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Abstract of the Dissertation

Structure-Property Relationships in Polyolefin Blends and Copolymers

by
Feng Zuo
Doctor of Philosophy
in
Chemistry
Stony Brook University

2009

Polymers have become the primary materials of mankind since the second half of
last century. The annual global production of polymers increases with the increasing
world demand, and it has reached to about 200 million metric tons recently. The
overwhelming success of polymers is the result of their unique combination of properties,
such as light weight, stable, economical, and easy to process. Polyolefins, mainly
including polyethylene, polypropylene, and ethylene-a-olefin block and random
copolymers, hold more than half of the polymer market due to their versatile applications
e.g. packaging films, containers, bags, and molded parts etc. Thus understanding their
structure-property relationships is essential for an efficient tailor of polyolefin products to

meet specific needs.
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Since polyolefins usually can partially crystallize and the crystallization behavior
will directly influence the properties of polyolefins in the solid state, studies were carried
out using in-situ synchrotron X-ray techniques combined with Linkam shear stage and
Instron tensile machine, which were used to observe the structure changes of polyolefins
under simulated processing conditions and to evaluate their mechanical performance,
respectively. Formation of initial crystallization precursor structure, shish-kebab, and the
kinetic and thermodynamic aspects of flow-induced and quiescent crystallization of
polyolefins were investigated. This also has many practical implications to industrial
polymer processing methods such as extrusion, injection molding and spinning, which
involve external flow field. Meanwhile, mechanical properties, such as modulus,
strength, elongation, and relaxation, of these polyolefins in the form of films and fibers,
crosslinked and non-crosslinked, were obtained as well as the phase behavior and
structure development during the uniaxial deformation according to the analysis of wide-
angle and small-angle X-ray scattering data. The relationships between different
mechanical properties and various structural parameters, for example, chain architecture,
block distribution, comonomer content, crystal structure, morphology, and orientation,

were revealed.

v



Table of Contents

List Of Tables .................................................................................................................... Xi
List Of Figures .................................................................................................................. Xii
Acknowledgements ........................................................................................................ XXii

Chapter 1. Thermal Stability of Shear-Induced Shish-Kebab Precursor Structure

from High Molecular Weight Polyethylene Chains: - eeeeerseeeiniis 1
1.1 TOtEOAUCHION+++++++++++reessrressssrsersnesensseeanstteatteeatteeatteeatteesibeeesibeestbeesbseesbeeesnbeessnseesnseas 1
1.2 EXPOIIMEILAL e +eeeressessessesees ettt 4
1.2.1 Materials and Sample Preparation:« - -swsswsrsssrrsssrimssrissrisisississsssns 4
1.2.2 INStIUIMICNEALION: ++++++++++e+sssesrsersrsresseesnueesseanttanttesteettaasteesteesnteeteesnteesee st e eneesnneeseens 5
1.2.3 EXPErimental ProCEUEe: -+ -+ rsssrrsssresssrsssrssssssis s s 6
1.3 ReSULES ANd DISCUSSION:+++++w+e+ssrseserersrsrsereresrsssssesesesssssssesessssssssesessssssssesesesesssessseassnns ]
1.3.1 DSC Evaluation of Referenced Thermal Behavior in Sheared Samples:-«+---+-++++++ 8
1.3.2 WAXD Examination of Shear-Induced Crystallization by HMWPE:---+--ceeeeeeeeereeee 9
1.3.3 Confirmation of the Shish-Kebab Structure by SAXS:««--xeeeveeererseesnriieiiieiienn 10
1.3.4 Melting and Reformation of the Shish-Kebab Structure:--«-«--+s-eseeeeesneeceeseeneeen 12
1.3.5 The Shish-Kebab Formation from HMWPE CRains:« - +---eeeeseresserererereeerersenen. 16
1.3.6 Thermal Stability of the Shish-Kebab Structure:- - -sswsssessssessrissssssssisisiissninss 18
1.4 CONCIUSIONS:+++++++#++#ssssrerseesssrassressssasstesssastesstsasttessaeate et e aseessaessbeesseessse e seessseesseensns 20
LiSt OF REfEIEICES: -+ ++eseeserersersrserersmmemiseseitesitstesestessessse s sas st ese st ss s sa e n s op)



LlSt Of Tables ..................................................................................................................... 25

List Of Figures .................................................................................................................... 26

Chapter 2. The Role of Interlamellar Chain Entanglement in Deformation-Induced

Structure Changes during Uniaxial Stretching of Isotactic Polypropylene:----------: 42
D1 TEEOAUGCHION ++++##+++ssrrreessrnmnreeemnnmttee ettt e ettt e e ettt e sttt e et e e sttt e s sttt e e s st e e s 42
2.2 EXPEITIMENLAL++++ereeeeresseserstssesttstt ettt 46
2.2.1 Materials and Sample Preparation: - e ressrssssrssssssssisinisisisisisississsss 46
222 Characterization Methods: -« -+ -s-rsssererrerererereneesseseiestesestesesee st sese e 46
2.2.3 Xray Data ANalysis: -+ eseeeeeseessetiemsitiiiitiii e 47
2.3 ReSUILS ANd DIiSCUSSION:++-++++-+es-sererserersesmrssseessesestesesstesesseseessessssesessesesssesessesessssenes 48
2.3.1 Uniaxial Tensile Deformation at Room Temperature:--««--««--+ssseeeeeeesnesseersneeneene 48
2.3.2 Uniaxial Tensile Deformation at High Temperatures:«-«:-«s-sseseeersssesssssseenee 52
2.3.3 Morphology and Crystal Orientation at Various Temperatures:«««----««--=-+s=-seseeeee 56
2.3.4 The Role of Interlamellar Chain Entanglements -+ - -swssessssessssesssssssssissesissnnene. 58
D4 COMNCIUSIONS ##++++++++sressrsrresnsrrersneessreestteentteestte st eeette e ettt e sbteesbteessbeeesabeeennseesnnseeeas 60
LiSt OF REFEIEIICES: ++++++++wreserereeseresseressesentsteseateset et et et ese st et et et ess st et e et se st ss et s st ns s esn e 61
LSt OF FAGUIES:+-++++er+scessersseessesssss et 66

Chapter 3. Shear-induced Crystallization and Crystallization-induced Phase

Separation of Olefin Block COpOlymel‘s ........................................................................ 82
IO I B 51 w06 0 o35 (o) 8 ERRRR LR T LT PP TRy 82
32 EXperimental ............................................................................................................... 84
B2 1 MAtErialgeeseeeeereererereoternmteete ettt ettt ettt 84

vi



3 22 Instrumentation ......................................................................................................... 85

3.2.3 EXperimental Procedure: -+ -+ swsesssessemssessessimsiissiisisissii it 86
3.3 ReSULS AN DiSCUSSION:++++-++-+srsersereesesserseresrstetetistetestete st et ese st et e et et ese e be s esseae e 86
3.3.1 Molecular Structure of OB (IS -+« -+ srerreereereeresereiiaeeeeeetertetestesse st eseeseenis 86
3.3.2 Quiescent Crystallization Temperatures of QBCs: -+ wsswssesssessssssesssussemssiisiisiinee. 87
3.3.3 Quiescent and Shear-induced Crystallization: -« essessesssmsississninsiiniiine. 88
3.3.4 Time-Evolution of Crystallinity Index « s ssseesssesssesssessssssisisssissiiiisissisissns 90
3.3.5 Crystallization-induced Phase Separation: -+« wsesseessessesssissississiisiisininiinne. 9]
3.3.6 Effects 0f N 0n Phase Separation:+ - -+ swssesssesssessieisisisinisiisiiissiisissisissens 92
3.3.7 Effects 0f % 0n Phase Separation:+ -+ - st esssussessssssiisssisiiisiisisissiissisisissnee, 94
3.3.8 Shear-induced OFiEntation: -+ -+ rsereeserrersereserteresresteteestet ettt 94
34 CONCIUSIONS:+++++++++sssreererrsersessessesseiseeseest et et et et et et et e b e et e eteeaseas e s et et et e et e et et eteeneenis 96
LiSt OF RETEIEIICES:+++++++++++sessersererserserearesteitestatestest et e st et se st et e se et e b e e se b b aeets st e s se bt anenis 97
List OF TABIES:-++++++reereerseereereeeestesteiteitisteete et ete ettt ettt ettt et et eae st s et b et et eae s as e 99
LESE OF FLGUEES:++++++++++0+140414001 1001ttt 101

Chapter 4. Studies on the Uniaxial Deformation of Olefin Block and Random

COP QY IIIEIS s 113
4.1 TOLEOQAUCTION:#++++++++++++sseerseerserrserseesseatesttateastestt et e et este et e sssebeesb e e st ebeesbessseseessassnenseas 113
4.2 EXPEIIMEILAL -+ +seeseeseessessees s ses sttt 114
L T e e ) LR 114
4.0 D TNSHUIIEILALION +++++++++++ssssesseesseessesseessrestesstesttateaeesseeseatsesseesbaeseesseesbeetsesseesseases 115
4.3 ReSUlts and DiSCUSSION: ++++++++++srsersrersresserssererstestesiesiestesstesestesstesessesseesesssensens 116
4.3 ] SHEESS-SHAIN CrUIVES: ++++++++sessrersrsssesseassrataseestaatesttesessesseesaaseesssesesssesssessaaseeseas 116

vil



4'3.2 Formatlon Of Monocllnlc Crystals .......................................................................... 1 16

4.3.3 Morphology during Deformation: -+« -+ wwssessesssmssississsisiissiisiisiiiiiinns 118
4.3.4 Comparison between OBC and Affinity: -+ +esesseessessessemsssmssssssissiisiiininns 118
4.3.5 Deformation at 60 OC +++--+--rserreerrrerremeertritaitt ettt ettt ettt be s sbe b sae s 120
4.3.6 Structure Analysis during Deformation:« -+ wsseesseessessemsseissiississiiiiiiinens 121
A4 CONCIUSIONS:#++++++++++esseerreesserssesseesteatesttete st e te et e et et e et e s te et e esbeebeebe e s e essebeesbasseeasean 125
LiSt OF REFEIEICES: +++++++++++esseersersessassesseatiastesiastestetesssat e st e teeseese e b e b e b b s b st seess s ess s 126
LLiSt OF TABlEg:++++++eerersreereerreessententtaitiettestt et e ettt e et et et e et bbb e e ab et ebe b e ts e beeab e ne s 128
ST OF FAGUIES: -+ +++sesses1eess sttt 130

Chapter 5. Effects of Chain Shuttling Agent on the Uniaxial Deformation of Olefin

BIOCK COPOLYIMEIS -+ -+t seseesees et eis ettt 146
5.1 INErOQUCHION:++++++++seersersersessersesseastestet et et et e st e st ettt ettt b et et b et se s s sseas 146
5.2 EXPEIIMIEIIEAL +++++r+eseesesseeseessess ettt 148
5.2 1 IMIALEIIALS -++++++++++seerserrerseereereeuesentessesst et et et et et et e b s b e s be e beebbeseese e b sb e s e b e b s aeess s 148
5.0 0 TNSHUMENEALION:+++++++++++eerreerresssesseessasseesseesesteste et e et e beesseetb e b s esbesse e b e e b e etseaeease s 149
5.3 ReSUItS And DiSCUSSION:+++++++++++wrsersersessessrrrerseastesiestestistisseastessestessetessessasssssesseesseseas 150
5.3.1 Mechanical Properties of QBCs: -+ +wtsssessesssesssussissiisiisiiisiississiissississsis s 150
5.3.2 Uniaxial Deformation at ROOM TempPerature:: - ««sssessessesssessessesssisissensiecnne. 150
5 3.3 Uniaxial Deformation at 60 OC -+ -+t serserserrrreerierieniinieitiereestestetetesse s 153
5.3.4 Structure Evolution during Deformation: -« - wswseesesssmsssisisseisiiiiisinseinnns 154
5.3.5 Effects of Chain SHUttling Agent:+ - -+ sessesssessssssesssissiissiisiisisisitiisissiiiinns 156
5.3.6 Recoverabilities Of OB+« +trrrereersereertersesimiaiaiatastestessasssssessseseeseessesesesasens 157
5 A CONCIUSIONS:+++++++++++ererrerresreersesestestesteste e st e teeteete et e b et et e s b e e beebeeseese et e b et eebeeaeeaeesseseas 159

viil



LlSt Of References ............................................................................................................ 160
List Of Tables ................................................................................................................... 162

LlSt Of Figures .................................................................................................................. 163

Chapter 6. Stress-Strain Behavior of Olefin Block Copolymers with Different

Octene Comonomer Content in SOft SEGMEnts: -+ -+ wwsssrrssrsssssssisiisisiissisinee. 174
6.1 TILOQUCTION:++++++++++++++sessrersesssesseensesstesteeteat et e et e et et e et e e st eb e e e et e e b e ess e beesbeessesseense e 174
6.2 BXPEIIIMIEIIAL -+ e +esseseeseeseesess sttt 176
6.2.1 MALELIALG:+++++++++++seesseersrersesssarsrensestesttesteatest e et e st et e et et eb e et e s te e b e e ssasbe e b e essesseense e 176
6.2.2 TNSHIUIMIEILALION +++++++++++++++++sssrerseesssrrsseessseasseesseasssessseasssesseeassesssesseesssassseenssesssaenns 176
6.3 RESUILS ANd DISCUSSION-++++++-+wrerersrresererersrsmsermmisstasesesesssssesesesesssesesessssssesesesssesenns 178
6.3.1 SHESS-SIFAIN CUFVES: -+ +-reserereeserssseressarmisnseseitasessssessssesessssesssesessesesssessssessssesessns 178
6.3.2 2D WAXD and SAXS Patfernis: -+ -+-+--sssesereerssseseseressssssmseressssssesesesssssessseessesnnns 178
6.3.3 Effects of Strain on the Deformation: -« -«--ererrrsmerereesmessreessessseesnens 179
6.3.4 Effects of Stress on the DefOrmation: -« -wswrererersrremmerssssseecessssesesesenns 180
6.3.5 X-Tay Data ANalygig:- -+ -+ crserssserssssrssisrssisiss i 181
6.3.6 Structure Evolution during the Uniaxial Deformation:«-«--«--sssseseesssesessnssenene 183
6.4 CONCIUSIONS #++++++++++++sesseesrrarsasseasseastesteetaattests et e e st et e esbeeteebeessests e b e e ss e be e b e esseseense e 186
LiSt OF REFOIEIICES ++++++++erersrsesererersrsssmsesensisstasesesststesesesess st et esesess ettt s sttt eacss s s s sens 188
LSt OF TabBlEg: -+ +-seseereeserersremsmmmmemisnisteseses sttt st s e s s s 190
LSt OF FGUIES:++++++crssseersserrssscsss st 191

Chapter 7. Uniaxial Deformation of Electron-beam and Silane Crosslinked Olefin

Block and Random Copolymers ................................................................................... 204

X



7_ 1 Introduction ............................................................................................................... 204

7.2 Materials and Experiment ........................................................................................ 206
T 2.1 IMaterialgrerereerereererereseeenreetntetttttt ettt ettt sttt st et e st e 206
T.2.2 INSIIUINENEATION *r v v orrrrrereresseseenentnentueueuetetetetetetatetetatatattttteueueneustetsnatanarannes 206
7.3 Results and D iSCUSSION: - rrwrrrerrorererroresretttetittettetitetetttetittatittatitatatatatittotituataenes 207
7.3.1 Deformation of Non-crosslinked and Silane Crosslinked OBCg:«-xseeereeereeseeeee: 207
7.3.2 Deformation of Non-crosslinked and Silane Crosslinked EG8100:«:«:+esxeseeeeeeee: 211
7.3.3 Deformation of Non-crosslinked and E-beam Crosslinked Samples:««-«-=-eeeeeeee: 213
7.3.4 Effects of Crosslinking and Crystalline Structure on Deformation:«««««-«-«seseeeee: 215
7.3.5 Step-cycle Tests of Non-crosslinked and Crosslinked Samples:«-«-«-eereeeeeeeeeeeee: 216
T4 CONCIUSTOIIS *## e v e rrererosesrenstettte ettt tttettuettuetetuatetttotttetattetatustotstotsnatannns 216
LISt Of ReeferenCes: - ccovceeereerrreeeririitiitttitittititt ettt ettetetetetatatatattnenenes 218
T e A I 10 ) [ RRE R T P T PP P P E P PP PP PP PR P PTP PP PRPRPRPR 220
List of Figures .................................................................................................................. 223
BADIIOGraphy: -+ crsserssresssecrsss s 237



Table 1.1

Table 1.2

Table 3.1

Table 3.2

Table 4.1

Table 4.2

Table 5.1

Table 6.1

Table 7.1

Table 7.2

Table 7.3

List of Tables

Information about the molecular weight and the melting temperature of
LMWPE and HMWPE.

Avrami exponent, n, and the constant, k (related to Avrami rate constant,
K) of the UHMWPE/HDPE blend.

Characteristics of OBCs.

Quiescent crystallization temperatures of OBCs observed by WAXD
within 30-minute experimental duration.

Density, composition, and molecular weight information of OBC and
Affinity.

