special total work of fracture, we and wy being the specific essential work of
fracture and specific non-essential work of fracture, respectively, | the ligament length, t the
specimen thickness and 3 the shape factor associated with the plastic zone. According to Eq.
(2), we and Sw, can be obtained from the intercept and slope of the regression line to zero
ligaments, respectively.

In order to find out the energy distribution during the fracture process, a method of
partition between the specific work of fracture for yielding and for necking and subsequent
fracture %1 is also employed in the present paper, making the peak of the load-displacement
curves as the cut-off point, as shown in Fig .3.1. As the composed terms were under plane

stress conditions, Eq. (1) can be rewritten as:

Wi = W+ W (3)
Wy = We,y + ﬂIWp, yl (4)
Wh =We,n+ﬂ"Wp,n| 5

where wey and we , are the yielding and the necking and subsequent fracture related parts of
the specific essential work of fracture, respectively; g 'wpy and S 'wpn, are the yielding and
the necking and subsequent fracture components of the non-specific essential work of
fracture, respectively.

Till now, EWF method has been successfully used to characterize the fracture
properties of polyolefin as well as their blends and composites 24 5:8.9:12.131 "I this paper,
we focus on the effect of o and B NAs and their concentration on the fracture properties of
CPP. The EWF parameters in the stage of yielding and sequent stage of necking and tearing

are also measured to analyze the distribution of fracture energy of nucleated PP.
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Figure. 3.1 Energy partition of DDENT specimen

3.2 Results and discussion

3.2.1 Load-displacement curve

The load-displacement curves during DDENT tests as a function of ligament length
were shown in Fig 3.2. For CPP incorporated with both NAs of different content, the
load-displacement curves were self-similar in shape, regardless of the ligament length. The
load increased quickly with a slight increase of the displacement before the definite upper
point in the initial stage. After the peak, a smooth and slow drop in the load occurred with
further increase of the displacement and then the rapid load drop at the end stage of the
curves signaling the fracture of the specimens. However, for both types of NAs especially
for the B NA nucleated CPPs, the load drop after yielding became faster with increasing

amount of NA content.
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3.2.2 Fracture parameters

The wi-I diagrams gave good linear relationship for both type and various content of
NAs incorporated CPP samples, as proved by the high linear regression coefficient in Table
3.1. The values of we and pwp, and the results for splitting the essential and non-essential
work of fracture as yielding and necking terms were also listed in Table 3.1, which were
obtained by plotting wy and w, versus |, respectively. From Table 3.1, it was quite clear that
the we values of CPP incorporated with a NA with different amount were all lower than that
of pure CPP, indicating the impaired crack resistance. The we value of 0.1wt% o NA
nucleated CPP was nearly only a half of that of pure CPP. However, an increase instead of
gradual reduction of the we values was observed with further increase of a NA amount.
When the content of o NA reached 0.5wt%, the w, values of the nucleated CPP was just
3kJ/m’? lower than that of neat CPP. This fact was due to the increase of the crystallinity
induced by increase of the NA content !, With the increase of crystallinity, the crystal
lattices were arranged more closely, so the crack resistance was improved. This fact was
also validated by the crystallinity data obtained from the DSC test listed in Table 3.2.

However, the fw, behaviored contrary to we with increasing amount of o NA.

Table 3.1 Fracture Parameters obtained from EWF Test for nucleated CPP with o and B NA of different

content
NA content Wi Wy W,
(wt %) We Bw, R Wey B'wy R Wen(kI/M?) B 7wy R
(kJ/im?) (MJI/Im®) (kI/m?) (MJ/m?) (MI/m®)

0 29.84 8.20 0.93 0.59 151 0.98 27.68 6.86 0.97
0.1a 16.29 9.46 0.93 1.05 1.27 0.99 15.23 8.19 0.98
0.3a 20.57 8.10 0.96 1.93 1.22 0.97 18.32 6.85 0.94
0.5a 26.54 6.70 0.98 2.24 1.09 0.96 24.29 5.61 0.96

0 29.84 8.20 0.93 0.59 151 0.95 27.68 6.86 0.97
0.1 25.68 9.54 0.94 3.42 1.57 0.95 24.25 1.74 0.98
0.3p 37.93 6.98 0.94 5.19 1.07 0.98 31.90 5.99 0.97
0.5 40.69 8.30 0.96 6.35 1.21 0.97 34.23 7.06 0.98
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20




It was shown that the pw, was the highest at relative low a NA loading (0.1wt%),
while decreased with further increasing amount of NA, and nearly 2 MJ/m® lower than that
of neat CPP at 0.5wt% of o NA. Similar trend of variation for both we and pw, with
increasing amount of B NAs was observed. But there were some difference worth to be
noted between the fracture properties of modified CPP with both NAs, though at the same
content. As can be seen, the fracture toughness of 0.1wt% B NA modified CPP was only
4kJ/n? lower than that of pure CPP, which was nearly 10 kJ/m® higher than that of
modified CPP with same content of oo NA. Then the we values increased remarkably with 3
NA content, which was much higher than that of pure CPP at 0.3 wt% [ NA and finally,
10kJ/m? higher than that of neat CPP at 0.5 wt% B NA. Similarly, the fluctuation of the
plastic work for B nucleated CPP was also fiercer than that of o NA nucleated CPP.
However, at the highest amount of B NA used in this paper, the pwy value of modified CPP

was appreciably higher instead of lower than that of pure CPP for oo NA nucleated CPP.

Table 3.2 The crystallinity of CPP modified by o and p NAat different content

content(wt%) 0 0.1a 0.3a 0.5a 0.18 0.3 0.5

crystallinity (%) 347 46.4 488 49.2 473 476 48.0

As shown in Table 3.1, the variation of we, and S "wpn With increasing NA content for
both a and B NAs nucleated CPP was absolutely the same as that of we. However, the wey
for both NAs nucleated CPP and 5 wpy for o NA nucleated CPP varied totally different from
We, as Wey for both nucleated CPP increased with increasing NAs while g 'wyy for a NA
nucleated CPP gradually decreased. Only the plastic component before yielding for p NA
nucleated CPP showed the same variation as pwy did. Obviously, the component in the
stage of necking and tearing was much higher than that in the stage of yielding, which
indicated that the fracture properties were mainly determined by the necking and tearing

process.
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The crystallinity of these samples obtained form the DSC test was listed in Table 3.2
and the dependence of the fracture parameters on crystallinity of the nucleated CPP was

summarized in Fig 3.3. The crystallinity of nucleated CPP was calculated by:

x, =AM (6)
AH,

where A Hy was the heat of fusion for 100% crystalline CPP, AH was the measured heat
of fusion for CPP in the nucleated CPP. The heat of fusion of 100% crystalline oo and g CPP
were 177.0 J/g and 168.5J/g, respectively 7.

As shown in Table 3.2 and Fig. 3.3, though the crystallinity for o« NA nucleated CPP
was higher than that of that of p NA nucleated CPP with the same content of 0.3wt% and
0.5wt%, the variation of fracture toughness for both NAs nucleated CPP vs crystallinity
was similar. However, the down-trend of we for a NA nucleated CPP at low crystallinity
corresponding to low NA content (0.1wt%) was more profound than that of  NA nucleated
CPP at low crystallinity resulting from low content of B NA (0.1wt%) incorporated, while
the up-trend with increasing crystallinity as a NA content increased was far less remarkable
than that with increasing crystallinity as f NA content increased. At the same time, the
effect of crystallinity on the plastic work of both nucleated CPPs was also similar. As can
be seen, the plastic work was the highest at the relative low crystallinity both for 0.1wt% a
and B NAs nucleated CPP. Then, the pfw, showed a down-trend with increasing crystallinity
in both NAs nucleated CPPs, although a fluctuation was presented for § NA nucleated CPP

at the content of 0.3wt%.
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Table. 3.3 Content of B crystal in p NA modified CPP

NA content (Wt %)  Ipi00) (%) laciio) (%) l040) (%) lo(130) (%) Ks(%)
0.18 100.00 22.70 11.28 64.02 50.51
0.3p 100.00 12.55 0 44,37 63.73
0.5p 100.00 21.43 0 0 82.35

As reported, B NA can induce the transition of crystal from a form to  form, which
was also reflected in Table 3.3. The data in Table 3.3 were obtained according to Eq (7)1
using the WAXD (shown in Fig 3.4) results. Kg was the content of  crystal in nucleated
CPP, and Ig and 1, were the relative intensity corresponding to characteristic diffraction
planes of CPP a and 3 crystal obtained from WAXD tests.

B IB(300)
KB_IB(300)+IQ(110)+IQ (7

The crystallization of the NA modified CPP mainly adopted a heterogeneous
nucleation process and the growth of f crystals was governed by the number of nuclei
existed in the system. The diagrams of fracture parameters as a function of Kg of § NA
nucleated CPP were presented in Fig 3.5. From the values listed in Table 3, the variation of
Kp exhibited an evident increasing trend which could also be reflected from the diminishing
lo, indicating that elevating amount of NA led to the increasing  content and consequently
improved fracture resistance, which was consistent with B-crystal toughening mechanism.
The reason why beta-polypropylene crystals can improve the toughness of polypropylene
can be attributed to a combined effect of several factors, including the o to B phase
transformation induced by mechanical load, enhanced mechanical damping of
polypropylene, and the peculiar lamellar morphology of polypropylenet®el.

When the content of NA reached 0.5% the diffraction peaks of a (040) and a (130) in
the WAXD pattern was completely depressed, resulting in the prominence of g (300) peak

and consequently elevation of Kg. For pure CPP, the w, value was higher than those of
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NA nucleated CPP. With the addition of 0.1% NA, the w, value of p NA nucleated CPP
decreased dramatically compared with that of pure CPP. However, as the NA content
increases, the values of we increased gradually. This growing trend was coincident with the
illustration of Fig 3.3(a). It was worth noting that the we value showed an obvious rise,
when the NA content exceeds 0.3%, while this kind of dramatic variation appeared as the
NA content was higher than 0.1%. The variation trend of fw; values was also similar to Fig
3.3(a). For the CPP modified by 0.1% NA, its fw, value reached the climax, whereas, the

Kp value was not the highest. With the growing of Kg values, the fw, value was declining.