Mechanical properties of OBC and Affinity at room temperature and 60
°C.

Density, component, chain shuttling agent content and molecular weight
information of OBC samples.

Density, component, and molecular weight information of three OBCs.
Samples and crosslinking information.

Fraction of orthorhombic crystal phase and long period of silane
crosslinked polymers at strain of 0, 2, and 5 under room temperature.
Fraction of orthorhombic crystal phase and long period of E-beam

crosslinked polymers at strain of 0, 2, and 5 under room temperature.

xi



Figure 1.1

Figure 1.2

Figure 1.3

Figure 1.4

Figure 1.5

Figure 1.6

Figure 1.7

List of Figures

GPC profiles of LMWPE and HMWPE before blending. The range of

M, represents the rough molecular weight values, which are near the

critical orientation molecular weight according to our previous studies.
Thermal cycling protocol of this study. A step shear pulse was applied for
20 s (shear rate = 125 s™), after the collection of first SAXS or WAXD
image upon the melt being cooled down from 165 °C to 126.5 °C.

DSC melting thermograms of quiescently crystallized and shear-induced
crystallized LMWPE and LMWPE/HMWPE blend samples (heating rate
=30 °C/min)

Selected 2D WAXD patterns (the (110) reflection peaks are filled in red
to give a better contrast) of LMWPE/HMWPE blend before the
application of shear and during isothermal crystallization at 126.5 °C
after cessation of shear (shear rate = 125 s, shear duration = 20 s).
Selected 2D SAXS patterns of LMWPE/HMWPE blend before the
application of shear and during isothermal crystallization at 126.5 °C
after the cessation of shear (shear rate = 125 s, shear duration = 20 s).
Time evolution of the integrated SAXS intensities from shish and kebabs
in LMWPE/HMWPE blend after shear. The inset shows the initial stage
(shear rate = 125 !, shear duration = 20 s).

Time evolution of the average kebab diameter in LMWPE/HMWPE

blend after shear (shear rate = 125 s™', shear duration = 20 s).

xii



Figure 1.8

Figure 1.9

Figure 1.10

Figure 1.11

Figure 1.12

Figure 1.13

The average growth rate G of the kebab diameter in LMWPE/HMWPE
blend after shear. Results indicate the kebab growth follows diffusion-
controlled like process.

Selected 2D SAXS patterns of the LMWPE/HMWPE blend during the
first thermal cycle (the patterns shown below were taken after 5 min hold
at the corresponding temperature).

(A) Integrated SAXS intensities from shish and kebabs at the end of each
holding temperature in the first thermal cycle. (B) Time evolution of
integrated SAXS intensities from shish and kebabs at the late stage of the
first thermal cycle. (C) The ratio of Ixehap to Ishisn at the end of each
holding temperature in the first thermal cycle.

The changes of long periods of shish-kebab structure in
LMWPE/HMWPE blend during the heating stages in the first four
thermal cycles.

Selected 2D SAXS patterns collected at the end of re-crystallization in
each thermal cycle. The temperature shown below the pattern is the
highest temperature during the heating stage in corresponding thermal
cycle. The crystallization temperature is 126.5 °C for the first cycle, and
124 °C for others.

The long periods (A), and integrated SAXS intensities from shish, kebabs
and total (B) obtained after re-crystallization as a function of the highest
equilibrium temperatures. The crystallization temperature is 126.5 °C for

the first cycle, 124 °C for others.

xiii



Figure 1.14

Figure 1.15

Figure 2.1

Figure 2.2

Figure 2.3

Figure 2.4

Schematic representation of the entanglement network of HMWPE
chains (A) under uniaxial deformation (LMWPE chains are not shown
here). Upon shearing, some chain segments between entanglements
(shown as round dots) are stretched along the flow direction, but most
segments remained in the coiled state (B). The stretched segments form
the precursors for the shish formation, and the coiled segments can grow
into kebabs.

Schematic representation of the shish-kebab structure at the different
stages (LMWPE chains are not shown here): (A) stable shish-kebab
structure after isothermal crystallization, (B) the melting of macrokebabs
during heating, (C) the melting of microkebabs and shish as an integrated
entity at a higher temperature. (In (B) and (C), only chain segments are
shown and the segment connectivity is omitted.)

Procedures for deconvolution of isotropic and anisotropic contributions
from a Fraser-corrected 2D WAXD pattern.

Engineering stress-strain curve and selected 2D SAXS and WAXD
patterns acquired during uniaxial tensile deformation of iPP films at room
temperature.

(A) The azimuthal spread of the (110) peak at varying strains, (B) linear
diffraction intensity profiles taken along the equatorial direction at
different strains.

3D WAXD patterns during uniaxial tensile deformation at room

temperature.

X1v



Figure 2.5

Figure 2.6

Figure 2.7

Figure 2.8

Figure 2.9

Figure 2.10

Figure 2.11

Figure 2.12

Figure 2.13

Figure 2.14

Evolution of the fractions of amorphous, mesomorphic and crystal
(including oriented crystal and unoriented crystal) phases in the iPP film
during uniaxial tensile deformation at room temperature.

3D SAXS patterns during uniaxial tensile deformation at room
temperature.

Engineering stress-strain curve and selected 2D SAXS and WAXD
patterns acquired during uniaxial tensile deformation of iPP at 60 °C.
Linear WAXD profiles along the equatorial direction at different strains
during uniaxial tensile deformation.

Evolution of mass fractions of amorphous, mesomorphic and crystal
(including oriented crystal and unoriented crystal) phases in the iPP film
during uniaxial tensile deformation at 60 °C.

Engineering stress-strain curve and selected 2D SAXS and WAXD
patterns acquired during stretching of iPP films at 160 °C.

Linear WAXD profiles along the equatorial direction at different strains
during stretching of iPP film at 160 °C.

(A) Linear SAXS intensity profiles taken along the meridional direction
at different strains during uniaxial tensile deformation, and (B)
corresponding change of long period as a function of strain.

Evolution of mass fractions of amorphous, mesomorphic and crystal
(including oriented crystal and unoriented crystal) phases in the iPP film
during uniaxial tensile deformation at 160 °C.

AFM, WAXD and SAXS images of iPP film under different conditions.

Left column: spherulitical morphology (strain = 0.0, T = RT); center

XV



Figure 2.15

Figure 2.16

Figure 3.1

Figure 3.2

Figure 3.3

Figure 3.4

Figure 3.5

Figure 3.6

Figure 3.7

Figure 3.8

Figure 3.9

column: fibrillar structure (strain = 4.0, T = 60 °C); right column: voids
and transverse bands (strain = 16.0, T = 160 °C). (AFM scale: 40 um)
Hermans’ orientation factors of crystal chain axis as a function of strain
for iPP film at different temperatures.

The deformation of the crystal and amorphous phases during uniaxial
tensile deformation at low and high temperatures.

Schematic diagrams of the chain structure of OBCs.

2D SAXS (top) and WAXD (bottom) patterns of OBC-H quiescently
crystallized for 30 minutes at 124 °C (left) and 125 °C (right).

Selected 2D SAXS patterns of OBC-H during crystallization at 124 °C
and 120 °C with or withour shear.

Evolution of linear SAXS profiles (A) of OBC-H quiescently crystallized
at 120 °C and corresponding Lorentz-corrected plot (B)..

Selected 2D WAXD patterns of OBC-H during crystallization at 124 °C
and 120 °C with or withour shear.

Evolution of linear WAXD profiles of OBC-H quiescently crystallized at
120 °C.

Evolution of crystallinity of OBC-LS (A), OBC-H (B), OBC-M (C),
OBC-L (D), and OBC-HS (E) under different experimental conditions.
Comparison of crystallinity development among OBC-H, OBC-M, and
OBC-L during quiescent (A) and shear-induced (B) crystallization at 120
°C and 124 °C.

3D WAXD pattern (A) of OBC-L crystallized for 10 minutes at 120 °C

after shear. Comparison of azimuthal intensity distribution of (110)

XVi



Figure 4.1

Figure 4.2

Figure 4.3

Figure 4.4

Figure 4.5

Figure 4.6

Figure 4.7

Figure 4.8

Figure 4.9

Figure 4.10

reflection of OBC-M and OBC-L crystallized 10 minutes at 120 °C (B)
and 124 °C (C) after shear.

Engineering stress-strain curves of OBC and Affinity at room
temperature and 60 °C.

Selected 2D WAXD and SAXS patterns of OBC during uniaxial
deformation at room temperature.

3D WAXD pattern of equatorial region of OBC at strain = 4 at room
temperature.

3D structure of orthorhombic (A) and monoclinic (B) crystals.

(A) Calculated scattering of orthorhombic and monoclinic crystals
without amorphous halo. (B) Experimental scattering pattern of OBC
containing amorphous, orthorhombic and monoclinic crystals.

Selected 2D WAXD and SAXS patterns of Affinity during uniaxial
deformation at room temperature.

Integrated WAXD (A) and SAXS (B) profiles of OBC and Affinity at
room temperature before deformation.

(A) Selected integrated WAXD profiles of OBC during deformation. (B)
Selected Lorentz-corrected integrated SAXS profiles along meridian of
OBC during deformation.

(A) Selected integrated WAXD profiles of Affinity during deformation.
(B) Selected integrated SAXS profiles along meridian of Affinity during
deformation.

Change of meridional long period during deformation at room

temperature.

Xvii



Figure 4.11

Figure 4.12

Figure 4.13

Figure 4.14

Figure 4.15

Figure 4.16

Figure 5.1

Figure 5.2

Figure 5.3

Figure 5.4

2D SAXS and WAXD patterns of OBC (A) and Affinity (B) right before
fracture during deformation at 60 °C. (Strain = 4.4, and 8.3 for OBC and
Affinity, respectively.)

Comparison of integrated WAXD profiles of Affinity at different
temperatures and strains.

Development of fractions of orthorhombic crystals in OBC and Affinity
during deformation.

Change of FWHM during deformation.

Hermans’ orientation factors of crystal (A) and amorphous (B) phases as
a function of strain.

Shematic diagrams of OBC (left) and Affinity (right) in the phase
separated pre-crystallization stage (top), after crystallization (middle),
and after deformation (bottom). Homogenous entangled amorphous
phase was not shown except in melted Affinity.

Engineering stress-strain curve and selected 2D WAXD and SAXS
patterns of OBC-HS during uniaxial deformation at room temperature.
Selected integrated WAXD profiles (A) and Lorentz-corrected integrated
SAXS profiles along meridian (B) of OBC-HS during uniaxial
deformation at room temperature.

Change of equatorial and meridional long period of OBCs during
uniaxial deformation at room temperature.

Engineering stress-strain curve and selected 2D WAXD and SAXS

patterns of OBC-HS during uniaxial deformation at 60 °C.

xviii



Figure 5.5

Figure 5.6

Figure 5.7

Figure 5.8

Figure 5.9

Figure 5.10

Figure 5.11

Figure 6.1

Figure 6.2

Figure 6.3

Figure 6.4

Engineering stress-strain curve and selected 2D WAXD and SAXS
patterns of OBC-LS during uniaxial deformation at 60 °C.

Fractions of orthorhombic crystals in OBCs during the uniaxial
deformation.

Orientation factors of amorphous (A) and crystal (B) as a function of
strain in OBCs during deformation.

Schematic diagram of the lamellar structure in OBC-LS (left) and OBC-
HS (right) before (top) and after (bottom) uniaxial deformation. Soft
segment rich domains and entangled amorphous phase are neglected.
Engineering stress-strain curve and selected 2D SAXS and WAXD
patterns of OBC-H during the step-cycle test at room temperature. A, B,
C, and D are at stretched states with stain of 1, 2, 3, and 4, while a, b, c,
and d are at relaxed states from them.

Change of fractions of orthorhombic phase during step-cycle test.
Development of orientation of amorphous (A) and crystal (B) in OBCs
during the step-cycle test.

Engineering stress-strain curves of OBCs.

Selected 2D WAXD patterns of OBCs at the same strain during the
uniaxial deformation.

Selected 2D SAXS patterns of OBCs at the same strain during the
uniaxial deformation.

Selected 2D WAXD patterns of OBCs at the same stress during the

uniaxial deformation.

X1X



Figure 6.5

Figure 6.6

Figure 6.7

Figure 6.8

Figure 6.9

Figure 6.10

Figure 6.11

Figure 7.1

Figure 7.2

Figure 7.3

Figure 7.4

Selected 2D SAXS patterns of OBCs at the same stress during the
uniaxial deformation.

WAXD data analysis on deconvolution of amorphous, orthorhombic, and
monoclinic crystal phases.

Changes of fractions of monoclinic (A) and orthorhombic (B) phases and
crystallinity (C) in OBCs as a function of strain during deformation.
Changes of fractions of monoclinic (A) and orthorhombic (B) phases and
crystallinity (C) in OBCs as a function of stress during deformation.
Hermans’ orientation function of orthorhombic crystal phase as a
function of strain (A) and stress (B).

Hermans’ orientation function of amorphous phase as a function of strain
(A) and stress (B).

FWHM of (110) orthorhombic crystal reflection as a function of strain
(A) and stress (B).

Engineering stress-strain curves of OBC-0S (black) and OBC-0.6S (blue)
at room temperature and 60 °C.

Selected 2D WAXD (A) and SAXS (B) patterns of OBC-0S and OBC-
0.6S during uniaxial deformation at room temperature. Strain values were
0, 2, and 5, respectively.

Time-evolution of angular intensity (normalized to the unoriented
envelope intensity) distribution of (110) reflection during the uniaxial
deformation of OBC-0S at room temperature.

Radial (left) and angular (right) intensity profiles of OBC-0S (black) and

OBC-0.6S (blue) at strain of 2 (bottom) and 5 (top).

XX



Figure 7.5

Figure 7.6

Figure 7.7

Figure 7.8

Figure 7.9

Figure 7.10

Figure 7.11

Figure 7.12

Figure 7.13

Selected 2D WAXD patterns of OBC-0S and OBC-0.6S during uniaxial
deformation at 60 °C. Strain values were 0, 2, and 5, respectively.
Engineering stress-strain curves of EG8100-0S (black), EG8100-0.6S
(blue), and EG8100-1S (red) at room temperature and 60 °C.

Selected 2D WAXD (A) and SAXS (B) patterns of EG8100-0S, EG8100-
0.6S, and EG8100-1S during uniaxial deformation at room temperature.
Strain values were 0, 2, and 5, respectively.

Radial (left) and angular (right) intensity profiles of EG8100-0S (black),
EG8100-0.6S (blue), and EG8100-1S (red) at strain of 0 (bottom), 2
(middle), and 5 (top).

Time-evolution of angular intensity (normalized to the unoriented
envelope intensity) distribution of (110) reflection during the uniaxial
deformation of EG8100-0S at room temperature.

Selected 2D WAXD patterns of EG8100-0S and EG8100-0.6S during
uniaxial deformation at 60 °C. Strain values were 0, 2, and 35,
respectively.

Engineering stress-strain curves of E-beam crosslinked KC8852 (A) and
OBC (B) during uniaxial deformation at room temperature and 60 °C.
Radial (left) and angular (right) intensity profiles of KC8852 (A) and
OBC (B) at room temperature (top) and 60 °C (bottom) with strain value
of 2.

Engineering stress-strain curves of all samples during the step-cycle tests

at room temperature.

XX1



Acknowledgements

Foremost, I would like to express my deep gratitude to my advisor Prof. Benjamin
S. Hsiao for his wisdom, advice, generous support, and soul-stirring encouragement at all
times. More than five years of graduate study under his supervision is an invaluable
experience for me. His attitude and assiduity in scientific research is what I should
always remember in my future career.

I would also like to thank my committee members, Profs. Benjamin Chu, Jin
Wang, Jiangyong Jia, and Dr. Andy H. Tsou, for their time, comments, and suggestions
on my way to the Ph.D. degree. Many thanks to my current group members Yimin Mao,
Xiaowei Li, Yang Liu, Ran Wang, Xiao Wang, Shifen Han, Lewis Yung, Drs. Christian
Burger, Dufei Fang, Hongyang Ma, Lixia Rong, Jie Zhu, Shigeyuki Toki, Jonathan Chiu,
and my former group members Nan Li, Drs. Jongkahk Keum, Hongwen Zhou, Xuming
Chen, Pranav Nawani, Igors Sics, Rajesh Somani, Ling Yang, Jun Zhang, Fen Wan,
Carlos-Alberto Avila-Orta, Michael Gelfer, Lizhi Liu, Shaofeng Ran. I also want to thank
our secretary, Jane Wainio, for her great assistance in the past a few years. Special
appreciation is given to outside collaborators Prof. Lei Zhu in Case Western and Drs.
Hongyu Chen in Dow Chemical, Rossana lervolino from Italy. In addition, this research
would not be possible without the financial support from National Science Foundation
and The Dow Chemical Company.

Finally, I would like to thank my wife, my parents, and all other family members
and friends for their understanding and endless support, which is the source of energy and
powerful backing inspiring me to finish my Ph.D. studies and pursue further

achievement.