3.3 Conclusions

Focusing on the effect of NA of different type and content on the fracture behavior of
CPP, the following conclusions were drawn.
(1) With the addition of NA, the crystallinity of both o and p modified CPP increased
remarkably and the B N A successfully induced the transition of CPP crystal from a form to
B form.
(2) The we values of CPP added with a NA of different amount were all lower than that of
pure CPP. The we values increased with further increase of a NA amount. However, the
Pwp was the highest at the lowest o NA amount (0.1wt %), while decreased with further
increasing amount. The variation of we, and S "wpn With increasing NA content for a NA
nucleated PP was absolutely same as those of we and wey did, while the g 'wpy for a NA
nucleated PP gradually decreased. The plastic work decreased with increasing crystallinity
in a NA nucleated CPP.
(3) Both we and pwp showed similar trend of variation with increasing amount of f NA.
Only the plastic component before yielding for f NA nucleated PP had the same variation
as fwp. While the plastic work decreased first and then recovered close to that of pure CPP,
with increasing crystallinity for § NA nucleated CPP. The variation of Kg for NA nucleated
CPP was almost same as that of we_ indicating that elevating amount of NA leading to the
increasing of B content and consequently improved fracture resistance. The difference in the
variation of pwy value in CPP filled with B NA may be due to the conversion of crystal
form.
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Chapter 4 Structure and properties of peroxide induced controlled
rheology polypropylene

4.1. Introduction

Isotactic polypropylene (iPP), a propylene-based polymer produced with

transition-metal catalysts [

, IS now becoming one of the most important polymer
materials universally used. iIPP is well known for its mechanical properties, chemical
stability, and low cost. However, its usage is restricted by its relatively high average
molecular weight 2! (MW) and broad molecular weight distribution 4 (MWD).

Much attention has been focused on adjusting the MW and MWD of iPP to broaden
the application and the processing window of iPP to datel®®l including the prevalent
controlled rheology polypropylene (CRPP) technology, a post-reactor procedure consisting
of reactive extrusion of the virgin iPP with organic peroxidel”!.

Modification of polypropylene in the so-called "controlled rheology" process is always
performed by the addition of certain peroxides such as
2,5-dimethyl-2,5-di(2-ethylhexanoylperoxy) hexane. The peroxide typically is added in the
extruder during pelletization after the polymerization process. The peroxide tends to
encourage a more-or-less uniform breakdown of the macromolecules of the polypropylene
resin under the physical and thermal stress of the extruder. At the first stage of the
preparation of peroxide induced CRPP, free radicals come into being from the thermal
decomposition of the organic peroxide, then the radicals attack the tertiary carbon atom of
main chain, forming macro-radicals. At the second stage, the  scission occurs in the main
chain of iPP macromolecules. Due to the equality of being attacked, the longer
macromolecular chains are inclined to be broken up easily. In the end, the average
molecular weight of the resin is reduced, resulting in a product with a relatively narrow
molecular weight distribution. The reduction in the average molecular weight and the
improved narrowness of the molecular weight distribution is typically accompanied by an
increase in melt flow rate and changes in both the rheological and physical properties as
compared with those of a reactor product having a similar melt flow rate. The resulting

polypropylene also exhibits improved flowability during the fabrication of the plastic
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products.

Commercial polypropylenes, produced in the presence of organic peroxides, are
known as controlled-rheology (CR) resins. Although a wide variety of peroxides is
available, one specific peroxide, [2, 5-dimethyl-2, 5-di (2-ethylhexanoylperoxy) hexane] as
the choice of peroxide, is used throughout the industry to produce CR polymers for its
particular decomposition temperature

Tzoganakis et.al investigated systematically the effect of neat polymers %21 polymer
blends 23 and processing conditions [*5¢] on the properties of controlled rheology
polymers. Extensive studies concerning the kinetic of the processing of the controlled
rheology polymers had been carried out by Balke and co-workers 12721,

Our previous work 292 has concentrated on the properties of iPP filled with different
types of nucleating agent and the crystalline morphology of CRPP. It has been found that
the shaped crystalline structure had a major influence on the properties of CRPP. The
present paper deals with the effect of peroxide types on the relationship between the

structure, especially the crystalline structures and the properties, mainly the rheological and

mechanical properties of CRPP.

4.2. Results and discussion

4.2.1 Effect of different peroxides on the capillary rheology properties of peroxides

induced polypropylenes

Fig. 4.1 and Fig. 4.2 show the relationship of the shear stress and the shear viscosity
against the shear rate of different peroxide induced CRPPs. It indicated clearly that the
addition of peroxide increased the shear stress and shear viscosity of the CRPPs in the low
shear rate range, especially for the DMDEHPH induced CRPP. The curves of BPO and
DCP induced CRPP exhibit almost the same trend. In the low shear rate region, the
DMDEHPH induced CRPP is not sensitive to the shear stress, also the higher shear
viscosity of the DMDEHPH induced iIPP can be seen in Fig. 4.2. The viscosity of the
CRPPs is higher than the virgin resin, iPP, due to the formation of the micro crosslinkage in

the peroxide induced CRPPs as a result of the non-homogeneous distribution of the
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Figure. 4.2. The shear viscosity against shear rate for different peroxides (0.03wt %) induced CRPP.
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Peroxide density. The micro crosslinkages were broken up with increasing the shear rate, so
the rheological curve of the four samples were shown the same trend in the high shear rate

(above 1000/s)

Table. 4.1. MFR and notched impact strength of different peroxides (0.03wt %) induced CRPP

Sample MFR (g/10min) Notched impact strength (KJ/m?)
DMDEHPH induced CRPP 6.44 2.98
DCP induced CRPP 7.59 2.76
BPO induced CRPP 9.54 2.71
Virgin iPP 6.95 2.14

4.2.2 Effect of different peroxides on the MFR and mechanical properties of peroxides

induced polypropylenes

Table. 4.2. Tensile properties of different peroxides (0.03%wt) induced CRPP (The crosshead speed was

100mm/min)
Elastic Elongation Yield Elongation
Sample modulus at break stress at yield

(MPa) (%) (MPa) (%)
DMDEHPH induced CRPP 1253 578 32.83 7.79
DCP induced CRPP 1156 489 32.12 7.78
BPO induced CRPP 1116 267 33.22 7.84
Virgin iPP 1170 303 31.98 7.76

As is known before, the purpose of CRPP technology is to adjust the molecular weight
and molecular weight distribution of normal iPP to broaden its processing conditions and
application. Many researches have reported that the decrease of the molecular weight will
result in the decrease of the mechanical properties 221, These changes take place due to
chain scission of PP chains and degradation of high molecular weight tails in PP chains. But
as is shown in Table 4.1, the notched impact strength of these peroxide induced CRPPs is
higher than the virgin resin. It seems the produced macromolecules during the peroxide

induced reaction process were involved to disperse the notched impact energy and improve
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the toughness of CRPPs in some degree.

The tensile properties of these peroxide induced CRPP are shown in Table 4.2. Itcan
be seen that the DMDEHPH induced CRPP shows the highest elastic modulus, elongation
at break which means a good balance between the stiffness and the ductility. The tensile
yield strength of this sample is also higher than the virgin resin. These facts indicate that the

DMDEHPH is a perfect choice in preparing CRPP.

4.2.3 Effect of different peroxides on the crystallize and dynamic rheology properties

of peroxides induced polypropylenes

Figs. 4.3 and Fig. 4.4 show the melting and crystallization curves of CRPP prepared
with different peroxides and the virgin resin. The calculated crystallinity and the thermal
data are listed in Table 4.3. The melting peak temperatures of the CRPPs are slightly higher
than the virgin resin. The DSC melting endotherm curves of CRPP is wider than the virgin.
indicating the more crystalline structural heterogeneity in the CRPPs. Generally, the
increment of the polymer crystallinity is related to a decrease of chain length and so easily
forming of crystals. Here, the crystallinity of DMDEHPH induced CRPP is somewhat
higher than the other two peroxides induced samples. This might be due to that with the
addition of the peroxides, the rearrangement of the newly formed short chain molecular
takes place, and more molecular chains in the amorphous phase pack into the crystal

patterns, finally increase the crystalline portion of peroxide induced iPP.
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Figure. 4.3. The effect of different peroxides (0.03wt %) on the DSC heating scan of peroxide induced
CRPP

Table. 4.3. DSC heating scan of different peroxides (0.03%wt) induced CRPP

Area(J/g) Peak(C) Onset(T)  End(T)  Crystallinity

Sample o)
DMDEHPH induced CRPP 77.88 168.30 155.00 172.60 3726
DCP induced CRPP 77.48 168.10 154.40 172.50 37.07
BPO induced CRPP 75.51 167.50 154.20 172.10 36.13
Virgin iPP 78.65 166.90 154.00 171.30 36.63

34




Pure PP

BPO induced PP
DCP induced PP

DMDEHPH induced PP

Endo

80 100 120 140 160 180
Temperature (°C)

Figure. 4.4. The effect of different peroxides (0.03wt %) on the DSC cooling scan of peroxide induced
CRPP

Table. 4.4. DSC cooling scan of different peroxides (0.03%wt) induced CRPP

Sample Area(J/g) Peak(C) Onset(C) End(<C)
DMDEHPH induced CRPP 99.74 113.50 109.40 117.60
DCP induced CRPP 97.83 113.10 107.80 118.20
BPO induced CRPP 92.55 112.10 108.60 116.00
Virgin iPP 92.47 113.90 110.80 116.90

Table. 4.5. P1 value of different peroxides (0.03%wt) induced CRPP

Sample Pl
DMDEHPH induced CRPP 1.20
DCP induced CRPP 1.08
BPO induced CRPP 1.22
Virgin iPP 1.67
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Similarly, the DSC cooling endotherm curves of CRPP is wider than the virgin as can
be seem from Fig.4.4. As for the crystal peak area of three peroxides induced iPPs,
DMDEHPH induced iPP is also larger than other two induced iPPs. This fact is consistence
with the fact in the melting curves. However, the insensitivity of crystallization
temperatures to the peroxide, which can be seen from the cooling endotherm data listed in
Table 4.4, is likely to be considered by the fact that the degradation reaction occurs
preferentially in the amorphous phase of the polymer.