Chapter 1. Thermal Stability of Shear-Induced Shish-Kebab Precursor Structure

from High Molecular Weight Polyethylene Chains

1.1 Introduction

The molecular mechanism, responsible for the formation of the initial crystallization
precursor structure (i.e., shish-kebabs) induced by flow prior to the full scale
crystallization process in entangled polymer melts, is an important subject, having many
practical implications to polymer processing and property manipulation. It is thought that
the topological arrangement of the shish-kebab precursors can directly influence the
subsequent developments of crystallinity, crystallization rate and morphology .
However, the subject is still not well understood. Recent studies from different
laboratories all indicated that, the high molecular weight species in the molecular weight
distribution play an essential role of forming the precursor structure under flow in an

14 In this study, our goals are thus twofold: (1) to

entangled and supercooled melt
demonstrate that, beyond any doubt, the shish-kebab structure is induced by the high
molecular weight chains (even with a rather narrow polydispersity of 1.1) in a bimodal
blend of low and high molecular weight polyethylene model samples; (2) to explore the
relationship between the thermal stability of the shear-induced shish-kebab structure and

the relaxation behavior of deformed entangled high molecular weight chains at varying

temperatures.

It is necessary to point out that the current state of theoretical development for the
shish-kebab formation in entangled polymer melts under flow is primarily based on the

concept of stretch-coil transition for dilute polymer solutions proposed by de Gennes .
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Keller adopted the stretch-coil transition concept for polymer melts and proposed the
existence of a critical orientation molecular weight (M*) under a particular flow field

(e.g. extensional flow) '

. That is, the linear polymer chain having a molecular weight
above the M* value can remain in the stretched state after flow due to its long relaxation
time, while shorter chains will relax back to the coiled state due to the corresponding

short relaxation time. The critical molecular weight is related to the elongation rate as

. oc (M*)” . Based on this argument, the high molecular weight species, which can
remain in the stretched state upon deformation, are mainly responsible for the shish-
kebab formation. However, Keller did not rationalize the obvious consequence of the
high molecular weight chains, i.e., they possess a large number of chain entanglements. It
is very unlikely that the stretch-coil transition can take place at the level of individual
chain because multiple steps of chain disentanglement cannot occur under the typical
flow conditions. Recently, the simulation work carried out by Muthukumar et al. showed
that the shish-kebab structure can be formed by stretched and coiled chains, which co-
exist without stable intermediate conformations, in a monodispersed system under flow
'8 Of course, if one considers the scale of chain length for the high molecular weight
species, the use of short monodispersed chains in simulation does not reflect the reality.
However, if one considers the scenario of chain entanglement, the simulation with
monodispersed chains would make perfect sense, as the average chain length between the
entanglement points must be, statistically, about the same. Furthermore, if the entangled
chains in a supercooled state can be considered as a network structure with slow
dynamics, a uniaxial deformation field will induce orientation in the chain segments
along the flow direction, resulting in the stretched chain segments between the
entanglement points, but it will not affect the chain segments arranged perpendicularly to

the flow.



In the literature, the melting behavior of the shish-kebab structure has been
investigated quite extensively '**°. For example, Keller studied the changes of the shish-
kebab structure in polyethylene using transmission electron microscopy (TEM) before,
during and after the melting process by rapid quenching or isothermal crystallization **2°.
When the shish-kebab structure was heated to 130 °C, some kebabs started to melt and
formed beads, while the shish fibril became smooth or blobby. Above 145 °C, kebabs
totally disappeared, evidenced by the disappearance of the corresponding crystal
reflections. If the molten sample was quenched, a smooth fiber could be obtained; but if
the sample was slowly cooled and crystallized at a lower temperature, the molten beads
could restore themselves into kebabs. It appeared that the chains within the melt -
hairdressed like fibrils could transform back to the initial shish-kebab structure, and the
shish could retain the previous orientation. Petermann et al. also studied the partial

272 Their results

melting of the shish-kebab structure of isotactic polystyrene with TEM
confirmed the existence of several components in the shish-kebab structure, including the
central extended-chain microshish, the partially extended-chain macroshish, the
microkebabs, and the overgrown macrokebabs. The macrokebabs that grew on the
microkebabs templates were less thermally stable than microkebabs and, upon heating,
became segmented and discontinuous; but the shish cores remained intact. It was thought
that microkebabs originated from the firmly attached cilia to the shish backbone, having
parts intrinsically implanted in the shish. These kebabs had a higher melting temperature
and at a high temperature, all kebabs completely melt leaving behind only the more stable
extended-chain shish. In fact, they observed that the shish could melt at a temperature
beyond the equilibrium temperature of infinitely thick extended-chain crystals. Therefore,
they argued that, since some kebabs have many tie chains that resemble micellar type of
crystal structure, the hairdressing structure in Keller’s model, which only accounts for the

folded-chain kebab crystal growth, was incomplete. Upon cooling to lower temperatures,

the partially melted kebabs reform again during isothermal crystallization. Although we



do not disagree with the above viewpoints by Keller et al. and Peterman et al., in this
study, we have attempted to further understand the molecular mechanism responsible for
the thermal stability of the shish-kebab structure in an entangled melt, especially from the

viewpoint of the relaxation of a deformed entangled polymer network.

To carry out this study properly, we have chosen a unique bimodal polyethylene
blend, containing a very narrowly distributed high molecular weight component (M =
1,500,000 g/mol, polydispersity = 1.1), termed HMWPE, and a low molecular weight
matrix (M, » = 53,000 g/mol, polydispersity = 2.2), termed LMWPE. The molecular

weight of HMWPE is above the critical orientation molecular weight according to our
group’s previous work 2!, while the molecular weight of the LMWPE matrix is
definitely below it. In addition, the chosen experimental temperature was such that
LMWPE did not crystallize, only HMWPE crystallized. Thus, the bimodal blend was
analogous to a dilute polymer solution having a high molecular weight crystallizing
component with very slow chain dynamics (or long relaxation times) in a low molecular
weight amorphous polymer matrix under the experimental conditions. The formation of
the shish-kebab structure in the HMWPE component under shear and the corresponding
shish-kebab structure thermal stability, by a thermal cycling method under planar
constraints **, were investigated by in-situ rheo-SAXS (small-angle X-ray scattering) and
rheo-WAXD (wide-angle X-ray diffraction) techniques with synchrotron radiation. As
this study allowed us to follow only the crystallization, melting and relaxation of
HMWPE chains, some new insights into the shish-kebab formation under flow and its
relationship with the dynamics of entangled melt of high molecular weight chains were

obtained.

1.2 Experimental



1.2.1 Materials and Sample Preparation

Two polyethylene samples (LMWPE and HMWPE) were chosen for this study.
LMWPE was an experimental polyethylene copolymer ( M, = 53,000 g/mol,
polydispersity = 2.2), containing 2 mol% of hexane unit, and was provided by the
ExxonMobil Research and Engineering Co., Annandale, NJ. The HMWPE sample (M. w

= 1,500,000 g/mol, polydispersity = 1.1) was purchased from the Chevron Phillips
Chemical Company LP, Woodlands, TX. This sample was produced by a fractionation

method. The sample information such as molecular weight, molecular weight distribution
( M w! M ), nominal melting temperature and end melting temperature (Tp, eng from DSC)

are shown in Table 1.1, and their GPC profiles are shown in Figure 1.1. These model
samples, all prepared by a metallocene catalyst, were used to prepare the bimodal
polyethylene blend. The blend sample had a 2 wt% concentration of the HMWPE, which
was higher than the overlap concentration (c*) of HMWPE (c* = 0.35 wt% according to
3M

the equation * —
An{<R; >'?TN

, where <Rg2 SU2 i M2 was about  0.46,

a

estimated form the SANS measurement). >>~>*

The polymer blend was prepared by a solution mixing procedure to ensure the
intimate blending of different species at the molecular level. The detailed mixing
procedures can be found in our previous publication . A control sample of pure
LMWPE without the addition of HMWPE was also prepared using the same procedure.
Polymer films of about 0.5 mm thickness were prepared by compression molding at 150
°C. Samples in the form of a ring (inner diameter = 10 mm, outer diameter = 20 mm)

were cut from the melt pressed films for rheo-X-ray measurements.



1.2.2 Instrumentation

A Linkam CSS-450 optical shear stage, modified for in-situ rheo-X-ray studies was
used to apply controlled shear conditions to the polymer melt. The details of this
modified shear apparatus have been described elsewhere *°. Briefly, the sample was
placed in the gap between two X-ray windows (i.e., a diamond window and a Kapton
window) and completely enclosed in cavity of the measuring cell. WAXD and SAXS
measurements were carried out at the X27C beamline in the National Synchrotron Light
Source (NSLS), Brookhaven National Laboratory (BNL). The wavelength of the
synchrotron radiation was 1.371 A. 2D SAXS/WAXD patterns were collected by MAR
CCD X-ray detector (MAR-USA), which had a resolution of 1024x1024 pixels (pixel
size = 158.44 um). For SAXS measurements, the sample-to-detector distance was 2014
mm and the scattering angle was calibrated by silver behenate (AgBe); for WAXD
measurements, the sample-to-detector distance was 109 mm and the diffraction angle was
calibrated by aluminum oxide (Al,O3). All X-ray images (SAXS and WAXD) were

corrected for background scattering, air scattering and beam fluctuations.

Differential scanning calorimetry (DSC) measurements were carried out using a
Perkin-Elmer DSC 7 instrument. The chosen heating and cooling rates were the same,
i.e., 30 °C/min. All DSC runs were carried out under a nitrogen gas flow to minimize

sample oxidation. An indium standard was used to calibrate the temperature.
1.2.3 Experimental Procedure
In order to ensure that the polymer melt was free of any memory effects associated

with the prior thermal and mechanical history, all polymer samples were subjected to the

temperature protocol shown in Figure 1.2. The sample was first heated to 165 °C



(substantially above the equilibrium melting temperature of polyethylene, Ty, = 145 °C,
as well as the relaxation temperature of the entanglement network for HMWPE chains at
154 °C, which will be discussed later) and held for 5 min. The melt was then cooled to
the chosen crystallization temperature of 126.5 °C at a 30 °C/min rate. Upon reaching the
crystallization temperature, a SAXS or WAXD pattern was collected before the
application of shear. Time-resolved X-ray images were subsequently taken upon the
cessation of the applied shear (shear rate = 125 s, shear duration = 20 s; shear duration
was long enough to be in the zone of the steady state behavior). The data acquisition time
was 15 s and the data storage time was 5 s for each scattering pattern for SAXS
measurements; the data acquisition time was 22.5 s and the data storage time was 7.5 s
for WAXD measurements. After 1 hour at the isothermal condition, thermal cycles were
applied on the once-sheared melt under planar constraints in the Linkam stage to examine
the thermal stability of shish-kebabs and its relationship with the relaxation of the
deformed entanglement network of HMWPE chains. In the first thermal cycle, the shear
melt was heated at a heating rate of 1 °C/min, but discontinuously or in several steps, to a
temperature of 133.5 °C. At each intermediate step or temperature, the sample was held
for 5 min for completion of the melting process. After the final step of melting at
133.5°C, the sample was cooled down to 126.5 °C at 30 °C/min and held there for 60 min.
A sequential cycling thermal treatment for the study of the thermal stability of the shish
kebab structure was introduced as follows. In the next or second thermal cycle, the
temperature was elevated at a 3 °C/min heating rate to a temperature that was about 2-2.5
°C higher than the highest temperature of the previous cycle (i.e. the cycle number and
the corresponding highest temperature were as follows: for 1% cycle: 133.5 °C; 2™ cycle:
136 °C; 3" cycle: 138 °C and so on). At the final temperature of each cycle (2™ and
higher), the melt was always equilibrated for 3 min, and then subsequently cooled down
at a 10 °C/min rate to 124 °C, under which the melt was allowed to crystallize for 10 min.

The sample was subjected to sequential thermal cycles until the final temperature of 154



°C, as shown in Figure 1.2. SAXS images were continuously collected during each cycle.
The usefulness of the adopted, rather complex, thermal protocol was that, it allowed us to
precisely track melting and re-crystallization (which can be related to the relaxation and
memory of the constituent chain sections) of each component of the shish-kebab

structure; namely, shish, microkebabs and macrokebabs.

1.3 Results and Discussion

1.3.1 DSC Evaluation of Referenced Thermal Behavior in Sheared Samples

DSC melting thermograms for quiescently crystallized samples of pure LMWPE and
the LMWPE/HMWPE blend (98:2) are shown in Figure 1.3. The samples were first
heated to 165 °C for 5 min to erase thermal history and then cooled down at 30 °C/min to
room temperature. Both samples exhibited the same melting behavior, i.e., having a
melting point around 115.8 °C, neither the second endotherm peak nor the broadening of
the first endotherm peak was observed. This indicates that LMWPE and HMWPE were
completely mixed at the molecular level and might have co-crystallized upon cooling (we
note that the pure HMWPE sample exhibited a much higher melting point at 132.0 °C in
DSC, data are not shown here). DSC melting thermograms for the shear-induced
crystallized pure LMWPE and LMWPE/HMWPE blend samples are also shown in
Figure 1.3. The initial samples were also heated to 165 °C for 5 min to erase thermal
history, but after being cooled down at 30 °C/min to 126.5 °C, they were subjected to a
step shear (shear rate = 125 s, shear duration = 20 s), held there 60 min for
crystallization, and then cooled down again at 30 °C/min to room temperature. The
endotherm of the sheared LMWPE sample was almost the same as those of LMWPE and
LMWPE/HMWPE blend crystallized under the quiescent state. However, the thermal
behavior of the sheared LMWPE/HMWPE blend was very different, where two discrete



peaks were seen during heating. The peak at lower temperature (115.8 °C) was due to the
melting LMWPE, whereas the peak at higher temperature (128.4 °C) could be attributed
to the shear-induced shish-kebab structure of HMWPE.

1.3.2 WAXD Examination of Shear-Induced Crystallization by HMWPE

Time-resolved WAXD patterns were collected for both LMWPE and
LMWPE/HMWPE blend samples, which were crystallized at 126.5 °C for 60 min under
both conditions with and without the application of shear at the beginning of
crystallization. All WAXD patterns for LMWPE exhibited a diffuse scattering halo with
no sign of crystal diffraction, confirming that the LMWPE chains remained in the molten
amorphous state at 126.5 °C under and after shear. WAXD patterns for the
LMWPE/HMWPE blend without shear exhibited a single isotropic crystal diffraction
ring, which could be indexed as the (110) reflection at 20 = 25.54° (the wavelength was

converted to 1.54 A) from HMWPE crystals without preferred orientation.

Figure 1.4 shows selective 2D WAXD patterns of LMWPE/HMWPE blend before
and during shear-induced crystallization at different times after the cessation of shear
(shear rate = 125 s, shear duration = 20 s, temperature = 126.5 °C). The first pattern
collected before the application of shear exhibited a diffuse scattering halo, similar to that
of the molten LMWPE matrix. This observation indicated the presence of a completely
amorphous melt, confirming the thermal clearing of all residual crystalline structures.
The first appearance of the crystal diffraction (i.e. the equatorial (110) reflection) in
WAXD from an orientated structure was seen at 2 min after the cessation of shear. This
pattern exhibited a pair of sharp equatorial (110) reflections, which could be attributed to
the shish formation with extended-chain crystals. A pair of weak (200) reflections was

also detected, but its intensity was too low to be analyzed even after crystallization for 60



min. At longer times (e.g. t = 10 min), the azimuthal breadth of the (110) reflection was
found to broaden significantly; a closer inspection revealed that it consisted of two
discrete peaks with the corresponding azimuthal distribution: (1) the initially formed peak
with a narrow azimuthal distribution (point like), and (2) the subsequently developed
peak with a broad azimuthal distribution (arc like). The evolution of the diffraction
pattern suggested the sequential formation of the shish-kebab structure, i.e., shish formed
first followed by the growth of kebabs. This behavior is consistent with our previous
observations of another similar blend that consisted of non-crystallizing LMWPE (termed
MB-50K in the previous study) and crystallizing ultra-high molecular weight
polyethylene chains *'. As no off-axis (110) reflection was observed, we concluded that
the subsequently formed kebabs were not twisted because the twisted lamellae (kebabs)
should produce four-arc off-axis (110) reflections. As expected, the total intensity of the
reflections became stronger with time. At the end of the crystallization (time = 60 min),
the total crystallinity estimated from the diffraction profile reached about 1%. This
supports our hypothesis that LMWPE remains as an amorphous melt under the
experimental conditions and the observed crystallinity mainly results from HMWPE. It is
reasonable to extrapolate the situation at longer crystallization times, where the
crystallinity would be higher but less than 2 %, which is the composition limit of the

blend.
1.3.3 Confirmation of the Shish-Kebab Structure by SAXS

SAXS patterns of pure LMWPE with and without shear and those of the
LMWPE/HMWPE blend without shear were first collected as reference experiments.

These SAXS results were consistent with WAXD results, whereby all collected SAXS

patterns did not exhibit any scattering features, indicating the absence of any ordered
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structures in the LMWPE melt with or without shear, and in the LMWPE/HMWPE melt

without shear at 126.5 °C.

Selective 2D SAXS patterns of LMWPE/HMWPE blend before and after shear
(shear rate = 125 s, shear duration = 20 s, temperature = 126.5 °C) are shown in Figure
1.5. The SAXS pattern of the sheared LMWPE/HMWPE blend exhibited a clear
equatorial streak arising immediately after the cessation of shear (at t = 30 s). The
appearance of the equatorial streak indicated the formation of shish (microfibrils),
containing extended crystals formed from the bundles of stretched chain segments
parallel to the flow direction. The SAXS results were consistent with the WAXD results.
Soon after the shish formation, strong scattering maxima appeared on the meridian. The
meridional maximum could be attributed to the kebab growth, resulted from folded-chain
crystallization. The oriented scattering features from the shish-kebab structure became
stronger with the increase in time. Time evolution of the integrated scattered intensities
from the shish and kebab fractions (Isisn and Igepap) 1s illustrated in Figure 1.6. Both
scattered intensities increased with the growth of shish-kebab structure. The higher Igish
value at the very beginning of the shear-induced crystallization than the corresponding
Ikebab value (see Figure 1.6 inset) was because the shish was formed first and then the

kebabs. The ratio of Ixebab to Isnish became about 3 at the end of crystallization.

Time evolution of the average diameter of kebab is shown in Figure 1.7. These were
estimated from a shish-kebab model analysis of the meridional intensity profile. The
details of the analytical schemes were given elsewhere and would not be repeated here *.
It was found that the average diameter of the kebab increased with time, but not in a
linear fashion (i.e. the kebab growth rate was not constant). The profile of the kebab
growth rate (G = dD/dt, where D represents the kebab diameter and t is time) versus time

on a logarithmic scale is plotted in Figure 1.8. The line in Figure 1.8 has a slope of - 0.76,
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it roughly follows the relationship of log G o (-0.5)log ¢ for a diffusion-controlled growth

process, predicted by Muthukumar et al '®.

1.3.4 Melting and Reformation of the Shish-Kebab Structure

After crystallization for 60 min at 126.5 °C, the once-sheared LMWPE/HMWPE
sample was subjected to the first thermal cycle. Selected 2D SAXS patterns during this
cycle are shown in Figure 1.9. It was found that with the increase of temperature, the
scattered intensity from the shish-kebab structure decreased accordingly, due to melting.
The integrated scattered intensity (Ishish and Ixepab) at the end of each holding temperature
are plotted in Figure 1.10(A), showing that both values of Igish and Ixepap decreased with
the increasing temperature. When the temperature was elevated to 133.5 °C, both Ignish
and Iiepap became zero. Although this appears to indicate the complete melting of the
shish-kebab structure, it is not a conclusive evidence of whether the constituent chains

have completely relaxed, as discussed below.

Figure 1.10(B) illustrates the time evolution of Igsp and Iyepap during heating and
holding at the late stage of the first thermal cycle. It was interesting to see that during the
heating process in this cycle, even with the increase of 1 °C, corresponding scattered
intensities from shish and kebabs decreased rapidly. However, as soon as the sample was
equilibrated at a constant temperature for a period of 5 min, both scattered intensities
(Ishish and Igepan) increased slightly, indicating the reformation of some melted crystals.
Overall, the changes of integrated scattered intensities for Igish and Ixepan €xhibited a step-
like behavior, consistent with the steps in the thermal cycles. Figure 1.10(C) illustrates
the ratio of Ixepapr and Ighisn at the end of each holding temperature, in which the ratio
decreased slowly at lower temperatures and more rapidly (from 3 to 2) when the

temperature approached to 133.5 °C. It was interesting to note that the corresponding
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long period remained about constant at 40 nm during the heating and holding steps in the
first thermal cycle (Figure 1.11). The above observations suggests the following sequence
of events during melting of the shish-kebab structures; the less thermally stable
macrokebabs melt first, followed by the simultaneous melting of shish and more
thermally stable microkebabs. The detailed explanations for the above results are given in

the discussion section.

At the end of the first thermal cycle, the once-sheared sheared LMWPE/HMWPE
blend was cooled down continuously from 133.5 °C to 126.5 °C at 30 °C/min. This step
revealed a very interesting behavior of the previously melted shish-kebabs. It was found
that the shish-kebab structure reformed. The SAXS patterns in Figure 1.9 (bottom)
clearly evidenced a substantial reformation of the prior structure. The overall scattering
feature of the reformed SAXS pattern at 126.5 °C was similar to that of the initial SAXS
pattern. On the other hand, there were some subtle but important differences between the
two. Comparison of the SAXS patterns collected at 30 s and 126.5 °C, one after shear
(Figure 1.5) and one during re-crystallization (Figure 1.9), showed that the crystallization
rate in the early stage of the re-crystallization was much faster than that after shear. In
fact, the scattered intensity of the SAXS pattern at 30 s during the re-crystallization
period was very close to that obtained about 4 min after shear. This could be explained by
the difference in the state of orientation in the stretched chain segments, immediately
after shear and after the melting of shish crystals. Let us first consider the process of
melting. We argue that it follows a more or less reversible path; i.e., the structures that
grew late melt first. Also, even after melting of the crystalline structures, the relaxation
dynamics of the constituent chains of the underlying network/scaffold is very slow at the
experimental conditions of temperature compared with the holding time.
Chronologically, the chains in the initially formed structures; especially the primary

nuclei (shish) will be the last to loose their state of orientation or conformation. Thus, a
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high fraction of the primary nuclei survive in the supercooled melt. In contrast,
immediately after shear, it takes a certain time for the oriented chain segments to
organize and form primary nuclei. As a result, crystallization kinetics in the re-
crystallization process was faster than that after shear. Also, it was found that the long
period decreased slightly at the initial stage of re-crystallization, and it reached a constant
value at about 46 nm that was larger than the long period before the first thermal cycle (~
40 nm). Since crystallization was carried out at the same temperature (126.5 °C) and the
same duration (1 hour) for both stages, the lamellar thickness (which is a strong function
of super cooling) should remain the same. So, the larger long period at the re-
crystallization indicates that a lesser amount of crystals was formed (i.e., the lamellae
were more sparsely spaced). This can be attributed to the reduction in the total amount of
the oriented, crystallizable chain segments after the melting process. However, we
envision that some chains indeed completely relax and cannot participate in the re-

crystallization process.

The second thermal cycle was carried out at the end of 60 min re-crystallization at
126.5 °C (immediately after the end of the first cycle). As mentioned in the experimental
section, in second and subsequent cycles, the sample was not subjected to step-wise
heating, instead it was heated continuously to the highest temperature of the
corresponding cycle at a 3 °C/min rate (See Figure 1.2; for example, 136 °C in the second
cycle). During heating in the second cycle, the observed melting behavior was very
similar to that in the first cycle. Both scattered intensities from shish and kebabs
decreased with the increase of temperature. It was found that the long period remained
about constant (46 nm) before 131 °C and it started to increase afterward (Figure 1.11);
again due to the relaxation/non-participation of some of the chains in the re-
crystallization process. The final long period was 48.5 nm at 133 °C; beyond 133 °C, it

was difficult to determine the long spacing due to the weak meridional maximum.
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The subsequent cycles showed similar trend in the shish and kebab intensities as well
as the long period. In the third and fourth thermal cycles, the initial scattered intensities
of shish and kebabs all became lower, due to the reduction in the total mass fraction of
the shish-kebab structure after each thermal cycle. In the third cycle, the scattered
intensity of the kebabs decreased rapidly during heating and it approached zero at 132 °C,
whereas the corresponding long period, illustrated in Figure 1.11, increased immediately
upon heating. Generally speaking, the long period increased with the order of the thermal
cycles at the same final crystallization temperature. The long period changes during
cooling in the third and forth cycles were similar to that in the second cycle, except for a

larger initial long period at the beginning of cooling in the high order cycle.

Figure 1.12 illustrates the final SAXS patterns collected at the end of re-
crystallization in all thermal cycles (note that the crystallization temperature was 126.5
°C for the first cycle and 124 °C for all other cycles). In this figure, the equatorial streak
could still be seen in the first two patterns (i.e., the first and second cycles with the
highest temperature of 133.5 and 136 °C, respectively), but the later patterns only
exhibited a meridional scattering feature. The scattered intensity decreased notably after
each cycle. In the later cycles, since crystallization took place at the same temperature
(124 °C) for the same duration of time (10 min), the decrease in scattered intensity could
be attributed to the decreasing number of primary nuclei (from the stretched chain
segments) for creation of kebabs. The final SAXS pattern at the end of eleventh thermal
cycle did not show any sign of the shish-kebab structure. This cycle had the highest
temperature of 154 °C; thus, it appears that here the complete relaxation of the stretched
chain segments (or the deformed entanglement network) took place. The long period and
integrated scattered intensities (total, shish and kebabs) determined from the final SAXS

pattern obtained after each cycle are plotted as a function of the highest temperature in
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the cycle in Figure 1.13(A) and (B), respectively. It was found that the long period
increased in the first six cycles (no long period could be identified after heating about 144
°C as there was no indication of scattering maximum, but some meridional scattering
feature persisted). Along with the decrease in the scattered intensity in Figure 1.13(B)
confirmed that the fraction oriented shish-kebab structure decreased after each thermal

cycle.

1.3.5 The Shish-Kebab Formation from HMWPE Chains

One of the unique features in this study is the careful selection of molecular weight,

polydispersity and molecular architecture for the two polyethylene samples. As shown in

Figure 1.1, M » of LMWPE was about 53,000 g/mol having a polydispersity of 2.2, and

M, of HMWPE was 1,500,000 g/mol having a polydispersity of 1.1. Both samples do

not overlap in the molecular weight region at around 300,000 g/mol, which is near the
critical orientation molecular weight at the similar degree of super cooling, as estimated
from our previous work for PE and iPP 303135 As LMWPE is a random copolymer of
ethylene (98 mol%) and hexane (2 mol%), it does not crystallize at the experimental

temperatures (i.e. > 124 °C). In addition, at the chosen shear conditions (temperature =
126.5 °C, shear rate y = 125 s'l), the characteristic relaxation times; i.e., the Rouse time,

7., chain disentanglement or Reptation time, 7, of the LMWPE chains are significantly

38-39

shorter than the experimental time scale (i.e., 1/y) , indicating that all relatively short

matrix chains would relax back to the coiled state after shear. Thus, the LMWPE matrix
behaves mainly as a solvent, where the only crystallizing component is HMWPE. This

hypothesis is further supported by both SAXS and WAXD results.
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The development of crystalline shish and kebab structures, all from the narrow
distribution of HMWPE chains, requires explanation of rational molecular mechanism. In
the supercooled melt, HMWPE chains are in the entangled state, whose entanglement
density is mainly a function of concentration but not of temperature *°. In other words,
the average chain length between the entanglement points (or the entanglement molecular
weight M,) does not change with temperature but change with concentration. Thus, the
entanglement density of the chosen blend (2 wt% HMWPE) should remain about
constant under all experimental conditions (i.e., during and after shear). There are several
characteristic time scales that determine the state of orientation and extension for chain
segments between the entanglement points in HMWPE during and after cessation of

shear. These time scales include: (1) the imposed shear (flow) time scale (z.,), which is
inversely proportional to the shear rate (7., oc 7™, (2) the Rouse time (zz), which is

related to the relaxation of the chain segments between the entanglement points, and (3)
the Reptation time (z;), which is related to the relaxation of monodispersed chain ***. In
addition, there are other “breathing” modes; such as contour length fluctuation (CLF),
convective constraint release (CCR), that can relax chain or segment orientation. At very
low shear rates or 7., >> 17, reptation along with CLF dominate the relaxation process
and almost no chain segments should remain oriented; here the stretched state is,
obviously, not at all possible. At intermediate shear rates or 7., ~ 7;, the chain segments
between the entanglements can be oriented but not stretched. At very high shear rates or
when 7z > 7., the chain segments between the entanglements can be both oriented and
stretched. At the chosen shear conditions, the scenario of 7z > 7., (= 0.08 s) must have
been met; the evolution of shish evidence straight, or oriented and stretched chain
sections between the entanglement points. This scenario will be further discussed

elsewhere. It is clear that the crystallization process will alter the state of the

entanglement topology. That is, in the crystalline region, the entanglement is largely
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eliminated, however, the entanglement density should increase in the amorphous region

surrounding the lamellae.

If one considers the entangled melt as a network structure, containing entanglement
points at dynamic equilibrium as physical crosslinks, then the deformation field (i.e.
flow) would generate two populations of chain segments conformation, as illustrated in
Figure 1.14: (1) stretched segments oriented along the flow direction and confined by the
entanglement points, and (2) un-oriented and -stretched segments (or coiled segments)
perpendicular to the flow direction. Unlike the deformation of chemically crosslinked
network material, the extent of the stretched segments in the entangled melt under flow is
also a function of strain. Under the supercooled state, both stretched and coiled segments
can crystallize, most likely following the pathway proposed by Muthukumar et al. for
monodispersed stretched and coiled chains '®. That is the stretched segments can rapidly
crystallize into shish with extended-chain conformation (we note that the characteristic
time scale of extended-chain crystallization should be order of magnitudes faster than the
experimental time scale or the relaxation time scale in entangled HMWPE chains), and
the coiled segments can crystallize into the kebabs with folded-chain conformation.
Muthukumar et al. have predicted that the growth rate (G) of kebabs should follow a
diffusion-controlled mechanism (i.e. G o 7). This prediction is consistent with our
experimental observations that the (overall) kebab growth rate from coiled HMWPE
chain segments was indeed not constant. The difference between the predicted exponent
of -0.5 (i.e. for diffusion-controlled growth under ideal conditions) and the experimental
exponent of -0.76 may be due to the connectivity of chain segments in the entangled melt
or the possible difference between the growths of microkebabs and macrokebabs. The

latter hypothesis is not clear and will be the subject of our future study.

1.3.6 Thermal Stability of the Shish-Kebab Structure

18



During heating in the first thermal cycle, we noted the decrease in the Ighish and Ixepab
values as well as in the Iyepan/Ishish ratio, but a constant long period, with the increase of
temperature. Based on these observations, we composed a model to describe the thermal
stability of the shish-kebab structure (illustrated in Figure 1.15), modified from the one
proposed by Petermann *"*°. Diagram A represents a well-formed shish-kebab structure
before heating. The microkebabs have fractions of chain segments embedding in the
shish; while the macrokebabs grow from the microkebab templates perpendicular to the
shish. Upon heating, the outer macrokebabs melt first and relax back to the random coil
state, but the inner microkebabs persist with the thermally stable shish. Diagram B
illustrates the partially melted shish-kebab structure, surrounded by coiled chain
segments in the molten state (both Diagrams B and C omit the chain connectivity
between the molten coiled segments and the residual shish-kebab structure). When the
temperature is increased above the nominal melting point, both microkebabs and shish
would lose their crystalline registrations. The chain segments melted from microkebabs
will relax back into the coiled state, but the chain segmented melted from shish will
remain in the stretched state (Diagram C), unless the deformed entanglement network
structure is relaxed back, due to high temperature or long hold times, to the un-deformed
initial state. In Figures 1.14 and 1.15, we omitted the presence of LMWPE chains
because they could not crystallize under the experimental conditions. Since the LMWPE
phase was the dominant matrix, the molten amorphous region would consist of both
LMWPE (the major component) and HMWPE (the minor component) chains. When the
blend was cooled down to the experimental temperature (126.5 °C), only HMWPE chains
could crystallize; whereas LMWPE chains would remain in the amorphous region,

resulting in an increase in the composition ratio for LMWPE.
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The relaxation time scale for the stretched chain segments of shish is order of
magnitude higher than that of kebabs. The stretched chain segments can quickly re-
crystallize into crystalline shish, if cooled down to low temperatures, which can
subsequently nucleate microkebabs. Thus, the residual shish-kebab structure at the end of
each cycle is a direct reflection of the state of the stretched and coiled chain segments
upon heating under the confined planar constraints to the highest temperature of the
cycle. It is seen that the kebab long period increased but the corresponding scattered
intensity decreased with the increase of the highest temperature in each cycle (Figures
1.11 and 1.12). This can be attributed to the relaxation of the deformed entanglement
network, which reduces the extent of the stretched segments after each thermal cycle to a
higher temperature. As the amount of the stretched segments decreases, the amount of the
shish reformation would decrease, resulting in a less amount of kebabs and a larger value
of long period between kebabs. In the last thermal cycle with the holding temperature of
154 °C for 3 min, the shish and kebabs reformation did not take place, indicating the

complete relaxation of the deformed entanglement network.

We noticed that the final SAXS patterns taken at the end of the first and the second
cycles (Figure 1.12) all exhibited an equatorial streak together with meridional peaks,
whereas the rest patterns only showed meridional scattering feature. In our earlier study
3 we argued that the lack of equatorial streak does not mean that the shish formation did
not take place, it simply means that the concentration of the shish might be too low or the
diameter of the shish too thin to be detected by SAXS. However, with our recent
observation of multiple shish *' in the shish-kebab structure induced by shear in a similar
bimodal blend, we speculate that the appearance of equatorial streak in SAXS may be

related to the occurrence of multiple shish, which has a more enhanced contrast than

typical single shish. This hypothesis will be thoroughly tested in our future study.
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1.4 Conclusion

From the shear-induced crystallization study of a special polymer blend containing 98
wt% non-crystallizing LMWPE and 2 wt% narrowly distributed crystallizing HMWPE
using in-situ SAXS and WAXD techniques, we obtained several new insights into the
formation, melting and reformation of the shish-kebab structure under planar constraints.
These new insights can be summarized as follows.