In addition, in order to obtain more detailed structure information of peroxide induced
IPPs, the dynamic rheology measurement was carried out here. According to the theory of
Zeichner 281 the molecular weight distribution can be indirectly estimated by the following
equation (2)

10°
GX

Pl (2)

The value of PI represents the MWD and G* can be obtained from the crossing point
of storage modulus and loss modulus. The higher PI value represents the broader MWD of
sample. The corresponding PI values of the dynamic rheology results based on equation (1)
are listed in Table 4.5. It can be easily seen that the Pl values of peroxides induce iPPs are
lower than the virgin iPP, indicated that the addition of the peroxide can apparently change

the MWD of iPP, and finally improved narrowness of the iPP molecular weight distribution.

4.3. Conclusions

Three different peroxides induced CRPPs are explored in this research and the main
conclusions are obtained as follow:

The capillary rheology measurement indicates that the DMDEHPH induced CRPP is
preferably controllable in a relatively low shear rate range.

DMDEHPH induced CRPP exhibits the highest mechanical properties. DMDEHPH
induced CRPP shows the highest crystallinity, which can be used to explain the superior
mechanical properties of DMDEHPH induced iPP.

All the three CRPP samples show a lower P1 value comparing with the virgin iPP,
indicating the improved narrowness of the iPP molecular weight distribution
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Chapter 5 Crystalline Morphology of g Nucleated Controlled
Rheology Polypropylene

5.1. Introduction

The crystalline morphology ™ and rheological behavior ®71 are two of the most
important topics in research of polymer materials. Polypropylene (PP), a typical
semicrystalline polymer with rich crystalline morphologies, has gained an important
position among polyolefins due to its broad range of applications ¥4, PP is well-known
for its mechanical properties, chemical stability and low cost. However, its usage was
restricted in certain applications by its relatively high average molecular weight (Mw) [23]
and broad molecular weight distribution (MWD) 4!, Hence, many efforts were made to
control the MW and MWD of PP, and the “controlled-rheology polypropylene”(CRPP)
technology ™4?Y was developed and widely adopted. CRPP can be obtained economically
and efficiently by a post reactor procedure which consists of a reactive extrusion of the
virgin PP with organic peroxide. The resultant CRPP possesses many superior properties to
normal PP, such as high elongation at break, thermal deformation temperature, transparency,
surface smoothness, and so on. Additionally, owing to its excellent processability, CRPP is
widely used in melt spinning and extrusion of thin films.

Because of its semicrystalline nature, PP chains can organize into different spatial
arrangements giving rise to three basic crystalline polymorphs: a-monoclinic, B- trigonal
and y-triclinic phases 1222, Perfect spherocrystal structure can be formed in PP without any
external force. Nucleating agents (NAs) can easily shorten the time of inducing the crystal
nucleus for the crystallization process in PP matrix and enhance the overall rate of
transformation from the molten state to the crystalline solid state [252%. Many publications
have reported the enhanced physical properties of semi-crystalline polymers, such as
impact properties and surface properties, when the size of crystallite becomes smaller as a
result of NA addition ¥, For different kinds of NA modified PPs, the impact strength of
B-PP generally exceeds that of a-PP. Varga %! has attributed the superior toughness of §-PP
to a combined effect of three factors: the a to P phase transformation induced by

mechanical load, the enhanced mechanical damping of B-PP, and the peculiar lamellar
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morphology of B-PP.

In our previous work, the crystalline morphology and rheological behavior of PP, PP
based blends or composites were studied, respectively B743. However, little attention was
paid to the effect of CRPP technology on the crystalline morphology of PP. In this paper,
the effectiveness of different B NAs, and the effect of DCP and NA content on the

crystalline morphology of f NA nucleated CRPP will be discussed.

TMB+0.1%DCP
WBG+0.1%DCP

Endo

E3B+0.1%DCP

100 120 140 160 180 200
Temperature (OC)

Figure. 5.1. Effect of different B NAs on the DSC heating scan of CRPPs.
5.2. Results and discussion

5.2.1 Effect of NAs on the Crystalline Morphology of CRPPs

Fig. 5.1 shows the effect of B NAs on the DSC heating scan of CRPPs prepared using
0.1wt% DCP with the same B NA content of 0.3wt%. The melting peak of B-crystals of PP
can be clearly seen at a temperature around 147 <C for the WBG-II and TMB-5 nucleated
samples, indicating significant B-crystals were induced by the NAWBG-II and TMB-5. The
multiple melting peaks of B-crystals in these two samples are possibly due to the
complexity of the B-crystal structure during the melting process. First, the imperfect

B-crystal start to melt with the increase of scanning temperature. Meanwhile, the long chain
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molecules pack into adjacent crystals, which increase the thickness of the PB-crystal or
improve transformation of B-polymorph to a-polymorph. With the temperature increasing
further, the perfect B-crystals transform to the o-crystals by recrystallization 431,
Compared with the WBG-II and TMB-5 nucleated CRPPs, the E3B nucleated system
shows no trace of B-crystal in the DSC heating scan. This may be related to the optimum
concentration of E3B for creating the trigonal crystal structure in PP. Sterzynsk [ reported

that the maximum of the B content in the IPP system was achieved at a certain content of

E3B concentration, and for lower or higher E3B content, a strong decrease of the p-crystal

content

Table. 5.1 DSC results of CRPP (0.1wt% DCP) specimen incorporated with § NA
B nucleating agent(0.3%) Tn(C) AHJ/g) Crystallinity (%)
Pure PP 166.20 104.20 61.84
PP+0.1wt%DCP 166.30 98.16 58.26
E3B+0.1wt%DCP 165.80 95.50 56.68
WBG- 11 +0.1wt%DCP 147.02, 166.79 82.09 48.72
TMB-5+0.1wt%DCP 146.32, 152.41,167.19  91.79 54.47

was observed. The results of the DSC test are listed in Table 5.1.

Compared with the virgin PP, the a melting peak of CRPP without f NA shows no
significant change. Nevertheless, the o peak of E3B nucleated CRPP shifts to lower
temperature. This is related to the incomplete crystal structure in PP owing to the addition
of E3B. The o peaks of the other two NAs nucleated CRPPs move to a little higher
temperature, reflecting the increased thickness of a crystal and transformation of the B
crystal to a crystal As regards the extent of the shift of the melting point to higher
temperature, TMB-5 is superior to WGB-II, indicating that more -crystals in the TMB-5
modified PP system were transformed into a-crystals. At the same time, NA can easily
shorten the time of inducing the crystal nucleus for the crystallization process, so more
crystal nuclei will be created in the limited space of the PP matrix. Finally, the growth rate
of crystal nuclei exceeded the total rate of crystallization process, so the total crystallinity

index decreased with the addition of NA.
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Figure. 5. 2. Effect of different f NAs on the WAXD patterns of CRPPs

0.3%TMB-5

Endo

0.15%DCP
0.1%DCP

0.05%D
0

100 120 140 160 180 200
Temperature (’C)

Figure. 5.3. Effect of TMB-5 on the DSC heating scan of CRPPs prepared using different contents of

DCP.
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Fig. 5.2 shows the effect of types of B NAs on the WAXD patterns of CRPPs.
Obviously, WBG and TMB nucleated CRPPs show the characteristic diffraction peak (300),
of B-iPP at 26=16.2°8l. The higher intensity of (300) peak of TMB-5 nucleated CRPP
reflects a higher relative content of B-form in this system. At the same time, the
transformation of a-form to - form owing to the addition of B-NA weakened the diffraction
peaks of o-form. The relative content of B-form can be calculated by the well-known

Turner-Jones equation (91,
Hg(300)

K. = )
B Hy120)+ H,(040)+H, (130)+H,(300)

Where Kf is the relative content of the g-form in the NA nucleated CRPP sample and Ha
(110), Ha (040), Ho (130) are the diffraction peak intensitys of (110), (040) and (130)
crystal planes of a-form in the NA nucleated CRPP sample, respectively. According to
equation (2), the relative content of B-form of different NA nucleated CRPPs are 75.28%
and 88.82% for WBG-I1I and TMB-5, respectively. Obviously, TMB-5 shows superiority in
inducing B-crystal in CRPP system.

5.2.2 Effect of DCP and TMB-5 content on the crystalline morphology of CRPPs

Fig. 5.3 shows the effect of different content of DCP on the DSC heating scan of
CRPP nucleated by TMB-5 (0.3wt %). The two B-crystal melting peaks are also due to the
complexity of the B crystal structure during the melting process, as mentioned above, and
the broken chain of PP molecular enhanced this process of PP enhanced this process.
Xanthos % attributed this fact to the recrystallization and reorganization of the molecules
with less entanglement and higher mobility during melting. Peroxide initiated PP
degradation has been known as a random chain scission reaction to reduce the number of
long chains significantly and result in less entanglement and higher mobility of the
molecules. Thus, the recrystallization or reorganization of lower molecular weight samples
can occur more easily and faster during melting.

The DSC results from Table 5.2 shows that the crystallinity basically increased with

increase of DCP content except for a small decrease at a content of 0.15wt%. Although the
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total crystallinity index decreased with the addition of NA, as mentioned above, the

crystallinity of B NA nucleated CRPP increased with increase of DCP content. This fact is

Table.5.2 DSC results of PP specimen with different loading contents of DCP incorporated with 0.3wt%
TMB-5.

DCP content(%wt ) Tm(°C) AH/g) Crystallinity (%)
0 148.80, 168.30 36.34 21.57
0.05 145.72, 152.11, 168.19 56.48 33.52
0.10 144.73, 151.42, 166.91 85.36 50.66
0.15 143.43, 150.82, 166.90 82.79 49.13

0.3%TMB-5

0.15%DCP
0.1%DCP

0]

10 15 20 25 30 35 40
2 theta (degree)

Figure. 5.4. Effect of TMB-5 on the WAXD pattern of CRPP prepared using different contents of DCP.

due to more spaces provided by the broken molecular chains in the CRPP system with
increase of the DCP content. Thus, more chains will pack into adjacent crystals easily, and
there is enough space for the complete growth of the crystals. The melting peaks of
a-crystal shifted to a lower temperature, indicating a thickness reduction of a-crystals.
When the DCP content reaches 0.1wt%, there is a critical molecular weight where the
molecular chains shorten to a certain level and the number of active sites is optimal. When

the content exceeds the critical point, the crystallization of the broken chains will be limited,
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or the chains will interact with each other. Finally, crosslinking takes place in CRPP, which
is unfavourable for the crystallization process, as there is not enough or even no active sites
in the molecular chain to carry out this process.

Fig. 5.4 shows the WAXD patterns of the effect of TMB-5 on CRPP with different
DCP contents. The characteristic diffraction peaks of TMB-5 nucleated CRPP prepared
using 0.1wt% DCP is obviously higher than those prepared using other DCP contents in the
crystal face of a(110) a(040) a(130) and B(300). Combined this fact with the DSC result,
the 0.1wt% DCP content system is suitable to induce complete and high relative B-crystal
content.

As the suitable content of DCP for B-crystal was determined as 0.1wt%, the effect of
TMB-5 content on the crystalline morphology was considered at that level. Fig. 5.5 shows
the effect of TMB-5 content on the DSC heating curves of CRPP prepared using 0.1wt%
DCP. With the addition of TMB-5, the f melting peak visibly appeared on the DSC curves.

The results obtained from the DSC tests are summarized in Table 5.3. It is found that the

0.1%DCP

0.7%TMB-5
0.5%TMB-5
0.3%TMB-5
0.1%TMB-5

Endo

100 120 140 160 180 200
Temp(’C)

Figure. 5.5. Effect of loading content of TMB-5 on the DSC heating scan of CRPPs.
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Table. 5.3 DSC results of CRPP (0.1wt% DCP) specimen incorporated with different loading contents of
TMB-5

TMB-5 content (wt%) Tm(C) AH(@J/g) Crystallinity (%)
0 166.30 98.16 58.26
0.1 145.20, 150.80, 166.30 100.80 59.82
0.3 147.20, 152.70, 168.30 89.85 53.32
0.5 147.40, 167.20 107.70 63.92
0.7 149.00, 168.70 59.11 35.08

total crystallinity reaches the maximum value at a TMB-5 content of 0.5wt%. Two factors
contribute to this: First, the CRPP system is suitable for the high content and complete
structure of B-crystals, as mentioned above. Second, the TMB-5 as a nucleating agent in the
system is especially active at a content of 0.5wt%. If the N A content exceeds this point, the
additional crystal nuclei will take up the limited space in the molten resin and there will not
be enough space for them to growth, and the total crystallinity will decrease. Therefore, a

TMB content of 0.5wt% is also a critical point for B NA nucleated CRPP.

0.1%DCP

0.7%TMB-5
0.5%TMB-5
0.3%TMB-5
0.1%TMB-5

i

SN
i

10 15 20 25 30 35 40
2 theta (degree)

Figure. 5.6. Effect of loading content of TMB-5 on the WAXD pattern of CRPPs.
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Figure. 5.7. Effect of loading content of TMB-5 on the relative content of B-crystals in CRPPs.

Fig. 5.6 shows the WAXD patterns of TMB-5 nucleated CRPP prepared using 0.1wt%
DCP. Evidently, when the NA content reaches 0.5wt%, the intensity of the p(300) crystal
diffraction peak is significantly higher than that of the other systems, reflecting the highest
relative content of  crystals

Fig. 5.7 shows the effect of p NA content on the relative content of B-crystals in CRPP
prepared with 0.1wt% DCP. Similarly, with increase of the B NA content, the relative
content of B-crystal first increases and then reduces slightly, and the turning point occurs
when the NA content reaches 0.5wt%. Due to the crystallization mechanism, only at a
certain B NA concentration will complete B-crystals be formed. When the NA content
exceed the certain value, the nucleation rate will exceeds the total rate of the crystallization
process, so it is too late to form a perfect epitaxial crystallization center for the growth of a
complete p-crystal Y. At the same time, there is no time for adjusting the PP molecular
conformation to meet the requirement for B-crystal formation. Finally, conformational

defects arise. Thus, the ¢ axis orderly B-crystal is reduced with the melting point showing a
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slight decline, and the a-crystal content increases, leading to a relatively low level of

B-crystal content.

5.3. Conclusions

The effects of different p NAS, different DCP content and various § NA content on the
crystalline morphology of CRPP were studied in this paper, and the following conclusions
were drawn:

(1) The B crystalline melting peaks of WBG-1l and TMB-5 nucleated CRPP are clearly
shown and shift to a low temperature compared with unnucleated CRPP. The intensity of
the B-crystal diffraction peak of TMB-5 modified CRPP is larger than WBG-II.

(2) With the increase of DCP content, the melting temperature of a-crystals increases,
and the melting peak of B-crystals is visible in CRPP nucleated with 0.3wt% content of
TMB-5. At the critical point of 0.1wt% DCP, the total crystallinity index of CRPP reaches a
maximum value and the relative intensity of diffraction peaks for o and B-crystals are much
higher than for other contents.

(3) With increase of the TMB-5 content, the melting peak of B-crystals appears on the
DSC heating curves of CRPP prepared using 0.1wt% DCP. With the addition of TMB-5, the
maximum value of total crystallinity is reached at a mass fraction of 0.5%. Also, the

relative content of B-crystals achieves the maximum value at this point.
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Chapter 6 The enhanced nucleating ability of carbon nanotube
supported p nucleating agent in isotactic polypropylene

6.1. Introduction

Isotactic polypropylene (iPP), a semi-crystalline polymer with several possible crystal
modifications including monoclinic (a), trigonal (), and orthorhombic (y) forms [ s
widely used in many applications due to its excellent balance between physical properties
and low cost ¢, Among these polymorphs, the f form crystal occurs more rarely than a
form crystal because of its lower stability (21,

The B crystal of iPP has a trigonal unit cell with parameters a=b=1.101nm, c=0.65nm,
containing three isochiral helices. Owing to the different azimuthal orientations of the three
helices, the cell of the B phase is frustrated [ The B phase iPP shows some unique
characteristics such as improved impact strength in comparison with the more common a
phase [ 8. Varga attributed the superior toughness of B phase polypropylene (PP) to a
combined effect of three factors: the o to B phase transformation, the enhanced mechanical
damping and the peculiar lamellar morphology of p phase [°!.

The P phase can be formed under some special conditions such as addition of
nucleating agent (B NA) into the iPP matrix % directional crystallization in certain
temperature gradient [*® shearing or elongation of the melt during crystallization 27!,
Among these methods, the introduction of B NA s into iPP is the most reliable method for
the preparation of iPP rich in p phase 2!, Although several kinds of p NA s have been
proposed and patented till now, the compounds of dicarboxylic acid and different Ca
compounds has been proved to be a highly selective, thermally stable, and colorless p NA
for iPP (%1, Grein has pointed out that, if the melting enthalpy of the p phase contributes to
80% or more out of the total enthalpy 2!, the nucleating agent can be considered as highly
active and selective.

It should be noted that although p nucleated iPP shows superior toughness, its yield
strength and stiffness are generally much lower than those of non-nulceated iPP or a
nucleated iPP 221, Mult-wall Carbon nanotubes (MWCNTSs) were widely used in many
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areas such as improving the mechanical and electrical properties of polymer based
composites due to their unique mechanical and electrical characteristics 2>%1. However,
due to the nonreactive nature of the carbon nanotube, which have a strong tendency to
agglomerate and are very difficult to separate individual nanotubes during mixing with a
polymeric material, the preparation of Polymer and MWCNTs composite is generally very
difficult.[?®!. Different methods have been developed in order to overcome these difficulties.
Solution blending, melt blending, and “in situ” polymerization are widely applied
techniques to produce nanotube/polymer composites 1271, Additionally, the functionalization
of the MWCNTSs with a number of functional groups has also been sued to improve their
chemical reactivity and dispersion in polymer materials and can be used as a starting point
for further chemical modification 2% 21 Grady et al observed that
octadecylamide- functionalized MWCNTs promoted the growth of § form crystal of PP at
the expense of o form crystal %, However, still some studies showed that MWCNTSs can
only promoted the formation of o form iPP (311,

In this work, a kind of B nucleating agent, calcium pimelate, for PP was supported
onto the surface of CNTs and the effect of the supported CNTs on the mechanical
properties and morphology of iPP composites were studied. The composites of IPP and
MWCNT supported B nucleating agent exhibited excellent impact strength compared with
pure isotactic polypropylene and B nucleated isotactic polypropylene without significantly
deteriorating the strength and stiffness. The mechanical properties of the composites were
correlated with the morphology and the enhanced nucleating ability of the MWCNT

supported  nucleating agent.
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Figure 6.1. XPS spectra of C 1s for MWCNTSs (a) and MWCNT supported B NA (b)

Table 6.1. Chemical shift (CS), Relative peak Area, and peak width in C1ls Region

Main peak Peakl Peak?2
B.E. area  fwhm C.S. area  fwhm C.S. area  fwhm
Sample (ev) () (V) (ev) (%) (V) V) (%) (V)
CNTs 284.8 78.82 1.69 1.28 17.27 1.89 3.78 3.91 2.09
MWCNT 284.8  81.7 1.76 1.15 15.06 1.69 4.0 3.24 1.82
Supported  NA
MWCNTs
<)
X
— ester carbonyl
|_ B4
< ~_
Carboxylate
Y MWCNT supported BNA
500 I 1000 I 1500 I 2000 I 2500 I 3000 I 3500 I 4000

-1
Wavenumbers(cm™)
Figures 6.2. FTIR spectra of MWCNTs and MWCNT supported p NA
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6.2. Results and Discussion

6.2.1 Surface analysis

Figure 6.1 shows XPS spectra of C1s for MWCNTs and MWCNT supported B NA,
and the fitting results of the curves were shown in Table 6.1. For the MWCNT supported 8
NA, the peak 1 region was significantly reduced from 17.27% to 15.06%, and the chemical
shift of peak 1 was lower than that of MWCNTSs sample. According to Wang and Sherwood
31 the results verified a chemical reaction between p NA and MWCNTSs. As the received
MWCNTs were chemically treated and hydroxy groups were attached to the tube wall, and
the other carboxyl group of calcium pimelate was reactive, the reasonable explanation was
that the hydroxy groups reacted with the B NA in the chemical supporting process. In other
words, an esterification reaction between 3 NA and the MWCNTs were performed, and the
B NA was chemically supported onthe MWCNTSs surface.