1. Under shear flow, stretched and coiled chain segments co-exist even in near
monodispersed HMWPE chains. The different states of chain segments are caused by
the deformation of the network like structure in highly entangled polymer melt with
each entanglement point acting as a physical crosslink.

2. The stretched and coiled segments are responsible for the formation of the shish-kebab
structure, where the kebab growth seems to follow a diffusion-controlled process, as
predicted by Muthukumar et al. '®

3. Upon heating, the melting of macrokebabs takes place before the melting of
microkebabs and shish, which vanish simultaneously as an integrated entity into
coiled and stretched chain segments. The shish-kebab structure can reform upon
cooling, mainly due to the survival of stretched chain segments confined by the
entanglement points.

4: The reformed shish-kebab structure directly reflects the state of stretched and coiled
segments upon heating under the confined planar constraints. With increase of
temperature, the relaxation of the deformed entanglement network results in the
decrease in the extent of stretched segments and the shish-kebab fraction, and the
increase of the kebab long period.

5. Upon thermal annealing at 154 °C for 3 min, no shish-kebab structure could be

reformed, indicating the complete relaxation of the deformed entanglement network.
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List of Tables

Table 1.1. Information about the molecular weight and the melting temperature of

LMWPE and HMWPE.
M, MWD
o Tm(°C)®  Timenda CC)°
Samples (g/mol) (M, /M)
LMWPE? 53,000 2.2 116 124
HMWPE 1,500,000 1.1 132 145

* Polymerized with 2 mol% of hexene comonomer using a metallocene catalyst.
®¢ The melting peak and end-of-melting temperature were obtained from DSC at a

heating rate of 30 °C/min.
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List of Figures

Figure 1.1. GPC profiles of LMWPE and HMWPE before blending. The range of M,

represents the rough molecular weight values, which are near the critical orientation

molecular weight according to our previous studies.
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Figure 1.2. Thermal cycling protocol of this study. A step shear pulse was applied for 20
s (shear rate = 125 s™), after the collection of first SAXS or WAXD image upon the melt
being cooled down from 165 °C to 126.5 °C.
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Figure 1.3. DSC melting thermograms of quiescently crystallized and shear-induced

crystallized LMWPE and LMWPE/HMWPE blend samples (heating rate = 30 °C/min)
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Figure 1.4. Selected 2D WAXD patterns (the (110) reflection peaks are filled in red to
give a better contrast) of LMWPE/HMWPE blend before the application of shear and
during isothermal crystallization at 126.5 °C after cessation of shear (shear rate = 125 s,

shear duration = 20 s).
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Figure 1.5. Selected 2D SAXS patterns of LMWPE/HMWPE blend before the
application of shear and during isothermal crystallization at 126.5 °C after the cessation

of shear (shear rate = 125 s, shear duration = 20 s).
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Figure 1.6. Time evolution of the integrated SAXS intensities from shish and kebabs in
LMWPE/HMWPE blend after shear. The inset shows the initial stage (shear rate = 125 s

! shear duration = 20 s).
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Figure 1.7. Time evolution of the average kebab diameter in LMWPE/HMWPE blend

after shear (shear rate = 125 s, shear duration = 20 s).
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Figure 1.8. The average growth rate G of the kebab diameter in LMWPE/HMWPE blend

after shear. Results indicate the kebab growth follows diffusion-controlled like process.
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Figure 1.9. Selected 2D SAXS patterns of the LMWPE/HMWPE blend during the first

thermal cycle (the patterns shown below were taken after 5 min hold at the corresponding

temperature).
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Figure 1.10. (A) Integrated SAXS intensities from shish and kebabs at the end of each

holding temperature in the first thermal cycle. (B) Time evolution of integrated SAXS

intensities from shish and kebabs at the late stage of the first thermal cycle. (C) The ratio

of Ixebab t0 Isnisn at the end of each holding temperature in the first thermal cycle.
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Figure 1.11. The changes of long periods of shish-kebab structure in LMWPE/HMWPE

blend during the heating stages in the first four thermal cycles.
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Figure 1.12. Selected 2D SAXS patterns collected at the end of re-crystallization in each
thermal cycle. The temperature shown below the pattern is the highest temperature during
the heating stage in corresponding thermal cycle. The crystallization temperature is 126.5

°C for the first cycle, and 124 °C for others.
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Figure 1.13. The long periods (A), and integrated SAXS intensities from shish, kebabs
and total (B) obtained after re-crystallization as a function of the highest equilibrium
temperatures. The crystallization temperature is 126.5 °C for the first cycle, 124 °C for

others.
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Figure 1.14. Schematic representation of the entanglement network of HMWPE chains
(A) under uniaxial deformation (LMWPE chains are not shown here). Upon shearing,
some chain segments between entanglements (shown as round dots) are stretched along
the flow direction, but most segments remained in the coiled state (B). The stretched
segments form the precursors for the shish formation, and the coiled segments can grow

into kebabs.
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Figure 1.15. Schematic representation of the shish-kebab structure at the different stages
(LMWPE chains are not shown here): (A) stable shish-kebab structure after isothermal
crystallization, (B) the melting of macrokebabs during heating, (C) the melting of
microkebabs and shish as an integrated entity at a higher temperature. (In (B) and (C),

only chain segments are shown and the segment connectivity is omitted.)
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Chapter 2. The Role of Interlamellar Chain Entanglement in Deformation-Induced

Structure Changes during Uniaxial Stretching of Isotactic Polypropylene

2.1. Introduction

It is well understood that molten polymer chains are entangled in a dynamic manner,
where the variation of temperature does not alter the average length between the adjacent
entanglement points (i.e., the entanglement length) or the entanglement density '~.
However, during crystallization, chain entanglements are pushed into the interlamellar
amorphous region because the entanglement cannot be incorporated in the crystalline

structure. Thus typical crystallization process in semi-crystalline polymers would result

in an increase of entanglement density in the amorphous domain °.

In the past, the mechanical behavior of semi-crystalline polymers has often been
related to crystallinity, crystalline structure and morphology *°, amorphous chain
orientation, as well as distribution and concentration of tie chains in the interlamellar

. 10-18
amorphous region

. In these variables, the concept of tie chains is the most illusive
one, since tie chains cannot be easily measured experimentally or predicted by current
theoretical frameworks. In this study, we hypothesize that the entanglement network of
amorphous chains in the interlamellar region can directly result in the formation of tie
chains, thus playing a vital role to affect the overall mechanical properties and
deformation-induced structure/morphology changes. Of course, some tie chains are not

resulted from chain entanglements, but we speculate that the fraction of such species is

small. The advantage of the entanglement-induced tie chains concept is that it can allow
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us to relate the final topology of entangled chains in the interlamellar region in the solid
state with molecular theories of rheology in the molten state. Although the experimental
design in the present study did not allow us to directly test the effect of interlamellar
chain entanglement on the mechanical properties (this will be carried out later using
samples of bimodal blends with different molecular weights, where the entanglement
density can be systematically change), the results indeed confirmed that the concept of
entanglement-induced tie chains in the interlamellar region is consistent with the

deformation-induced structure changes.

In this study, isotactic polypropylene (iPP) was chosen as a model compound for the
following reasons. It is well known that iPP contains hierarchical structures, including
micro-scale spherulites, nano-scale crystalline lamellae and atomic-scale crystal unit
cells, typical of semi-crystalline polymers. The relationship between mechanical
deformation and structure change at different length scales in iPP has been well-
documented. For example, Keller et al studied the deformation behavior of micro-scale
spherulites. They observed both homogenous and inhomogeneous deformation pathways

within and between the spherulites '°.

Shimamura investigated the temperature
dependence of spherulite change during deformation. They reported that deformation
began in the equatorial region of spherulite at low temperatures, but in the meridional
region at high temperatures *°. The finding suggests that the applied stress was quite
localized in the spherulite, which might reflect the variation of chain topology in the
lamellar morphology. The stress localization can occur when some chain defects are
pushed out from the crystalline region during crystallization. These defects will include
the dangling chain ends that cannot carry stress, but they will not include stereo defects

and self-looping that can carry stress. The stress localization can also occur when some

amorphous chains (e.g. tie chains) that can carried more stress than the rest of the chains.
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In iPP, the deformation-induced morphology and structure changes have also been
well documented. On a larger scale, Peterlin et al 2" reported that spherulites could be
transformed into oriented fibrils above the yield point, passing through the stages of
elastic deformation, plastic deformation, fragmentation of the lamellar structure,
formation of fibrillar structure at high strains. From the conventional viewpoint, the
deformation mechanism in semi-crystalline polymers usually includes interlamellar and
intralamellar slipping of the superstructure, chain pulling-out from the folded-chain
lamellae (sometimes termed mechanically-induced melting), and recrystallization and

231 Strobl et al * argued that tensile

formation of oriented extended-chain crystals
deformation of semi-crystalline polymers can be considered as stretching of
interpenetrated network of crystalline domains (blocks). In their model, the crystalline
block can slip at small strains; but it will disintegrate and recrystallize above a critical
stress. During deformation of some polymers, polymorphic transformations are also
known to take place. The metastable crystal structure can prevail under strained

33,34

conditions because of the reduced entropy. This behavior has been seen in iPP and

poly(ethylene terephthalate) >,

The mesomorphic form of iPP was first discovered by Natta et al > *° through
quenching of the melt into ice water. Later it was found that the mesomorphic phase can
also be obtained by cold drawing of iPP films at room temperature *" **. The
mesomorphic form can be identified by the appearance of two broad peaks in the wide-
angle X-ray powder diffraction pattern (or a 6-point feature in the fiber diffraction
pattern), located at 20 angles of 14.8° and 21.2° (based on CuKa radiation), respectively.
The location of the 14.8° peak is close to that of the diffuse amorphous peak from the iPP
melt, but the presence of the 21.2 © peak indicates a higher order of structure from the
helical chains. The infrared spectra indicated that the mesomorphic phase contains the 3,

helical chain conformation that is very similar to that in the monoclinic crystal structure
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-4 The mesomorphic phase in iPP can transform into the monoclinic a-form when

OC 47-50

annealed at temperatures above 60 , although there seems to be a saturation level

associated with the annealing time, which is a function of temperature.

Recently, there have been several in-situ and ex-situ deformation studies on
polyolefin (including iPP and polyethylene, PE) using synchrotron X-ray, atomic forced
microscopy (AFM), birefringence, optical microscopy (OM), electron microscopy (EM)

3163 These studies revealed the different

and infrared spectroscopy (IR) techniques
effects of varying molecular variables, such as tacticity, crystal forms, catalyst used,
MWD (molecular weight distribution) on the deformation behavior of olefin-based semi-
crystalline polymers. In the current study, we carried out an in-situ deformation study of
1PP using combined synchrotron X-ray scattering and diffraction methods. The general
results were found to be consistent with the model proposed by Peterlin et al *" %,
However, the difference between low and high temperature results suggested the distinct
role of interlamellar chain entanglement in deformation-induced structure changes. In
PP, the unique transformation from folded-chain [/-form crystals to extended-chain
mesomorphic phase was the key that permitted us to make such an observation, whereas

the lack of unique structure change in PE would make the similar investigation very

difficult.

Based on the experimental results, we hypothesize that the existence of chain
entanglements in the interlamellar amorphous region dictates the distribution of tie
chains; where the strength of the entanglement network can directly affect the stability of
adjacent crystal lamellae. Two likely scenarios that can be further used to rationalize this
hypothesis. (1) The interlamellar amorphous region contains entangled chains, whose
entanglement density is probably higher than that in the initial amorphous bulk. (2)

Temperature does not change the interlamellar entanglement density, but it will
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significantly alter the chain mobility. At low temperatures, the entanglement can be
considered frozen because the chain dynamics is very slow; at high temperatures, the
disentanglement may occur during stretching, probably by slipping. It is conceivable that

the above mechanism may be a universal behavior in all semi-crystalline polymers.

2.2. Experimental

2.2.1. Materials and Preparation

In this study, a conventional Ziegler-Natta isotactic polypropylene (iPP)
homopolymer was used. The material had a melt flow index of 3.2 (at 230 °C, 2.16 kg)
and a DSC melting point of about 165 °C. This commercial material had an average
molecular weight (M,,) of about 300 kg/mol and was used in the form of partially
oriented film. The films were produced from a 20 mm 25 D extruder, equipped with a
horizontal flat die and a 3 roll calendar stack. The extrusion was carried out at 240 °C and

10 mm/s, where the film was cast onto a chill roll with direct contact from the top roll.

2.2.2 Characterization Methods

In-situ wide-angle X-ray diffraction (WAXD) and small-angle X-ray scattering
(SAXS) studies were carried out at the X27C beam line in the National Synchrotron
Light Source (NSLS), Brookhaven National Laboratory (BNL). The wavelength of the
synchrotron radiation was 1.371 A. A three-pinhole collimation system was used to
reduce the beam size to 0.6 mm in diameter. Two-dimensional (2D) WAXD and SAXS
patterns were collected by a MAR CCD X-ray detector (MAR-USA), which had a
resolution of 1024x1024 pixels (pixel size = 158.44 um). The typical image acquisition

time was 20 s for each data frame. The sample-to-detector distance was around 1850 mm
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for SAXS (calibrated by a silver behenate (AgBe) standard), and was around 100 mm for
WAXD (calibrated by an aluminum oxide (Al,O3) standard). All X-ray images were

corrected for background scattering, air scattering and beam fluctuations.

Uniaxial tensile deformation was performed with a modified Instron 4442 tensile
apparatus, which could stretch the film symmetrically. The symmetric stretching
guaranteed that the focused X-ray beam could illuminate the same sample position during
deformation. The original length of the sample between the Instron clamps was 14 mm. A
constant deformation rate, 10 mm/min, was applied to the specimen throughout the
deformation study. The deformation experiments were carried out at room temperature
(about 25 °C), 60 °C and 160 °C, respectively. The stress and strain mentioned in this
study are all engineering stress and engineering strain measured directly from the Instron
machine. The heating chamber for this Instron apparatus was about 240 mm in length,

which meant that the highest attainable engineering strain was only about 16.0.

2.2.3 X-ray Data Analysis

A semi-quantitative SAXS analysis was carried out to determine the changes of
lamellar structure (e.g. long spacing) from the meridional scattering peaks, and the
formation of fibrillar structure from the equatorial streak that might be tainted with the

6466 As the emphasis in this study was on the structure

occurrence of micro-voids
change, the WAXD results were analyzed quite extensively using the following

procedures.

All 2D WAXD patterns were first corrected by the Fraser method to compensate the

67

effect of flat-plate detection ', and then for the background and air scattering. The

corrected pattern was deconvoluted into two parts, isotropic and anisotropic contributions

47



(see Figure 2.1), using a “halo method” % The isotropic contribution can be attributed to
unoriented species, including amorphous and unoriented crystal phases; while the
anisotropic contribution can be attributed to oriented species, including oriented
mesomorphic and crystal phases. The principle for this deconvolution approach is that the
azimuthally independent component in the total scattered profile is directly proportional
to the unoriented fraction of the scatterer, which can be determined as follows. For each
azimuthal scan at a specific scattering angle (20), the minimum value of the intensity
profile can be considered as the envelope intensity of the unoriented species at that angle.
By extracting all the minimum values at all scattering angles, a 2D image of the isotropic
contribution is generated. This isotropic contribution is then subtracted from the total
scattering image, yielding the oriented contribution. Assuming that stretched samples
have a cylindrical rotational symmetry, which was true especially for samples at high
strain (patterns, not shown here, taken from three orthogonal directions prove that the
sample has cylindrical rotational symmetry), and a 2D pattern could contain the complete
information to describe the intensity distribution in reciprocal space, and integrating over
such 2D sections through 3D reciprocal space will produce the fractions of each phase.
The anisotropic fraction is circularly averaged into a linear intensity profile, which can be
deconvoluted into crystal and mesomorphic fractions by using the method of one-
dimensional peak fitting. The same method is also applied to analyze the isotropic
contribution, where the fractions of unoriented crystal and amorphous phases can be
obtained. The total crystallinity index (termed crystallinity hereafter, as they are
proportional to each other) is estimated by the sum of the fractions from oriented and

unoriented crystal phases.

2.3. Results and Discussion

2.3.1 Uniaxial Tensile Deformation at Room Temperature
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The engineering stress-strain curve of iPP film during uniaxial tensile deformation at
room temperature (about 25 °C), together with selected 2D WAXD and SAXS patterns
collected at different applied strains, are shown in Figure 2.2. It is seen that the
orientation of the initial sample was very low. In the first 2D WAXD pattern, several
nearly isotropic diffraction rings were detected, which could be indexed as (110), (040),
(130) and (111)/(041), respectively (from inner to outer) using the a-form monoclinic iPP
crystal structure. The corresponding SAXS pattern also exhibited a nearly isotropic ring,
indicating the existence of a lamellar structure with a slight orientation. This observation
is consistent with the initial spherulitic structure observed by AFM, which will be
discussed later. The long period, that is the average distance between the adjacent
lamellae, was estimated from the position of scattering peak using Bragg’s law. The
estimated long period in the iPP sample at room temperature before deformation was

about 11 nm.