Figure 6.2 shows the FTIR spectra of MWCNTs and MWCNT supported B NA
samples. It showed that an infrared peak appeared at a wavenumber of 1750cm-1, which
had been assigned to ester carbonyl group. Also, the peaks at a wavenumber of 1400 cm-1
and 1600 cm-1 had been assigned to carboxylate group. These results further proved that

the B NA had been supported on the MWCNT surface.

Table 6.2. Mechanical properties of iPP (Sample P), iPP/MWCNTs (Sample C), B NAnucleated iPP
(Sample N) and MWCNT supported B NAmodified iPP composites (Sample 1, 3, 5) samples

Samples Impact strength (kJ/m?) Tensile Yield strength (MPa) Flexural modulus (MPa)
P 3.03 32.05 1282.17
C 5.24 33.14 1407.54
N 7.08 28.18 1078.62
1 7.29 29.87 1231.18
3 14.49 28.51 1138.17
5 22.42 27.63 1133.57
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6.2.2 Mechanical properties

Table 6.2 collects the mechanical properties of the samples. As is generally known,
pure iIPP shows quite low impact strength and the addition of p NA can significantly
improve the impact toughness of iPP, which can also be evidenced by the much higher
impact strength of B NA nucleated iPP, being more than two times over that of pure iPP. It
IS interesting that the MWCNTSs modified IPP composite shows a simultaneous reinforcing
and toughening effect over iPP, which is in accordance with our previous study on the
MWCNTs modified iPP composites 31, In the presence of MWCNT supported B NA, the
iPP composites showed excellent impact strength over pure PP, beta nucleated iPP and
MWCNTs modified iPP composite, up to about 7 times over that of pure iPP and more than
3 times over that of B nucleated iPP. It can also be found that with the increase of the
content of MWCNT supported B NA, the impact strength of the composites increased.
These results indicated that the MWCNTSs showed the potential to promote the formation of
B crystals of iPP, and the MWCNTSs could cooperate with the f nucleating agent and
enhance the nucleating ability of the B nucleating agent, resulting much higher impact
toughness of the composites.

Although B nucleated iIPP shows high impact strength, the tensile yield strength and
the flexural modulus of B nucleated iPP are generally lower than those of non-nulceated or
a phase iPP, as can also be seen in Table 6.2. However, with the addition of MWCNT
supported B NA, the tensile yield strength of iPP samples increased compared with that of 8
NA nucleated sample and with the increasing content of MWCNT supported B NA, the
yield strength remains at a high level.

The flexural modulus, a signal of the stiffness of materials, for the samples in the
presence of MWCNT supported B NA, is much higher than that of B NA nucleated sample.
This might be the contribution of the high tensile strength and stiffness MWCNT itself.
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Figure 6.3 SEM photographs of iPP (Sample P), iPP/MWCNTs (Sample C), B NA nucleated iPP

(Sample N) and MWCNT supported B NA modified iPP composites (Sample 5)

6.2.3 Morphology observation

Figure 6.3 shows the morphology of iPP, iPP/MWCNTs compsite, B NA nucleated
iPP and MWCNT supported B NA modified iPP composites. In order to avoid the surface
damage, no etching procedure was adopted. It can be seen that pure iPP shows an obviously
brittle fracture with little indication of plastic deformation. p N A nucleated iPP shows more
accidented zones owing to the plastic deformation during the cryogenic fracture in the
liquid nitrogen. iPPIMWCNTs compsite shows similar plastic deformation as B NA
nucleated iPP. MWCNT supported B NA modified iPP composites displays very tough

fracture surface, and a ring-shaped morphology appears in the central part of the photo,
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which was surrounded by an obvious plastic deformation zone. These observations are in

accordance with the mechanical properties of the samples.
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Figure 6.4. DSC (a) heating and (b) cooling scan of iPP (Sample P), iPP/MWCNTSs (Sample C), B NA
nucleated iPP (Sample N) and MWCNT supported B NA modified iPP composites (Sample 1, 3, 5)

samples

6.2.4 Melting and crystallization behaviours

Figure 6.4(a) gives the DSC heating scan of the samples. As can be seen, B NA
nucleated iPP (Sample N) and MWCNT supported  NA modified iPP composites (Sample
1, 3, 5) show two distinct melting peaks at around 151 <C and around 164 <C. The low
temperature melting peaks (around 151 <C) in Fig. 6.4.a refer the partial melting of the
beta-phase, while the high temperature peaks (around 164 <C) indicate the melting ofalpha
phase originally presented in the sample and that formed during the beta to alpha
recrystallisation. The low temperature melting peaks indicated that the B NA used and the
MWCNT supported B NA show the ability to induce the formation of § phase iPP, which
can be further verified by the WAXD results. With the content of MWCNT supported p NA
increasing, the area under the melting curves of p phase iPP becomes larger, indicating
more [ phase is induced, which evidences the results of the mechanical properties. The

melting curve of iPP/MWCNTSs compsite (sample C) also shows a slight melting peak of 8
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Figure 6.5. WAXD spectra of iPP (Sample P), iPP/MWCNTSs (Sample C), B NA nucleated iPP (Sample
N) and MWCNT supported B NA modified iPP composites (Sample 1, 3, 5) samples

phase iPP, which affirmed our previous result of low content of MWCNTS has the potential
of inducing the formation of B crystal in iPP B4, Figure 6.4(b) gives the DSC cooling scan
of the samples. It could be seen that the crystallization temperatures (Tc) of all the modified
samples were higher than the pure PP and B NA nucleated iPP, indicating that the
crystallization process of the samples were advanced to a higher temperature. With the
content of MWCNT supported B NA increasing, the Tcs increased, which was beneficial to
reduce the molding cycle of the composites.

Figure 6.5 shows the WAXD curves for all these samples. Comparison of the WAXD
patterns revealed that a reflection at 20 of 16.2°, the characteristic reflection of § phase iPP,
occurred for iPP/MWCNTs compsite, B NA nucleated iPP and MWCNT supported B NA
modified iPP composites, while pure iPP gave a diffraction pattern characteristic of a phase
of iPP. These results were in accordance with the DSC measurements. With the content of
MWCNT supported B NA increasing, the intensity of the reflection at 260 0f 16.2° increased,
being much higher than that of iPP/MWCNTs compsite (sample C) and f NA nucleated iPP
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(Sample N), indicating the enhancement the B nucleating ability of MWCNT supported 3

NA.
According to the Equation (1) [3]

|
N ml | @
£l + al + a?2 + a3

Table 6.4. Kkgresults of iPP (Sample P), iPP/MWCNTSs (Sample C), p NAnucleated iPP (Sample N) and
MWCNT supported B NA modified iPP composites (Sample 1, 3, 5) samples

Samples P C N 1 3 5

Kg 0 0.25 0.75 0.56 0.82 0.84

the relative measurement of beta-modification of iPP can be obtained from the data of the
WAXD curves, which was listed in Table 6.4. Here, lg; is the intensity of the (300)
reflection of B phase and I,;, 12 and I, are the intensities of the (110), (040) and (130)
reflections of a phase, respectively. It could be seen that the kg value increased with the
increasing content of MWCNT supported B NA, which agreed well with the mechanical
properties and confirmed that the B nucleating ability of B NA for iPP was effectively

enhanced with the chemical supporting of B NA onto the surface of carbon nanotube.

6.3. Conclusions

A novel approach to largely improve the impact toughness without significant loss of
the stiffness and strength of iPP composites was accomplished. The prepared MWCNT
supported B NA can successfully enhance the p nucleating ability of f NA and can induce
higher content of B phase of iPP and significantly improve the impact toughness of iPP

based composites with little loss of stiffness and strength.
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Chapter 7 Superior mechanical properties in carbon nanotube
modified polypropylene composites through formation of a beta

transcrystalline structure
7.1. Introduction

The transcrystallinity is a kind of common exist crystalline morphology in material
research, especially in the polymer/fiber composites. Although the effect of interfacial

transcrystalline morphology [ on the mechanical properties of polymer / fiber composites

[2-5]

remains an issue of contention , many researches agree with the improvement of

mechanical properties in fiber filled polymers in the presence of transcrystallinity [*),

Wagner reported that the toughness of the polypropylene composites can be improved by

careful design of the interfacial transcrystalline region .
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Beta transcrystallinity is a kind of transcrystallinity which attracts many attentions in
polymer science because of its contribution on high impact resistance of polymer matrix.
To explore the formation mechanism of beta transcrystaiinity, Varga has investigated the
different crystal growth process of beta cylindrite crystals and beta transcrystallinity in
isotactic polypropylene (iPP) / carbon fiber (CF) micro-composites ['"!. He found that the
difference exist in the heterogeneous nucleation and self nucleation for transcrystallinity
and cylindrite, respectively. Due to the heterogeneous nucleation growth of transcrystalline
morphology, the formation of beta transcrystallinity in iPP matrix is difficult under normal
conditions [,

Till now, the beta transcrystallinity of PP has been found to be formed by shearing in

[11 13-15

the micro-composites !''! or by using beta nucleating agent (B NA) ['*'3] The interfacial

morphology of single CF reinforced iPP composites was reported by many researches ' ¢%,
By shearing in the micro-composites melt is a direct-viewing way to investigate the
formation of iPP beta trancrystallinity, while the utilization of this method is limited in the
micro-composite system and hard to extend to other systems.

It is reported that the enhanced nucleation density contributes to the formation of
transcrystalline morphology in the interfacial region of polymer / fiber composites ' -
I As shown in many reports, nucleating agent (NA) can greatly increase the nucleation

3-B] 1 it is perfectly introduced into the fiber/polymer composites, NA can

density
effectively induce the transcrystalline morphology in the composites. Assouline
successfully induced the beta transcrystallinity in iPP composites by application of red
quinacridone as a beta nucleating agent (B NA), he also explored the kinetics of beta
transcrystallization in fiber reinforced iPP composites 2%.

Wagner % also demonstrated that the transcrystallinity can be formed at the surface of
fiber if appropriate nucleating agents were used to coat the fiber. These agents can nucleate
either the a (monoclinic) or B (hexagonal) crystal forms of polypropylene. While, if the
combination of B NA and fiber is only via van der Waals force, f NA will flake off easily
during the following molding processes, such as extrusion or injection molding,

Chemical modification of fiber surface has been accepted to be a method to improve

fiber/matrix adhesion *!!. The impact resistance of the matrix can be improved by the
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[22.231 By chemically supporting the

increase of the interaction between filler and matrix
beta nucleating agent onto the surface of CF or carbon nanotubes (CNTs), the
transcrystalline morphology can be induced in CF/PP or CNTs/PP composites. The method
of chemical modification has been used in this work, and the beta transcrystalline
morphology was affirmed by polarized light microscopy and scanning electron microscopy
in beta nucleating agent supported single carbon fiber filled iPP micro-composite and the
beta nucleating agent supported CNTs modified iPP composites, respectively. Also, the
relationship between the transcrystalline morphology and the impact resistance of f NA

supported CNTs modified iPP injection molded samples will be explored.
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Figure. 7.1 The morphology of beta (ab,c,d) and alpha (e,f,g,h) transcrystallinity formed during
crystallization of beta nucleating agent supported single CF filled iPP micro-composite at 125 °C: (ae)
isothermal crystallizing for 10s; (b,f) isothermal crystallizing for 120s; (c,g) isothermal crystallizing for

240s; (d,h) isothermal crystallizing for 360s
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7.2 Results and discussion

7.2.1 Crystalline morphology development in micro-composites.

Figure 7.1 shows the crystalline morphology of iPP micro-composites in the presence
of the beta nucleating agent chemically supported single carbon fiber and virgin carbon
fiber without B NA supported, respectively. For each sample, four photographs were taken
from 10-360s during the isothermal crystallization process at 125 °C. At the beginning,
after 10s isothermal crystallization, there is hardly no heterogeneous nucleation occured on
the carbon fiber surface as shown in Figure 7.1(a). The situation improved after isothermal
crystallization for 120s as shown in Figure 7.1(b), a few nucleating points appeared on the
surface of the carbon fiber and it started to growth around the carbon fiber surface. While
after 240s as given by Figure 7.1(c), the fiber surface was covered by the crystals growing
from the heterogeneous nucleation with high nucleation density.

At the interphase region of the micro-composite, the growth of lamellae was restricted
in the lateral directions by neighboring entities, and then the growth direction of such

surface nucleated crystals was normal to the surface 21

. In this way, a transcrystalline
morphology finally formed in the micro-composites as can be seen from Figure 7.1(d).

Assouline illustrated that an alpha transcrystalline layer was first promoted on the
surface of fiber 2%, Figure 7.1 (e-h) shows a typical alpha transcrystallinity in iPP/single
CF micro-composites obtained at the same condition of Figure 7.2(a-d). Compared with
Figure 7.1 (e-h), the alpha layer was not very obvious in Figure 7.1(a-d). Furthermore, the
growth of crystals on the single CF surface reflects a beta form transcrystallinity, which has
a negative radial texture compared with the alpha one.

A number of studies have shown that the beta transcrystallinity of iPP can be formed
under a certain temperature region of 130 °C or certain condition such as melt shearing. In
this work, the beta trancsrystalline morphology formed easily at 125 °C. The special

interfacial morphology was attributed to crystalline structure transition induced by the B

NA supported single CF.
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Moreover, the dynamic of crystal growth at different temperature was investigated by
performing the PLM tests to get the results of spherulite size at different time. The
spherulite size increased with extending time at the fixed temperature, as can be seen from
Figure 7.2. There existed a fluctuate of the date point at the temperature of 125°C for the
sample of iPP induced by B NA supported single CF. The variation of the spherulite size
confirmed that a crystalline structure transition taken place at this temperature, that is the
formation of transcrystallinity. The slope and Y-intercept results calculated from the curves
were shown in Table 7.1. The slope of the curves for iPP filled by p NA supported single
CF were higher than the pure iIPP, which indicated that the growth of the crystals were
accelerated by filling of B NA supported single CF . By a comparison of the size of crystal
at the beginning, the filling of B NA supported single CF can reduce the size of the crystal

because of the grain refinement.

Table 7.1 The slope and Y-intercept results calculated from the curves of Figure 6.2.

0
TCe) 122 125 128 131 134
Type

Pure iPP slope 0.14 0.10 0.07 0.02 0.01

B NA supported single CF filled iPP slope 0.19 0.11 0.10 0.02 0.01

7.2.2 Crystalline structure validation.

To validate the crystalline morphology in the micro-composites, DSC and WAXD
tests were performed onthe interphase region of the micro-composites near beta nucleating
agent chemically supported carbon fiber. The results were given in Figure 7.3. As can be
seen from Figure 7.3(a), in the melting curve of the micro-composite, a significant
endothermic peak appears at 148 <C, which was assigned to the melting of beta crystals of
iPP 11551 Fjg.7.3 (b) shows that a diffraction peak appears at the 2 theta angle of 16.30,

which was assigned to the (300) diffraction of beta crystals of iPP [28]. Both results further
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proved the transcrystalline morphology induced by the beta nucleating agent chemically

supported carbon fiber was beta transcrystallinity of iPP.

7.2.3 Crystalline morphology in injection samples.

The beta transcrystallinity have been induced in the beta nucleating agent supported
single CF filled iPP micro-composites, the next step is how to enlarge its application and
extend to other system besides micro-composites. Figure7.4 (a-d) shows the etched fracture
surface of B NA chemically supported MWCNTs modified iPP injection samples. The
typical sector texture in Figure 7.4(a-d) indicates that the B NA chemically supported
MWCNTSs successfully induced beta crystals in the matrix 1. It should be pointed out that
in Figure 7.4 (a-d) carbon nanotube was across the sector texture and the crystal growth
direction was perpendicular to the nanotube surface, especially at the near core layer of the
samples in Figure 7.4(d).

Due to the morphology and growth mechanism of the crystals, it is reasonable to
illustrate that the beta transcrystallinity had formed in the interphase region of modified iPP
injection molded samples. The parallel caves in the Figure 7.4(a) assumed to be the B NA
supported MCNTs, which have induced the beta transcrystallinity, flaked off during the
later processing. As the length of the MWCNTSs have a wide distribution, short MWCNTSs
prefer to appear in the skin layer during the injection molding process.

For comparison, the etched surface of virgin without B NA supported MWCNTSs
modified iIPP injection samples were shown in Figure 7.4(e-h). Although the sector texture
can also be seen from Figure 7.4(e) as a result of the exist f NA, the MWCNTSs in the iPP
matrix showed a random distribution. No sector texture was founded near the caves of the
skin layer in Figure 7.4(e), as well as no nanotube transfixed the crystals in Figure 7.4(f)
and Figure 7.4(g). Further more, in the near core layer as shown in Figure 7.4(h), the
nanotube even showed a bended morphology which indicated that the nanotube seems to be
expelled by the near crystals instead of transfixed it. So no beta trancscrystalline
morphology was formed in the MWCNTSs without chemically supported  NA modified

IPP injection molded samples.
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Figure 7.4 SEM images of B NA chemically supported (a, b, ¢, d) and unsupported (e, f, g,
h) MWCNTs modified iPP composites. The samples were perpendicular to the flow
direction. (a,e) Oy m (b,f)200p m(c,g)800u m (d,h)2000u m from the skin to core layer
of the injection molded samples.
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7.2.4 Relationship between crystalline morphology and mechanical properties.

It has been reviewed that the nanometer scale may not always be able to significantly
influence the performance of the finally products 2%, In our previous work, the impact
strength of B NA supported MWCNTs modified iPP was seven times that of pure iPP and
three times that of B NA modified iPP samples. This result has been attributed to the
enhanced nucleating ability of p NA supported CNTs (151 Now, it can be further conformed
that the enhanced nucleating ability was attribute to the formation of beta transcrystalline
morphology in the interphase region of B NA supported MWCNTSs modified iPP injection

molded samples. The transcrystallinity can greatly improve the impact resistance of
modified iPP samples, which was in accordance with the previous work -1,

7.3 Conclusion

The beta transcrystalline morphology can be formed in both iPP/single fiber
micro-composites and B NA supported CNTs modified iPP injection molded samples. The
seven times improvement of impact resistance of B NA supported CNTs filled iPP injection

molded samples were attributed to the formed interfacial beta transcrystallinity.
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Chapter 8 Effect of filler on the structure and properties of
polypropylene blends

8.1 Introduction

The crystallization behaviours are characterized with the nucleation and crystal growth
rates. Based on Norimasa’s research!!), the crystal growth rate remarkably decreases with
the molecular weight, while the primary nucleation rate shows the opposite dependence.
Molecular weight dependence of overall crystallization rate seems to be very complicated.
In this part, a controlled molecular weight distribution iPP blends will be obtained, and it
will be modified by B NA, carbon nanotube, as well as B NA supported MWCNTs. The

structure and properties relationship of the modified iPP will be investigated.

8.2 Results and discussions

8.2.1. The selection of the isotactic polypropylenes proportion

In this part, all the samples were prepared according to the Table 2.2 and processed in

the micro-compounder at the temperature of200°C with a screw speed of 70r/min.

Table. 8.1 The DSC results of the iPP blends with different proportion.

Number Heating peak(<C) Cooling peak(<C)
1 163.55 113.56
2 165.89 112.47
3 159.81 113.20
4 162.38 115.23
5 160.48 113.24
6 160.44 113.47
7 167.97 113.74

The DSC results of the samples were collected in the following Table 8.1. Taking the
cooling peak temperature into account, the highest cooling peak temperature can be found
at sample 4. This fact indicated that the molecular structure of iPP blend is at a favourite

state for crystallization. For the melting peak temperature, the sample 4 was under a middle
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state, which shows that the higher molecular part and the lower one were all take a certain

part in the two iPP blend.
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Figure 8.1. The dynamic rheological result of storage module vs temperature for different iPP blends

The temperature sweep of the dynamic rheological test shows a cooling curve for the
blends of two different isotactic polypropylenes. From the high temperature to low
temperature, the storage modulus tends to be higher as a result of the solidification and
crystallization induced by the cooling process. For different blends, they show the same
trend. While, it is interesting to find out that for the sample 4, which contains 50 % weight
percent of low molecular weight isotactic polypropylene, the cooling curve is almost
coincide with sample 3, which contains 30 wt% of low molecular weight isotactic
polypropylene. Based on the DSC result, we deduce that there maybe a crystalline
morphology structure change when the low molecular weight isotactic polypropylene

reached a half part in the blends.
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Figure 8.2 The dynamic mechanical thermal analysis result of storage module vs temperature for
different iPP blends

It is obviously that the variation of storage modulus with the temperature shows an
irregular tendency, especially after the sample 4, which stands for the 50 weight percent of
low molecular weight isotactic polypropylene. As canbe seen from Figure 8.2, the curve of
sample 7 is much higher than sample 4 at relatively low temperature, from -50°C to 0 °C.
This fact indicates that with increase of the low molecular weight proportion, the molecular
structure of PP blends tend to complex and hard to be controlled. While, at high
temperature, the trend of the curves tends to be regular, this may be due to the increase of
the mobility of the molecular chains at higher temperature, and finally result in a uniform
composition at the temperature of 150 °C. Based on the dynamic rheological analysis, the
sample 4 is worth to be investigated as a result of its irregular structure.