A yield point was seen soon after deformation began, at a strain of 0.1. The
subsequent stress dropped rapidly and then increased with strain, where a two-staged
linear stress-strain response was seen. The initial stage (at strains between 0.1 and 3.0)
exhibited a small stress-strain ratio, which could be attributed to the necking of the
sample. The final stage (at strains between 3.0 and 7.0) exhibited a large stress-strain
ratio, which could be attributed to the dominant process of strain-induced crystallization
(sometimes termed the strain-hardening stage). It was found that the corresponding 2D
WAXD patterns changed dramatically after the yield point. Not only did the azimuthal
spreads of all isotropic diffraction rings become narrower, but also the diffraction peak
widths became broader, especially along the equator. The azimuthal spread of the (110)
reflection peak and the linear diffraction intensity profile taken along the equator from

WAXD at different strains is illustrated in Figures 2.3(A) and 2.3(B), respectively. In
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Figure 2.3(B), four distinct diffraction peaks: (110), (040), (130) and (111)/(041) (from
left to right), were seen in the un-deformed sample. The diffraction intensity from the
(110) reflection was strong but it was nearly azimuthally independent, indicating the
presence of a small degree of preferred orientation. Upon deformation, the intensities of
these diffraction peaks decreased notably. In particular, at strain = 0.4, the (110)
reflection on the meridian vanished rapidly, resulting in four peaks at the off-axis (Figure
2.3(A)). Such a behavior, along with the observation of decreasing intensity in the (110)
reflection (Figure 2.3(B)), suggested that selective melting and rearranging of the residual
structure took place. At strain = 0.6, a notable change in the structure was seen, as
evidenced by the drastic increase of the equatorial (110) peak, while two off-axis
shoulders remained visible (Figure 2.3(A)). The appearance of the strong equatorial (110)
peak was probably due to the combined contributions of highly reoriented “original”
crystals, strain-induced “new” crystals and the mesomorphic phase. The presence of
weak off-axis (110) shoulders was probably dominated by the diffraction of partially
oriented “original” crystals. The corresponding linear WAXD profile along the equator
showed one broad peak, covering the angular range of (110), (040) and (130). The other
two diffraction peaks, (111) and (041), vanished on the equator but became stronger on
off-axis. The peak broadening on the equator could be attributed to the formation of the
oriented mesomorphic phase, which will be discussed later. At higher strains (> 0.6 till
break), the off-axis (110) peaks weakened significantly due to the further melting or/and
reorientation of partially oriented “original” crystals, while the equatorial (110) peak
increased and became broader due to the growth of the oriented mesomorphic phase. The
corresponding 3D WAXD patterns are illustrated in Figure 2.4. These patterns showed a

clear structure change from crystal to mesomorphic phases.

The changes of mass fractions from different phases are illustrated in Figure 2.5. It

was seen that, at the initial stage of uniaxial tensile deformation (strain < 1.0), both
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fractions of crystal and amorphous phases decreased with strain, while the corresponding
fraction of oriented mesomorphic phase increased rapidly. This suggests that, at room
temperature, some crystals were destroyed, where the oriented mesomorphic phase was
formed from both stretched amorphous phase and destroyed crystal phase. The possible
mechanism of this transition will be discussed later. At strains above 1.0, the fraction of
crystal phase began to increase at a rate similar to that of the oriented mesomorphic
phase. The slight increase of the crystals fraction can be attributed to several coupled
effects: (1) destruction of “original” crystals, (2) reorientation of “original” crystals (since
the fraction of unoriented crystals continued to decrease) and (3) formation of highly
oriented “new” crystals (may be in the form of extended-chain crystals). It is interesting
to note that the fraction of oriented crystal phase exhibited a minimum value at the strain
about 1.0, whereas the fraction of unoriented crystal phase decreased monotonically. At
high strains (i.e., > 5.0), the unoriented crystals vanished completely, leaving behind only
unoriented amorphous, oriented crystal and oriented mesomorphic phases (the fraction of
mesomorphic phase was above 60%, the fraction of oriented crystal phase was about

30%, and the fraction of unoriented amorphous phase was less than 10%).

Selected 3D SAXS patterns during deformation are illustrated in Figure 2.6. It was
seen that upon stretching, the initial isotropic scattering ring in the SAXS pattern became
two-bar like, which gradually disappeared with increasing strain. This is reasonable since
the density of the crystal phase is slightly larger than that of the mesomorphic phase, the
formation of oriented mesomorphic phase would gradually decrease the scattered
intensity. The two-bar SAXS pattern on the meridian indicates two possible scenarios. (1)
The “original” lamellar stacks that were parallel to the stretching direction were
destroyed (e.g. by chain pulling-out). (2) The “original” lamellar stacks became
fragmented and reoriented along the direction perpendicular to the stretching direction. It

was found that the long period increased from 11.1 nm to 11.8 nm and 12.8 nm at strains
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of 0.0, 0.1 and 0.4, respectively. Uniaxial tensile deformation clearly enlarged the
average distance between the lamellae along the stretching direction. However, due to the
small density difference between the mesomorphic and crystal phases at room
temperature as well as the reduced thickness of the sample during deformation, the SAXS
intensity became quite weak. At the later stage of deformation, the SAXS pattern
exhibited a strong equatorial streak, probably due to stress-induced microvoids (the
dominant contribution) and strain-induced crystalline fibrils (the minor contribution)

arising during deformation until the stretched iPP film was broken at a strain of about 6.8.

2.3.2. Uniaxial Tensile Deformation at High Temperatures

Uniaxial tensile deformation of iPP film was also carried out at two higher
temperatures: 60 and 160 °C. The engineering stress-strain curve and selected 2D WAXD
and SAXS patterns obtained at 60 °C are illustrated in Figure 2.7. The observed
engineering stress-strain curve was generally similar to that obtained at room
temperature. However, distinct structure differences were also seen. The linear WAXD
profiles along the equatorial direction extracted from Figure 2.7 are illustrated in Figure
2.8. It was found that the orientation of iPP crystal structure occurred at a much higher
strain than that at room temperature, evidenced by the disappearance of the (111)/(041)
doublet peak on the equator. At room temperature, this doublet migrated to off-axis
position at a strain about 1.0, while this shift took place at a strain about 2.0 at 60 °C. It
was interesting to note that the [I-form crystal structure never vanished during
deformation, where three distinct diffraction peaks ((110), (040) and (130)) can be seen
even at a high strain of 9.0 before breaking. However, these three peaks overlapped with
each other to some extent, indicating that both crystal and mesomorphic phases co-

existed at high strains.
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The mass fractions of different phases (amorphous, mesomorphic and crystal,
including oriented and unoriented crystals) during deformation are illustrated in Figure
2.9. Similar to the case at room temperature, the fraction of oriented mesomorphic phase
increased with strain. However, the fraction of the total crystal phase increased slightly
at strains > 1.0, instead of decreasing as seen at room temperature. The total crystallinity
increase was mainly due to the increase in oriented crystals, since the fraction of
unoriented crystals decreased upon deformation. This suggests that the crystal destruction
was a minor event. The major events were the orientation of some “originated” crystals
and formation of “new” crystals. The notable increase of the oriented mesomorphic phase

could be mainly attributed to the decrease in the amorphous phase fraction.

Uniaxial tensile deformation was also carried out at 160 °C, near the melting point of
iPP, and the results are shown in Figure 2.10. Under this condition, the elongation-to-
break ratio (at a strain > 16.0, which was the limit of our heating chamber) was
significantly larger than those at lower temperatures. From corresponding 2D WAXD and
SAXS patterns, the azimuthal spreads for both diffraction and scattering peaks became
quite narrow with increasing strain, indicating the increase in orientation at both crystal
structure and lamellar scales. The linear WAXD profiles taken along the equatorial
direction are illustrated in Figure 2.11. Different from the cases under room temperature
and 60 °C, no peak broadening was found during deformation at 160 °C. It was seen that
the intensities of all equatorial peaks increased drastically with strain, and the apparent
crystallinity remained high even near the melting point. At strains higher than 10.0, the
(111) and (041) doublet peaks disappeared from the equator (they moved to the off-axis);
but (150) and (060), corresponding to 20 at 21.9°, and (200) reflection, corresponding to
20 at 24.2°, remained visible. The full widths at half maximum (FWHM) of reflections
from (110) (040) and (130) crystal planes all showed a two-staged increase with strain (a

rapid increase at low stains and a slow increase at high strains) at all temperatures during
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deformation. The value of FWHM is related to the combined effects of crystal size and

lattice distortion.

From the 2D SAXS patterns in Figure 2.10, the following observations were made.
Above the “yield” point (at strain about 1.0), the scattering maxima quickly converged
onto the meridian, forming a two-bar pattern, indicating that the crystal fragmentation
also occurred at 160 °C. However, by comparing with the SAXS patterns at 60 °C, the
high temperature SAXS pattern showed a smaller scattering bar, indicating a larger
lamellar structure. It appeared that less crystal fragmentation took place at 160 °C than
that at low temperatures (room temperature and 60 °C). The total scattered intensity was
found to increase with strain, probably due to the partial melting of small crystals or/and
the decrease of the mesomorphic fraction, and both could enhance the scattering contrast.
The average long period along the meridian during deformation at 160 °C was larger than
those at lower temperatures. It was interesting to note that an equatorial streak appeared
at strains above 2.0 and it increased with increasing strain. This streak feature, judging
by its much weaker intensity (than those of room temperature and 60 °C), was probably
resulted mainly from the fibrillar morphology instead of micro-voids. This is because the
scattered intensity from micro-voids should be significantly higher due to the larger
density contrast (we note that the streak intensity at 160 °C was only about several

percent of those at room temperature and 60 °C).

The linear intensity profiles taken along the meridional direction of the 2D SAXS
patterns are illustrated in Figure 2.12(A). It is interesting to note that at the initial stage of
deformation, the position of the scattering peak shifted to a lower q value; upon further
deformation, it shifted back to near the original position *2. The corresponding long
period for the lamellae structure estimated by Bragg’s law is plotted in Figure 2.12(B).

The increase in long period at strains < 1.0 could be attributed to the elastic deformation
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of iPP crystals. The long period was found to decrease at strains between 1.0 and 3.0 (the
maximum long period value was seen at strain = 1.0), and then it reached a plateau value
of 32 nm at strains between 3.0 and 11.0. This behavior can be explained by the
fragmentation and the strain-induced crystallization coupled with slippage process
between fragmented crystal and strain-induced melting. Based on the WAXD results, we
argue that the formed strain-induced crystals at 160 °C are in the form of lamellae with
folded-chain conformation. The long period was found to decrease again at strains >11.0,

which might be due to the limitation of slippage.

The evolution of mass fractions for different phases during deformation at 160 °C is
shown in Figure 2.13. It was seen that the fraction of amorphous phase decreased
continuously and nearly disappeared at strain = 16.0, but we do observe a clear SAXS
pattern at the end of deformation indicating the electron density difference between
amorphous and crystal phase. The reason is probably due to the limitation of our analysis
method, since the amorphous phase can also oriented slightly resulting in more scattering
intensity at the equator which was attributed to the mesophase during analysis. The total
crystal fraction showed a two-staged increase with a faster rate at low strains (< 2.0) and
a slower rate at high strains (> 2.0). The change of oriented crystal fraction was similar to
that of total crystal fraction, but with an enhanced magnitude at the initial stage. The
difference was due to the variation of unoriented crystal fraction, which showed a
maximum value at strain = 1.0. This response was consistent with the observed maximum
long period also at strain = 1.0. In contrast to the large increase at lower temperatures
(room temperature and 60 °C), the fraction of mesomorphic phase was about constant (at
about 35%) during deformation at 160 °C. This suggests that the major transition induced
by deformation at this temperature is mainly between the amorphous and crystal phases.
The above findings are consistent with the hypothesis that entangled coiled chains are

crystallized into lamellar crystals with folded-chain conformation ® under low strains
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near the nominal melting point (160 °C), and can be disentangled at very high strains (e.g.

at strain = 16.0).

2.3.3. Morphology and Crystal Orientation at Various Temperatures

In order to develop a reasonable molecular mechanism to explain the above
observations, we have also compared the AFM results with combined SAXS and WAXD
images of three representative morphologies from quenched samples prepared under
different deformation conditions. The comparisons are shown in Figure 2.14. In the
undeformed initial iPP sample, a distinct spherulitic morphology with very slight
orientation was seen (probably caused by an uneven squeeze flow during melt pressing).
This was consistent with WAXD and SAXS images, which also showed slightly oriented
diffraction and scattering rings. When the iPP film was stretched to a strain of 4.0 at 60
°C, the AFM image exhibited a distinct fibrillar structure with fibrils aligned parallel to
each other along the stretching direction, consistent with the two meridional scattering
bars in the SAXS pattern arising due to the well oriented and correlated layered-like
folded-chain lamellae. The narrow azimuthal spreads of the WAXD peaks indicated that
the crystall/-form) orientation increased with the draw ratio. However, the analysis
showed that the mass faction of oriented mesomorphic phase was larger than 50 % and
that of oriented crystal phase was about 40%, indicating the co-existence of mixed
lamellar crystals (in [J-form) and mesomorphic (with no preferred registration of helical
hands) structures. We note that it is not possible to distinguish the crystal and
mesomorphic phases from AFM measurements. This is because there is not much
difference in the modulus and hardness between the two phases, where the AFM
technique cannot probe into the structures of the ordered domains. Nevertheless, the
structure difference became very distinct by the X-ray diffraction technique. It is

interesting to see that when the iPP film was stretched to the strain of 16.0 at 160 °C, a
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very weak equatorial streak was still remained, which could be attributed to the presence
of extended-chain mesomorphic microfibrils instead of micro-voids since the latter could
not be found by AFM measurements of the quenched iPP film. The existence of the two-
bar pattern at a lower scattering angle indicated the persistence of a highly oriented
crystal lamellar structure with a larger spacing. This was also consistent with the WAXD

pattern exhibiting well-oriented [I-form crystals.

The chain orientation (f) in the crystal structure can be calculated by Hermans’
orientation function °:

3<cos2 ¢> -1
2

where ¢ is the angle between the chain axis and the reference axis (stretching direction).

<0052 ¢> is defined as:

IO% I(#)cos’ gsin gdg
[721(¢)sin gy

<cos2 (/5> =

where [ (¢) is the scattered intensity along the angle ¢. However, since there is no plane
of symmetry perpendicular to the chain axis, <cos2 ¢> is calculated from the crystal (110)
and (040) reflections.
<cos2 ¢> =1-1 .090<cos2 D10 > - 0.901<cos2 ¢040>

The calculated Hermans’ orientation factors are shown in Figure 2.15. It was seen that the
initial sample possessed a value of about zero, representing a random orientation of
polymer crystals (in the lamellar form). During stretching, the crystal alignment increased
asymptotically toward the value of one, representing the perfect alignment of polymer

chains in lamellar crystals along the stretching direction. The rate of crystal alignment

during deformation at high temperatures was found to be slower than that at low
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temperature, but the final orientation during deformation at high temperatures was higher

due to the higher applied strain.

2.3.4 The role of interlamellar chain entanglement

It the past, the mechanical properties of semi-crystalline polymers were often
considered from the viewpoint of crystallinity, crystalline morphology and tie chains. Tie
chains are viewed as tightly stretched chain segments connecting the adjacent crystals.
The higher tie chain concentration can lead to a stronger mechanical property in semi-
crystalline polymers. The concept of tie chains is clearly related to the subject of this
study, but it can only be used to explain parts of the experimental results. This is because
the presence of tie chains can initiate the fragmentation of folded-chain lamellae at high
strains, which is consistent with the results from deformation at lower temperatures, but it
should not increase the fraction of folded-chain lamellar crystals at high temperatures and

high strains.

Based on experimental observations in this study, we present a new mechanism that
can sufficiently explain deformation results at both low and high temperatures. This
mechanism considers the role of chain entanglement in the interlamellar amorphous
layers. As described earlier, since the total entanglement density in the sample is not
likely to decrease by folded-chain crystallization, the resulting entanglement density in
the interlamellar amorphous region after crystallization must be higher than that in the
initial melt. We hypothesize that tie chains are mainly due to the consequence of chain
entanglements, which carry the major mechanical load in the interlamellar amorphous
region. Of course, some tie chains can also occur without the presence of chain
entanglement, but the fraction may be small. In the above scenario, two features should

be noted (1) the distribution of tie chains may be quite heterogeneous in the interlamellar
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region, and its concentrated mostly around the vicinity of the entanglement, and (2) some
amorphous chains without the influence of chain entanglement may not carry any
mechanical load during the initial stage of mechanical deformation. The second feature
is consistent with the persistent observation of the amorphous fraction at low strains

under both low and high temperatures.