According to the above tests and analysis, the results indicated that sample 4 shows an
irregular molecular structure, and the DSC result indicates that the structure is benefit for
the crystallization process. Thus it was selected in the next stage to investigate the

relationship between structure and properties of modified iPP blends.
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8.2.2. The selection of processing parameters
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Figure 8.3 The dynamic mechanical thermal analysis result of storage module vs temperature for the

150

effect of different processing parameters of iPP blends.

In this part, three different temperatures 180°C, 200°C, 220°C as well as three

different screw speed 50 r/min, 60 r/min, 70 r/min were selected for detect the most suitable

processing parameter for iPP blends.

According to the Figure 8.3, the curve of sample 5 shows the highest storage module.
The increase of the storage module reflects the decrease of the molecular chain mobility.
For the fixed iPP blends, the increase of the storage module was due to the the already

formed network or tangle point which will be the starting point for the nucleation process of

iPP blends crystallization[2-4].
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Figure 8.4 The dynamic rheological result of storage module vs frequency for the effect of different
processing parameters on iPP blends.
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Figure 8.5 The dynamic rheological result of storage module vs temperature for the effect of different
processing parameters on iPP blends.
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Separate tests were also performed to make sure the selection of the processing
parameter 5. Figure 8.4 shows the dynamic rheological tests under the frequency sweep at
200°C, the samples selected were prepared at different temperature and different screw
speed. It is quite obviously that even processed at different temperature, when it was fixed
at the screw speed of 60r/min, the samples shows the highest storage module than the
others. This result was consistent with the dynamic mechanical thermal analysis result of
Figure 8.3.

The temperature sweep tests were performed to validate the already got conclusion. As
shown in Figure8.5, it also shows the same trend compared with the frequency sweep. For
the samples prepared at the screw speed of 60r/min, its storage modules show the highest
value, which was related to block of the already formed crystal structure. It was because of
the already formed network or tangle point successfully performed as the nucleating point
during the crystallization process.

The results of DSC heating and cooling sweeps were consistent with the dynamic
result as shown in Table 8.2. Just seen from the peak temperature, the cooling peak at the
sample of parameter 5 shows the highest value, which indicated that it can be crystallized
easier than other samples, which may be due to the already formed network or tangle point

as we deduced from the dynamic results!™"".

Table 8.2 The DSC results of the samples of different processing parameters

Number Heating peak(<C) Cooling peak(<C)
4-200-50 161.39 114.32
5-200-60 162.38 115.14
6-200-70 161.43 114.46
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8.2.3. The structure and properties of beta nucleating agent modified polypropylene
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Figure 8.6 The dynamic rheological result of storage module (a) and lose modules (b) vs frequency for

different § NA content modified iPP blends

80




15000 -
= Bl
e B2
~10000 -
3 | . + B3
— v B4
© 50001 Cay
A ’l
AA 1’ll;lilli
04 »
-5000

100 120 140 160 180 200
Temperature (°C)
(@

15000 + = Bl
i .t e B2
10000} ‘ 22
= L ’...I.
Ot
-5000

100 120 140 160 180 200
o
Temperature ("C)
(b)
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As shown in the Figure 8.6, the storage modules of different content of B NA modified
polypropylene verified with increase of the frequency. In the low frequency region, as a result of the
existence of low molecular weight content, the viscosity of the matrix decreased, as well as the
irregular fluency. While in the high frequency region shows a regular tendency. It is worth
mention that, as well as the increase of the nucleating agent content, the storage modules
show an obviously turning point at the sample 3. The storage module of sample 4 is higher
than sample 3. The lose modules of different content nucleating agent modified
polypropylene show the same tendency. As we have previously mentioned, there exist a
turning point of the nucleating agent content in p NA modified polypropylene matrix B,
Now we can conform that the same trend exists in the polypropylene blends, and the
turning content in this research is 0.5wt%.

The temperature sweep of dynamic rheology measurement can be used to simulate the
crystallization process of polymer at the constant strain, the result of different content NA
modified polypropylene was shown in the Figure 8.7. The storage module was improved
with increase of the temperature, which was due to the crystallization process occurred in
the low temperature region. With the increase of the NA content, the storage modules
decreased, and the turning point appears at the content of 0.5wt%. The lose module shows

the same trend as the storage modules

Table 8.3 The DSC results of the samples modified by different B NA content.

Number | Beta  Heating | Alpha Heating Heating Cooling Cooling
peak(<C) peak(<C) Enthalpy(J/g) peak(<C) | Enthalpy(J/g)
B1 152.48 168.64 85.42 122.60 85.77
B2 151.94 167.92 84.31 123.65 84.46
B3 151.84 167.95 83.81 124.21 84.45
B4 151.08 167.68 81.31 124.87 81.80

The crystallization process at the normal condition without the constant strain was
investigated by the DSC method. As shown in the Table 8.3, with increase of the NA

content, the melting peak ofalpha and beta crystals of polypropylene were all show a little
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Figure 8.8 The dynamic mechanical result of storage module (a) and lose modules (b) vs temperature for
different NA content modified iPP blends
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decrease. The turning point of melting enthalpy was at the content of 0.5wt%. The cooling
peak temperature increased with the content of the NA in polypropylene blends, which was
accordance with the heterogeneous nucleation process ['>']. The turning point of cooling
enthalpy was also appears at the NA content of 0.5wt%. This fact agrees with the dynamic
rheology measurement. All the fact proved that the content of 0.5wt% is a critical point for
the NA modified polypropylene blends.

As shown in the Figure 8.8, the change of the storage modules displays three stages.
At the lower temperature region, with increase of the NA content, there is no effect on the
storage modules before the NA content of 0.5wt%. While after that, the storage modules
show an obviouse change. This fact can be explained by the already formed crystalline
structure in the NA modified polypropylene. In the temperature region of 0-50°C, all the
samples show the same trend and finally in the higher temperature there is no difference
exist in the storage modules. With increase of the NA content, the lose modules increased,
which can be explained by the different crystal structure of beta crystal compared with

alpha one. The lowest lose modules displays at the NA content of 0.5wt%.

8.2.4. The structure and properties of carbon nanotube modified polypropylene blends

In order to compare with the effect of NA, the carbon nanotube was developed to
modified polypropylene as a reference system. Most of the studies agree with the induction
of alpha crystal in the carbon nanotube modified polymer system, though some agreed that
the low content of carbon nanotube can promote the appearance of beta crystal in
polypropylene matrix ['®21 In this study, the carbon nanotube was mainly used to induce

the alpha crystal in iPP blends. For the normal crystallization process of iPP blends, the

Table 8.4 The DSC results of the samples of different carbon nanotube content.

Number Melting peak(<C) Melting Crystallizaiton peak(<C) Cooling
Enthalpy(J/g) Enthalpy(J/g)
C1 165.2 85.46 123.29 91.09
C2 164.53 83.59 125.45 89.4
C3 165.39 84.81 126.82 88.1
C4 166.06 88.9 128.43 90.12
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Figure 8.9 The dynamic rheological result of storage module (a) and lose modules (b) vs frequency for
different carbon nanotube content modified polypropylene blends
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heating peak temperature increase with the carbon nanotube as can be seen in the Table 8.4.
The melting enthalpy increases with the carbon nanotube content. The cooling point which
indicates the crystallization ability of iPP increased with the carbon nanotube content. The
cooling enthalpy shows little change.

Based on the relationship between storage modules and frequency as shown in Fig 8.9,
the carbon nanotube can successfully increase the storage modules of modified iPP blends,
which was much different from the NA modified iPP blends. There is no critical point in
this system, and the storage modules increased with the improvement of the carbon
nanotube content all the time. This fact reflects the different effect of beta and alpha crystal
on the structure and properties of polypropylene, as the carbon nanotube can induce alpha
crystal in the modified iPP blends. For the lose modules, there is a shape increase of the
lose modules at the content of 0.5wt%, while the same trend can be seen in the storage
modules.

The results of temperature sweep of dynamic rheology measurement shows in the
Figure8.10. With increase of the carbon nanotube content, the storage modules increased
with decrease of the temperature. The change tendency of carbon nanotube modified
polypropylene blends shows an obviously different trend compare with the NA modified
iPP blends. Between the low and high content, there exist a turning region, which does not
change the trend but obviously change the degree of the tendency.

As the alpha crystal is the normal crystalline morphology in the normal crystallization
condition, the carbon nanotube shows no effect on the change of crystalline morphology of
iPP blends. For the dynamic mechanical properties in Figure 8.11, increase with the content
of carbon nanotube, the storage modules shows almost no change, which was because of
the stiffness of the carbon nanotube. For the lose modules vs temperature result, a
conclusion can be drawn that the single carbon nanotube modified polypropylene shows

little effect on the properties of iPP blends.
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Figure 8.11 The dynamic mechanical result of storage module (a) and lose modules (b) vs temperature
for different carbon nanotube content modified polypropylene blends
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8.2.5. The structure and properties of beta nucleating agent supported carbon

nanotube modified polypropylene blends
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Figure 8.12 The dynamic rheological result of storage module (a) and lose modules (b) vs frequency for
carbon nanotube supported B NA modified iPP blends
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Figure 8.13 The dynamic rheological result of storage modules (a) and lose modules (b) vs temperature
for carbon nanotube supported B NA modified iPP blends
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In this part, the B NA supported carbon nanotube will be introduced into the iPP
blends, and the structure and properties of B NA supported CNTs modified iPP blends will
be investigated based on the same portion arrangement of carbon nanotube and NA
separately.