The role of chain entanglement and its relationship with tie chains during
deformation-induced structure change in semi-crystalline polymers is schematically
illustrated in Figure 2.16. In the middle diagram, a typical folded-chain lamellar
assembly (colored in green) is shown, where the entanglement points (colored in blue)
are contained in the interlamellar amorphous region. During deformation at low
temperatures (e.g. room temperature), the poor chain mobility would restrict the motion
of chain slipping and thus the disentanglement process. As a result, the overall stability of
the entanglement network will be stronger than that of the crystalline network. With
increasing strains, some polymer chains in the crystal lamella may be pulled out due to
the tie chains from the entanglement, resulting in the process of lamellar fragmentation or
mechanical-induced melting. In iPP, the stretched-out chains can transform into the
oriented mesomorphic phase (colored in yellow, left diagram of Figure 2.16) having
extended-chain conformation but no regular registration of helical hands as in the
crystals. At high temperatures (e.g. at 160 °C), the enhanced chain mobility can
significantly weaken the amorphous entanglement network, thus the crystalline network
becomes the dominant structure. As a result, the tensile deformation would affect mainly
the amorphous region, where stretching can lead to disentanglement through chain
slipping and can reduce the constraints of further folded-chain crystallization from other
coiled segments. The process of an increase in folded-chain crystallization during
deformation at high temperatures is shown in the right diagram of Figure 2.16. Thus, the

total fraction of the folded-chain lamellar crystals (in [J-form) can increase with strain,
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which was seen experimentally (Figure 2.13). We note that the fraction of the
mesomorphic phase remained about constant during deformation at 160 °C, suggesting
that the pre-existing structure of the mesomorphic phase might not be significantly
affected by deformation, except that it became much more oriented. In the case of
deformation at an intermediate temperature, the scenario may be in between the two cases
described above, depending on the relative strength difference between the entanglement
network and the crystalline network. We note that the structure change during

deformation at 60 °C is more similar to that at room temperature, instead of at 160 °C.

2.4 Conclusions

From the deformation study of iPP at three different temperatures (i.e., room
temperature, 60 and 160 °C), we conclude that the role of chain entanglement in the
interlamellar amorphous region plays an important role in affecting the structure changes.
At low temperatures, as the chain mobility is low, the relative strength of the
interlamellar entanglement network is stronger than that of the surrounding crystalline
structure. As a result, the tie chains from the entanglement may initiate fragmentation of
lamellar crystals upon deformation, forming an oriented mesomorphic phase in the form
of extended-chain conformation. This is consistent with both WAXD and SAXS results
from deformation of iPP at room temperature and 60 °C. At high temperatures, as the
chain mobility is high, the crystalline network becomes the dominant structure.
Deformation can facilitate the chain disentanglement process allowing the occurrence of
more folded-chain crystallization from coiled segments. As a result, the fraction of the
folded-chain crystal increases with strain, which is the case for deformation at 160 °C. In
the conventional view point, the presence of tie chains is difficult to predict. However,
the concept of chain entanglement-induced tie chains will permit us to connect melt

rheology to the solid state amorphous chain topology and thus final properties.
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List of Figures

Figure 2.1. Procedures for deconvolution of isotropic and anisotropic contributions from

a Fraser-corrected 2D WAXD pattern.
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Figure 2.2. Engineering stress-strain curve and selected 2D SAXS and WAXD patterns

acquired during uniaxial tensile deformation of iPP films at room temperature.
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Figure 2.3. (A) The azimuthal spread of the (110) peak at varying strains, (B) linear

diffraction intensity profiles taken along the equatorial direction at different strains.
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Figure 2.4. 3D WAXD patterns during uniaxial tensile deformation at room temperature.
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Figure 2.5. Evolution of the fractions of amorphous, mesomorphic and crystal (including
oriented crystal and unoriented crystal) phases in the iPP film during uniaxial tensile

deformation at room temperature.
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Figure 2.6. 3D SAXS patterns during uniaxial tensile deformation at room temperature.
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Figure 2.7. Engineering stress-strain curve and selected 2D SAXS and WAXD patterns

acquired during uniaxial tensile deformation of iPP films at 60 °C.
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Figure 2.8. Lincar WAXD profiles along the equatorial direction at different strains

during uniaxial tensile deformation.
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Figure 2.9. Evolution of mass fractions of amorphous, mesomorphic and crystal
(including oriented crystal and unoriented crystal) phases in the iPP film during uniaxial

tensile deformation at 60 °C.
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Figure 2.10. Engineering stress-strain curve and selected 2D SAXS and WAXD patterns

acquired during stretching of iPP films at 160 °C.
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Figure 2.11. Linear WAXD profiles along the equatorial direction at different strains

during stretching of iPP film at 160 °C.

12000 (110)  (030) (041) strain
I (040) (111) 0
10000 —\An A P
M
8000 M
S 6000 - 40

76



Figure 2.12. (A) Linear SAXS intensity profiles taken along the meridional direction at
different strains during uniaxial tensile deformation, and (B) corresponding change of

long period as a function of strain.
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Figure 2.13. Evolution of mass fractions of amorphous, mesomorphic and crystal
(including oriented crystal and unoriented crystal) phases in the iPP film during uniaxial

tensile deformation at 160 °C.
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Figure 2.14. AFM, WAXD and SAXS images of iPP film under different conditions.
Left column: spherulitical morphology (strain = 0.0, T = RT); center column: fibrillar
structure (strain = 4.0, T = 60 °C); right column: voids and transverse bands (strain =

16.0, T = 160 °C). (AFM scale: 40 um)
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Figure 2.15. Hermans’ orientation factors of crystal chain axis as a function of strain for

PP film at different temperatures.
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Figure 2.16. The deformation of the crystal and amorphous phases during uniaxial tensile

deformation at low and high temperatures.
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Chapter 3. Shear-induced Crystallization and Crystallization-induced Phase

Separation of Olefin Block Copolymers

3.1 Introduction

Semi-crystalline polymers together with amorphous polymers are the most important
commercially useful polymers for various applications. In semi-crystalline polymers, due
to the distinct differences between crystal and amorphous phases, crystallization will
affect their properties in almost all aspects, for instance, thermal, optical, mechanical
properties, etc. Meanwhile, during the industrial processing, including extrusion,
injection, fiber spinning and film blowing of polymers, external flow-fields (shear,
extension and mixed) are always involved. These fields can significantly affect the
crystallization kinetics and orientation of the polymer chains, then the formation of the
crystal structure.'” Thus understanding the crystallization mechanism of polymers,
especially how external flow-fields affect the crystallization behavior, is essential for

their applications and further investigation is needed to benefit the industrial processing.

Polyethylene was used as a model polymer system for studies in polymer
crystallization behavior due to its simplicity in structure. Numerous reports can be found
in literature, including both quiescent and flow-induced crystallization, using many
techniques, for instance, scattering, microscopy, and thermal analysis.*” If copolymerized
with a-olefins, the short chain branches introduced will interrupt the folding and packing
of linear chains into crystals and influence the crystallization behavior. Various

.. 8-
parameters, such as comonomer type, whether it is propylene, butene, hexene, or octene,
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1 13-17

2 and comonomer content, i.e. distribution of the short branches, affects the
crystallization behavior. Even more complicated situations will occur if the crystallizable
chain segments are incorporated into the polymer chain with other chain segments to
form block copolymer.'®** Block copolymers are of interests to many researchers,
because its flexibility in modifying the structure by connecting different polymer chains
to adjust the properties of the final products, such as ABS plastic, SBS rubber, etc. For
conventional block copolymers, segregation due to the incompatibility between covalent-
bonded blocks which are distinct in chemical compositions is the most important
characteristic. The strength of segregation is governed by the product of Flory-Huggins
interaction parameter y and the degree of polymerization N.** Given diblock copolymer

with equal volume fraction of two blocks, phase separation occurs when yN is greater

than 10.5. %

Olefin block copolymers (OBCs) produced by The Dow Chemical Company via
novel chain shuttling technology consist of two kinds of blocks.”> Both are ethylene and
a-olefin copolymer block, but the a-olefin comonomer content in each block is different.
The successful synthesis of this block copolymer is attributed to the two catalysts with
distinct selectivity to produce ethylene copolymer blocks of different comonomer content
and thus the density with the help of chain shuttling agents that can transfer the growing
chains between catalysts to form the blocky structure. By choosing specific catalyst, the
commoner content in the block could be more than 20 mol%, and the density of the block
could vary from high density around 0.94 g/cm’ to low density about 0.85 g/cm’. So for
the OBCs, the y must increase when the density difference between hard and soft
segment increased as the incompatibility was more severe. The length of the blocks or the
number of the blocks in each polymer chain can also be adjusted by changing the amount
of chain shuttling agents in the polymerization reactor. Less chain shuttling agents used,

the less frequently the growing chain transferred between the catalysts, and the longer the
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blocks. A longer block means larger N, which will favor the phase segregation between
blocks. However, whether the minimum requirement of the product of N and y for the
phase separation to occur is achieved or not and how the incompatibility of different

blocks affects the crystallization deserve elaborate studies.*®

In this study, we investigated the quiescent and shear-induced crystallization of
several ethylene-octene block copolymers. The selected OBC samples were different in
both block length and the comonomer content in the soft segment, i.e. different N and .
In-situ wide-angle X-ray diffraction and small-angle X-ray scattering data were collect
during the crystallization. The time-evolution of the crystallinity and the phase
development were revealed. The influences of N and y on the crystallization behavior

were clarified through the analysis.

3.2 Experimental

3.2.1 Materials

Five olefin block copolymer samples polymerized from ethylene and octene by chain
shuttling technology were provided by The Dow Chemical Company, and were named
OBC-LS, OBC-H, OBC-M, OBC-L, and OBC-HS, respectively, according to their
characteristics which were summarized in Table 3.1. The major difference between OBC-
LS and OBC-HS was the content of chain shuttling agent used during polymerization
processes. OBC-LS, representing low shuttling, was synthesized with chain shuttling
agent content of 0.4 per 1000 ethylene, while this content was 1.3 for OBC-HS, meaning
high shuttling. The rest of OBCs, i.e. OBC-H, OBC-M, and OBC-L, had the same
medium level of chain shuttling agent content of 0.6, and the most distinct difference

among these three OBCs was actually the octene comonomer content in the soft segment.
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OBC-H had the highest comonomer content, 16.0 mol%, while OBC-L had the lowest
comonomer content, 11.2 mol%, and the comonomer content of OBC-M was in between
at 13.4 mol%. The isotropic OBC films of about 0.5 mm thickness were prepared by
compression-molding at 165 °C, and then quenched to the room temperature. Samples in
the form of a ring (inner diameter = 10 mm, outer diameter = 20 mm) were cut from the

melt-pressed films for rheo-X-ray experiment.

3.2.2 Instrumentation

Linkam CSS-450 shear stage, modified for in-situ rheo-X-ray studies, was used to
apply controlled shear conditions to the polymer melt. The details of this modified shear
apparatus was described elsewhere. Briefly, the ring-shaped OBC sample was placed in
the gap between two X-ray windows (i.e., a diamond window and a Kapton film window)
and completely enclosed in cavity of the measuring cell. The samples crystallized at
different temperatures under both quiescent and shear-induced conditions with X-ray

scattering data collected simultaneously.

WAXD and SAXS measurements were carried out at the X27C beamline in the
National Synchrotron Light Source (NSLS), Brookhaven National Laboratory (BNL).
The wavelength of the synchrotron radiation was 1.371 A. 2D SAXS/WAXD patterns
were collected by MAR CCD X-ray detector (MAR-USA), which had a resolution of
1024 times 1024 pixels (pixel size = 158.44 um). For SAXS measurements, the sample-
todetector distance was around 1900 mm, and the scattering angle was calibrated by
silver behenate (AgBe); for WAXD measurements, the sample-to-detector distance was
around 110 mm, and the diffraction angle was calibrated by aluminum oxide (Al,O3). All
X-ray images (SAXS and WAXD) were corrected for background scattering, air

scattering, and beam fluctuations.
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3.2.3 Experimental Procedure

To ensure that the OBC melts were free of any memory effects associated with the
prior thermal and mechanical history, all OBC samples were first heated to 165 °C
(substantially above the equilibrium melting temperature of polyethylene, T,,° ~ 145 °C)
and held for 5 minutes. The melts were then cooled to the chosen crystallization
temperatures at a 30 °C/min rate. Upon reaching the crystallization temperature, a SAXS
or WAXD pattern was collected before the application of shear. Time-resolved X-ray
images were subsequently taken upon the cessation of shear (shear rate = 45 s, shear
duration = 5 s). The data acquisition time was 15 s and the data storage time was 5 s for
each scattering pattern. For quiescent crystallization experiment, there was no application
of shear, but the rest of procedures were the same. The crystallization duration was

usually up to 30 minutes.

3.3 Results and Discussion

3.3.1 Molecular Structure of OBCs

According to the information in Table 3.1, we would like to discuss more on the
molecular structure of OBCs studied. OBCs consisted of two kinds of blocks. Both
blocks can be individually seemed as ethylene-octene random copolymer segment. The
one with quite small amount of octene comonomer, 0.4 mol%, was hard segment, and the
other one was soft segment with much higher octene comonomer. The density of each
segment was determined by this octene comonomer content which was controllable
during polymerization by changing the incorporation ability of two catalysts. The

densities of hard segments were the same for all OBCs, while soft segments densities
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varied from 0.857 to 0.871 g/cm’, as the octene content ranged from 16.6 to 11.2 mol%.
The number and length of blocks in one polymer chain can be determined by the ratio of
chain shuttling agent to ethylene in reactor. The more chain shuttling agents in the
reactor, the more frequent the transfers of growing polymer chain between catalysts. Thus
OBC-HS will have more but shorter blocks in each chain than OBC-LS. Schematic
diagrams of the chain structure of these segmented OBCs were illustrated in Figure 3.1.
The change of densities of hard or soft segments was indicated by a color scale with blue
meaning low density and red meaning high density. The length of each segment can be
roughly estimated from the information provided if the small differences in volume
fraction of each segment and molecular weight were neglected. The length of hard
segment in OBC-HS was in the order of 50 nm, while in OBC-LS it was about 100 to 150
nm. The length of soft segment was roughly three times of the hard segment. The length
of hard segment was longer than the regular thickness of polyethylene lamella, thus hard
segment should be able to fold back and forth to form lamellar crystal upon
crystallization without difficulty. However, due to the relatively low density of soft
segments, they might not be able to crystallize especially at high temperature slightly
below melt point or exhibit very poor crystallizability. According to the above
description, we can easily deduce that in the sequence of OBC-H, OBC-M, and OBC-L,
N was constant, but x was decreasing. For OBC-HS, N was the smallest one, but the y
was the same as in OBC-LS, larger than other three OBCs. The value of yN should be the
largest for OBC-LS, since it had the longest blocks and largest density difference.
However, even for OBC-LS the phase separation was not observed at temperature higher

than melting point.

3.3.2 Quiescent Crystallization Temperatures of OBCs
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Typical 2D SAXS and WAXD patterns of all OBCs were quite similar, thus we only
showed the patterns of OBC-H in Figure 3.2. On the right were the SAXS and WAXD
patterns obtained after 30-minute quiescent crystallization at 125 °C. The sample was still
completely amorphous without any indication of crystal structure in WAXD pattern. The
SAXS did not show any scattering. Because the scattering intensity in SAXS was from
electron density contrast, this indicated the polymer melt was homogenous without phase
separation between soft and hard segments, which implied the ¥N was still not large
enough to induce the phase separation in melt. However, if the melt crystallized
quiescently at temperature 1 °C lower, i.e.124 °C, OBC-H can crystallize well within the
30-minute experimental duration. The 2D WAXD pattern on the left showed two crystal
reflections which can be assigned to (110) and (200) peaks from orthorhombic
polyethylene crystal and a diffused halo from amorphous phase. The SAXS pattern was
somewhat different from regular polyethylene samples. There was no prominent and
clear first order scattering maximum from lamellar structure. The scattering intensity

decreased monotonically starting from the beam stop.

By carrying out quiescent and isothermal crystallization experiment of OBCs at
different temperatures, the starting quiescent crystallization temperatures of all OBCs can
be obtained, that was the temperature under which the polymer can crystallize within 30
min. The results were listed in Table 3.2. OBC-LS can crystallize at temperature as high
as 126 °C, while OBC-HS can only crystallize when temperature was cooled down to 122
°C. Other three OBCs had the same starting crystallization temperature at 124 °C. From
the above experimental observations, one can easily find the relationship between the
starting crystallization temperature with the chain shuttling agent content, that was low

chain shuttling leading to a high crystallization temperature.