For the result of storage modules vs frequency, excepted for the low frequency region
fluctuate as s result of the low molecular weight portion, the storage modules increase with
the content of the B NA supported CNTs. For the single NA modified iPP, there exist a
turning point of 0.5wt%, while based on the same crystallization process of beta crystal
induction, the supported system modified iPP blends show the same trend at the content of
0.5wt%. This fact can be explained that the supporting process has no decrease effect on the
inducting ability of beta crystal in iPP blends. This was accordance with the result we have
previously published 2!,

The change of the lose modules shows little variation, which indicated that there is
little reduce of the modules in the B NA supported carbon nanotube modified iPP blends
system. This is also the aim of the supported system modified iPP blends and can be used to
verify the universality of the already got conclusion.

Based on the temperature sweep result as shown in Figure8.13, the storage modules
increase with the decrease of the temperature. At the same time, there is also a turning point
at the content of 0.5wt%, and the tendency is more obviously. The variation of the lose
modules compared with the storage modules is more flat. There is no fluctuate point exist
which indicated that the good induction ability of B NA supported CNTs modified iPP
blends.

Table 8.5 The DSC results of the samples under different p NA supported CNts content.

Number Heating peak(<C) Enthalpy(J/g) Cooling peak(<C) Enthalpy(J/g)
S1 151.44 84.1 124.59 85.56
S2 151.21 85.4 125.25 85.85
S3 151.04 84.14 125.9 85.44
S4 151.15 81.45 125.65 83
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Figure 8.14 The dynamic mechanical result of storage module (a) and lose modules (b) vs temperature
for carbon nanotube supported p NA modified iPP blends
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There is almost no change in the heating peak temperature of different content of
NA supported CNTs modified iPP blends as shown in Table 8.5. The melting enthalpy
shows a turning point at 0.5wt%. For the cooling process, there is almost no change in the
cooling peak temperature, while the enthalpy of cooling shows a shape change at the
turning point of 0.5wt%. This fact indicated that the different content of B NA supported
CNTs has almost no effect on the peak temperature of modified iPP blends; while sharply
change its enthalpy.

It 1s interesting to find out that there is almost no change of the storage modules for the
different content of B NA supported CNTs modified iPP blends as shown in Figure 8.14,
except at the low temperature, a little fluctuate exist at the content of 0.3wt%. For the lose
modules, a turning point exist at the content of 0.5wt% and it was only exit in the low

temperature.

8.3 Conclusion

The conclusion can be draw as follow,

First of all, based on the melting and cooling behaviours, dynamic mechanical and
rheological properties analysis, the suitable aproportion for the iPP blends is
50wt%:50wt%.

Then, based on the melting and cooling behaviours, dynamic mechanical and
rheological properties analysis, the suitable processing parameters is 200°C and the srcew
speed is 200rpm.

The beta nucleating agent can successfully induce beta crystal in modified iPP blends
and the turning point of the properties appears at the content of 0.5wt%. Carbon nanotube
mainly induce alpha crystal in modified iPP blends, and for the properties of carbon
nanotube modified iPP blends, there is no turning point because of its dominant alpha
crystalline morphology. The B NA supported carbon nanotube shows good induction ability
than the single B NA or single carbon nanotube, there is also a turning point exist at the

content of 0.5wt%
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Chapter 9 conclusion

Polypropylene is one of the most important general used plastic materials. Different
kinds of nucleating agents were added to the polypropylene as well as the controlled
rheology polypropylene matrix. Mechanical properties as well as fracture behaviour,
crystalline morphology was discussed. The effect of different kinds of nucleating agent,
different nucleating agent content on the crystalline structure and mechanical properties of
polypropylene was further explored. A kind of filler called fiber supported nucleating agent
was introduced to the modification of polypropylene, and the impact resistance of fiber
supported nucleating agent modified polypropylene greatly increased. The mechanism of
the large increased impact resistance was attributed to the formation of beta transcrystalline
morphology in the fiber supported nucleating agent polypropylene matrix.

With the addition of NA, the crystallinity of both a and B modified CPP increased
remarkably and the B N A successfully induced the transition of CPP crystal from a form to
B form. The we values of CPP added with oo NA of different amount were all lower than that
of pure CPP. The w, values increased with further increase of o NA amount. However, the
pwp was the highest at the lowest o NA amount (0.1wt %), while decreased with further
increasing amount. The variation of we, and S ”wpn with increasing NA content for o NA
nucleated PP was absolutely same as those of we and wey did, while the g 'wpy for a NA
nucleated PP gradually decreased. The plastic work decreased with increasing crystallinity
in a NA nucleated CPP.Both we and pwp showed similar trend of variation with increasing
amount of B NA. Only the plastic component before yielding for  NA nucleated PP had
the same variation as fwp. While the plastic work decreased first and then recovered close
to that of pure CPP, with increasing crystallinity for B NA nucleated CPP. The variation of
Kg for NA nucleated CPP was almost same as that of we , indicating that elevating amount of
NA leading to the increasing of B content and consequently improved fracture resistance.
The difference in the variation of pwy value in CPP filled with § NA may be due to the

conversion of crystal form.
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To explorer the structure and properties of CRPP, three different peroxides were used.
The capillary rheology measurement indicates that the DMDEHPH induced CRPP is
preferably controllable in a relatively low shear rate range. DMDEHPH induced CRPP
exhibits the highest mechanical properties. DMDEHPH induced CRPP shows the highest
crystallinity, which can be used to explain the superior mechanical properties of
DMDEHPH induced iPP. All the three CRPP samples show a lower Pl value comparing
with the virgin iPP, indicating the improved narrowness of the iPP molecular weight
distribution

The effects of different B NAsS, different DCP content and various B NA content on the
crystalline morphology of CRPP were studied. The B crystalline melting peaks of WBG-II
and TMB-5 nucleated CRPP are clearly shown and shift to a low temperature compared
with unnucleated CRPP. The intensity of the p-crystal diffraction peak of TMB-5 modified
CRPP is larger than WBG-II. With the increase of DCP content, the melting temperature of
a-crystals increases, and the melting peak of B-crystals is visible in CRPP nucleated with
0.3wt% content of TMB-5. At the critical point of 0.1wt% DCP, the total crystallinity index
of CRPP reaches a maximum value and the relative intensity of diffraction peaks for a and
B-crystals are much higher than for other contents. With increase of the TMB-5 content, the
melting peak of B-crystals appears on the DSC heating curves of CRPP prepared using
0.1wt% DCP. With the addition of TMB-5, the maximum value of total crystallinity is
reached at a mass fraction of 0.5%. Also, the relative content of B-crystals achieves the
maximum value at this point.

A novel approach to largely improve the impact toughness without significant loss of
the stiffness and strength of iPP composites was accomplished. The prepared MWCNT
supported B NA can successfully enhanced the B nucleating ability of 8 NA and can induce
higher content of B phase of iPP and significantly improve the impact toughness of iPP
based composites with little loss of stiffness and strength.

The beta transcrystalline morphology can be formed in both iPP/single fiber
micro-composites and p NA supported CNTs modified iPP injection molded samples. The
seven times improvement of impact resistance of 8 NA supported CNTs filled iPP injection

molded samples were attributed to the formed interfacial beta transcrystallinity.
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Based on the melting and cooling behaviours, dynamic mechanical and rheological
properties analysis, the suitable aproportion for the iPP blends is 50wt%:50wt%, the
suitable processing parameters is 200°C and the srcew speed is 200rpm. The beta
nucleating agent can successfully induce beta crystal in modified iPP blends and the turning
point of the properties appears at the content of 0.5wt%. Carbon nanotube mainly induce
alpha crystal in modified iPP blends, and for the properties of carbon nanotube modified
iPP blends, there is no turning point because of its dominant alpha crystalline morphology.
The B NA supported carbon nanotube shows good induction ability than the single § NA or

single carbon nanotube, there is also a turning point exist at the content of 0.5wt%
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TITRE
Controle des structures et des propriétés d’un polypropyléne isotactique
RESUME
En tant que polymeére de grande diffusion, les applications du polypropyléne isotactique (PP)
sont limitées par sa faible resistance au choc. D’aprés la relation structure — propriéés, sa
ré&sistance auc choc peut &re amdioré& en contr@ant sa structure. Dans ces travaux,
diffé&ents types d'agents nuclénts ont &étutilsé& pour promouvoir la formation des cristaux
de type b&a et de mdanges de deux PP de masses molaires diffé&entes. Les propriédé&s
mesanigues, le comportement ala rupture, et la morphologie cristalline ont &ééudiés. Les
influences du type et de la teneur en peroxyde et agent nuclént sur la morphologie
cristalline et les propriéés méeaniques ont aussi é€explorés. Un agent nuclé@nt suporté
sur des nanotubes de carbone multi-parois (MWCNT) a é&é utilisé pour modifier la
structure cristalline du PP, ce qui a permis d’augumeter sa résistance au choc 7 fois
comparée acelle du PP vierge et 3 fois comparé& acelle du PP cristallis€en phase b&a.
Cette importante augmentation en resistance au choc peut &re attribuée ala formation des
trans-cristaux de type béta qui est favorisée par ’agent nucléant supporté sur les MWCNT.
MOTS-CLES
Polypropylene, agent nuclé@nt, polypropylene arhélogie contrdeé, résistance au choc.

TITLE
Controlling the structure and prope rties of toughened isotactic polypropylene

ABSTRACT
As a commodity polymer, the applications of isotactic polypropylene (PP) are limited by its
low impact strength. Based on the structure-property relationship, its impact strength could
be improved by controlling its structure. In this study, different kinds of nucleating agents
were used to promote the formation of beta crystals of PP as well as mixtures of two PPs of
different molar masses. The mechanical properties, fracture behaviour, and crystalline
morphology were investigated. The effects of the type and content of the peroxide and
nucleating agent on the crystalline structure and mechanical properties of the PP were also
explored. A multi-walled carbon nanotude (MWCNT) supported nucleating agent was
introduced to modify the crystalline structure of PP and the impact strength of the resulting
PP was 7 times that of the pure PP and more than 3 times that of B nucleated PP. The large
increase in the impact strength was attributed to the formation of beta transcrystalline
morphology which was promoted by the MWCT supported nucleating agent.

KEY WORDS

Polypropylene, nucleating agent, controlled rheology polypropylene, impact resistance.
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