3.3.3 Quiescent and Shear-induced Crystallization
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More selected 2D SAXS patterns of OBC-H during quiescent crystallization and
shear-induced crystallization at 124 °C and 120 °C were shown in Figure 3.3. All SAXS
patterns had the same feature as we mentioned above, that was monotonically decreased
intensity. The isotropic SAXS patterns indicated that quiescently crystallized samples
were isotropic without any preferred orientation in the large length scale, and the
orientation of the sheared sample was also too weak to show distinguishable anisotropic
scattering. Time-evolution of integrated linear SAXS profiles of OBC-H under quiescent
crystallization at 120 °C was shown in Figure 3.4 (A). It can be seen that there was a
shoulder along the strong and decreasing scattering curve. This implied that lamellar
crystals did form under experimental condition. To locate the scattering maximum,
Lorentz-correction, plot of Is® versus s, was carried out as shown in Figure 3.4(B). The s
value at the scattering maximum was 0.027 nm’ and its reciprocal value, 37 nm, was the
long period of the lamellar structure. The long period remained as a constant during the

crystallization.

2D WAXD patterns corresponding to the 2D SAXS in Figure 3.3 were shown in
Figure 3.5, and typical time-evolution of integrated linear WAXD profiles were shown in
Figure 3.6. The peak positions of two crystal reflections were consistent with
orthorhombic polyethylene crystals, indicating hard segments in melt can crystallize well
without the interruption of soft segments. The WAXD pattern after 10-minute quiescent
crystallization at 124 °C still showed only the amorphous halo, while the melt started to
crystallize even 1 min after shear (shear rate = 45 s, shear duration = 5 s). The shear-
induced crystallization at 120 °C gave the most intense crystal reflection peaks. The
stronger scattering intensity at low temperature or after the shear suggested that
application of shear can enhance the crystallization in both kinetic and dynamic aspects

with the similar effects of lowering temperature. The orientation of small length scale
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crystals was also very weak, as the (110) and (200) reflections was relatively isotropic
ring comparing with arch-like scattering peaks that can be found in neat polyethylene
melt. However, there did exist slightly orientation preference for OBCs crystallized under

shear.

3.3.4 Time-Evolution of Crystallinity Index

As shown in Figure 3.6, (110), (200) reflections and broad amorphous peak were
separated from each others, thus they can be deconvoluted by 1D peak fitting method.
The ratio of integrated area under crystal peaks to the total area was the crystallinity
index, which we termed as crystallinity later on. The development of crystallinity in all
OBCs during both quiescent and shear-induced crystallization was calculated and plotted
in Figure 3.7. The crystallization temperature chosen was the corresponding starting
quiescent crystallization temperature (Tqc) of each OBC, i.e. 126 °C for OBC-LS, 124 °C
for OBC-H, -M, -L, and 122 °C for OBC-HS. Besides, all OBCs were also crystallized
under the same temperature, 120 °C. The crystallization induction time was about 10 to
15 minutes at Ty without application of shear, before that no crystals were detected by
WAXD. Later, crystallinity started to increase slowly in a linear manner. Till the end of
crystallization duration, crystallinity was about 1 to 3 %, and can still increase further.
Upon the application of shear at T, crystallization process was changed in terms of two
aspects. First, the crystallization induction time was greatly shortened. Crystallization of
all OBCs occurred almost instantaneously after the cessation of shear. Second,
crystallization rate was accelerated and crystallinity was higher than quiescent
crystallization. For some OBCs, such as OBC-H, the growth rate was initially fast and
leveled off gradually later, which meant the shear-induced crystallization was almost
complete. While for others, such as OBC-LS, crystallinity increased exponentially

through the entire 30-minute duration indicating a relatively slow growth rate.
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Since both applying shear and decreasing temperature can speed up crystallization
process, we can compare the difference between these two effects. For OBC-LS and
OBC-HS, lower temperature that led to the similar crystallization behavior as shear-
induced crystallization at Ty in terms of the kinetics and dynamics was found to be 124
°C and 118 °C, respectively. The corresponding crystallization curves were also plotted in
Figure 3.7(A) and (E). The shear-induced crystallization showed a faster rate and higher
crystallization at the very beginning stage, but then it was exceeded by melt under
quiescent state at low temperature. Same phenomenon was found for OBC-H, -M, and -L
under shear-induced crystallization at 124 °C and quiescent crystallization at 120 °C. This
can be attributed to the two components of crystallization process, nucleation and growth.
Application of shear can induce the orientation of the polymer chains, aligned chain
segments can act as nucleation sites for the crystallization. So comparing the shear-
induced crystallization and quiescent crystallization, the nucleation density was higher in
the former one right after shear, thus the initial increase of crystallization was faster,
while the later diffusion-controlled growth of the crystals depended more on the
temperature. The growth rate was faster in quiescent melt at low temperature, leading to
the crossover of two crystallization curves. It was interesting to note that the effects of
shear on the OBC-LS at Ty were almost similar to a decrease of 2 °C in crystallization
temperature, while it was 4 °C in OBC-HS. And for other three OBCs, it was in an
intermediate region. This could be due to reason that at lower temperature, the relaxation
of polymer chains was more difficult to happen, thus the same shear rate and duration can
result in more effective orientated precursors or nucleation sites for the crystallization to

ocCcur.

3.3.5 Crystallization-induced Phase Separation
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The observed SAXS without pronounced scattering peak but having a decreased
intensity with only a scattering shoulder from lamellar structure was due to the
crystallization-induced phase separation in the OBCs. The homogenous melt before
crystallization can be proved from SAXS pattern, which did not have any scatterings
indicating no electron density fluctuation. Thus the hard segments and soft segments
were distributed evenly and entangled with each other homogenous and freely. Their
neighboring polymer chain segments had the same possibility to be soft and hard
segments. Under this kind of situation, it was difficult for hard segments to crystallize
due to the existence of nearby non-crystallizable soft segments. Thus the phase separation
had to occur to form the favorable environment for hard segments to crystallize. So the
surrounding soft segments were pushed away from hard segments, while hard segments
would aggregate together to form hard segment rich domains to prepare for the following
crystallization. The excluded soft segments could also possibly form a soft segment rich
sphere domain, which was in the order of around 10 nm. Since not all of the hard
segments can crystallize, there also existed continuous and major domains consisting of
homogenous hard and soft chain segments as in the melt. To summarize, there were three
phases in the current samples, lamellar crystals, soft segment rich domains, and
homogenous amorphous phase. These soft segment rich nano domains which were not
correlated to each other were the cause of intense SAXS scattering and hidden scattering
peak from lamellar structure. Our uniaxial deformation studies of OBC films indicated
that these soft segment nano domains were deformed under stress to elliptical shape and
later needle shape with a length of hundreds of nanometers and only several nanometers
in diameter, exhibited by strong equatorial scattering streaks. The scattering intensity was
mainly from the density contrast between soft segment rich domains and homogenous

amorphous phase.

3.3.6 Effects of N on Phase Separation
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For OBCs polymerized with different chain shuttling agent content, the crystallization
temperatures were different. OBC-LS with low chain shuttling can crystallize at 126 °C,
while OBC-HS with high chain shuttling can only crystallize at 122 °C, and other three
OBCs with intermediate shuttling crystallized at 124 °C. Whether it was the different in
the length of the hard segment or the phase separation that directly led to the different
crystallizability and crystallization temperatures need to be clarified. Considering the
length scale of hard segments in OBCs, as we calculated before, the hard segment in
OBC-LS was around 125 nm and the molecular weight of this hard segment was about
13,000 g/mol, while for hard segment in OBC-HS was around 50 nm with molecular
weight about 5,200 g/mol. Both segments exceeded the lamellar thickness of about 10
nm, suggesting they can fold back and forth without much problem. Thus the same
density of all hard segments should result in the same crystallization temperature. Then
the crystallization temperature difference must come from the ability in the induction of
phase separation. As we discussed above, the crystallization can only happen by forcing
the phase separation simultaneously, thus the occurrence of phase separation induced by
crystallization will determined the starting crystallization temperature. The same octene
comonomer content in hard segments gave rise to the same density, and also should be
the same crystallization ability. Then the key point relied on the segregation between hard
and soft segments. According to the conventional block copolymer theory the segregation
depends on ¥N, and obviously, for our samples, N was the dominant factor. In OBC-LS,
the largest N represented the easiest segregation between hard and soft segments, while
the smallest N in OBC-HS represented the most difficult segregation. As temperature
decreased, the hard and soft segments in the homogenous melt in OBC-LS were the first
to be able to segregate under the driven force of crystallization and form the phase rich
domains and thus crystallize. The starting quiescent crystallization temperature was a

good indication of the segregation tendency between hard and soft segments and to prove
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that the dominant factor determining the crystallization-induced phase separation is

segmental length N.

3.3.7 Effects of y on Phase Separation

Despite the dominant factor N, the influence of i in the crystallization-induced phase
separation can also be examined. OBC-H, OBC-M, and OBC-L had the same N as they
were produced with same chain shuttling agent content but different y as the octene
comonomer content in the soft segments was different. By comparing the evolution of
crystallinity of these OBCs in Figure 3.8(A), we can see that at the same quiescent
crystallization temperatures, 124 °C and 120 °C, OBC-H crystallized faster and to a
higher crystallinity of 3% and 9%, respectively, while OBC-L was the last one in both
kinetics and thermal dynamics. It was clear that high octene comonomer content in soft
segment in OBC-H resulted in a larger density difference between soft and hard segment
and thus a larger . So the segregation is stronger in OBC-H, and upon the crystallization
the phase separation would be easier and favor the crystallization. The experimental
observations proved that the y was a less dominant factor than N, or in other words, the
variation in the densities of soft segment from 0.859 to 0.871 g/cm’ was not large enough

to influence the crystallization of the hard segment effectively as variation in N.

3.3.8 Shear-induced Orientation

Comparing the crystallization of these three OBCs after the application shear, things
were slightly different. As shown in Figure 3.8(B), crystallinity index of OBC-H was still
higher than the other two, but those of OBC-M and OBC-L switched the position. We
believed that both the volume fraction of hard segments and the orientation of the

polymer chains after shear were responsible for the observations. OBC-H was the one
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having much larger fraction of hard segment, 24%, than OBC-M, 18%, and OBC-L,
19%. This meant that OBC-H contained one third more crystallizable hard segments, and
thus crystallinity was still the highest among the three. However, for the rest two OBCs,
which contained almost the same amount of hard segments, the effects of shear-induced
orientation were more pronounced. Even though we did not see clear arch-like scattering
peaks from oriented crystal chains in 2D WAXD patterns in Figure 3.5, there did exist
the orientation difference in OBC-M and OBC-L. In Figure 3.9 (A), 3D WAXD pattern
of OBC-L crystallized at 120 °C after shear showed a weak distribution of (110)
scattering along the azimuthal direction. Comparison was made between OBC-M and
OBC-L in Figure 3.9 (B) and (C). As can be seen, at lower temperature of 120 °C, the
orientation of polymer chains was higher indicated by a narrower spread of (110)
scattering in Figure 3.9 (B) than (C), which was related to the slow relaxation of polymer
chains at low temperature. Besides, the OBC-L was oriented to a higher extent than
OBC-M at both temperatures. Higher orientation led to more nucleation sites and thus an
enhanced crystallization for OBC-L. This shear-induced orientation was the reason why
OBC-L behaved different with OBC-M under different experimental conditions. The
reason of this different orientation obtained in two samples under the same shear rate and
duration should be also due to the phase separation. Empirically from our studies in
shear-induced crystallization of polyolefins, we found polymer chains in OBCs can
hardly orient after shear comparing to polyethylene, polypropylene, and random
ethylene-a-olefin copolymers. It must be because of the crystallization-induced phase
separation in OBCs, chain segments will try to coil together to reduced exclusion
between different phase domains rather than freely extended chains in non-block
polyolefins, thus the phase separation inhibited the chains to orient in OBC melts. Thus
the more severe segregation in OBC-M resulted in lower degree of orientation than OBC-
L, and the shear-induced orientation of the chains in melt was more effective in OBC-L

to obtain a higher orientation and then favored the crystallization process.
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3.4 Conclusions

Quiescent and shear-induced crystallization of different OBCs revealed the
relationships between structure and crystallization behavior of polymers. The OBCs
consisted of hard and soft ethylene-octene random copolymer segments can vary in the
segmental length and soft segment density which represented the different N and y
affecting the segregation between two segments. The polymer melts were homogenous
before crystallization proved by SAXS, but the nearby soft segments had to be excluded
away from hard segment upon crystallization, which induced microphase separation with
non-correlated soft segment rich sphere domains in the length scale of 10 nm. The hard
segments thus aggregated and crystallized into orthorhombic polyethylene lamellar
crystals. Quiescent crystallization indicated that N was more dominant as OBC with
longer segments can crystallize at a higher temperature due to the easy occurrence of
phase separation driven by crystallization, while y was not larger enough to cause any
difference in starting quiescent crystallization temperature, but it still can influence the
crystallization of OBCs having the same value of N at the same crystallization
temperature. Application of shear accelerated the crystallization through the alignment of
polymer chains even though the degree of orientation was relatively low due to the

crystallization-induced phase separation.
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List of Tables

Table 3.1. Characteristics of OBCs.

C8H15 in Soft Hard
wt% M,,
CSA Soft Segment | Segment MWD
) ) hard | (kg/mol)

(mol%) | Density | Density
OBC-LS | 04 16.6 0.857 0.932 21 124 3.1
OBC-H | 0.6 16.0 0.859 0.933 24 145 2.6
OBC-M | 0.6 13.4 0.865 0.933 18 133 2.6
OBC-L 0.6 11.2 0.871 0.933 19 129 2.8
OBC-HS | 1.3 16.6 0.857 0.932 22 118 2.2

CSA: Chain Shuttling Agent content ([Zn]/[C,H4]*1000) during the polymerization

process.
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Table 3.2. Quiescent crystallization temperatures of OBCs observed by WAXD within

30-minute experimental duration.

OBC-LS OBC-H OBC-M OBC-L OBC-HS
Ty (°C) 126 124 124 124 122
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List of Figures

Figure 3.1. Schematic diagrams of the chain structure of OBCs.
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Figure 3.2. 2D SAXS (top) and WAXD (bottom) patterns of OBC-H quiescently
crystallized for 30 minutes at 124 °C (left) and 125 °C (right).
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Figure 3.3. Selected 2D SAXS patterns of OBC-H during crystallization at 124 °C and

120 °C with or withour shear.
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Figure 3.4. Evolution of linear SAXS profiles (A) of OBC-H quiescently crystallized at

120 °C and corresponding Lorentz-corrected plot (B).
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Figure 3.5. Selected 2D WAXD patterns of OBC-H during crystallization at 124 °C and

120 °C with or withour shear.
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Figure 3.6. Evolution of linear WAXD profiles of OBC-H quiescently crystallized at 120
°C.

280
240
/;.\ 2001 Time (min)
é 160- 38
2 13
2 120 7
2 ol 3
= 80
— i 2
40 1
i 0
O T T T T T T T T T T
5 10 15 20 25 30

2theta (°)

106



Figure 3.7. Evolution of crystallinity of OBC-LS (A), OBC-H (B), OBC-M (C), OBC-L
(D), and OBC-HS (E) under different experimental conditions.
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Figure 3.8. Comparison of crystallinity development among OBC-H, OBC-M, and OBC-
L during quiescent (A) and shear-induced (B) crystallization at 120 °C and 124 °C.

10 5
| quiescent 120C
OBC-H
~ 8} Q
X
< : OBC-M
2 6r A OBC-L
£
= 4T 124°C
E" i OBC-H
O 2T OBC-M
. OBC-L
O_ 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1
0 5 10 15 20 25 30 35
time (min)
(A)
10
120°C OBC-H__
~ 8t
2o
£t
= 4
+~
w2
>l
O
0_ 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1
0 5 10 15 20 25 30 35
time (min)
(B)

110



Figure 3.9. 3D WAXD pattern (A) of OBC-L crystallized for 10 minutes at 120 °C after
shear. Comparison of azimuthal intensity distribution of (110) reflection of OBC-M and

OBC-L crystallized 10 minutes at 120 °C (B) and 124 °C (C) after shear.
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Chapter 4. Studies on the Uniaxial Deformation of Olefin Block and Random

Copolymers

4.1 Introduction

In the polymerization processes of olefin random copolymers, the content of
comonomer, such as propene and octene etc., directly determines the properties of the
finial products. The more the comonomer content, the better the elastomeric property of
the random copolymer. However, the melting temperature drops with the increase of
comonomer content, which limits the application at high temperature. Novel olefin block
copolymer was produced using a new chain shuttling technology developed by The Dow
Chemical Company.'” The chain shuttling technology involves two catalysts, which are
good and poor incorporates, and one chain shuttling agent, which reversibly transfers the
growing chains between two catalysts. The produced OBC consists of alternating hard
segment of high or medium density and soft segment of low density. The hard segment
containing low comonomer content has a high melting point, while the soft segment
containing high comonomer content has a low glass transition temperature. So the most
advantage of OBC is that it combines both properties of soft and hard segments together
and can exhibit excellent elastomeric property at high temperature up to 120 °C, which is
far higher than the normal melting point of olefin random copolymer around 70 °C.
Besides, there are more the controllable parameters during the production of OBC than in
random copolymer, such as block length, block distribution, number of blocks, and
comonomer contents in the hard and soft segments, which makes the various tailors of

OBC possible and more efficient and thus achieves desired properties easily according to
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the customer’s specific needs. In addition, OBC exhibits better recovery, abrasion
resistance, and compression set than random copolymer, which proves that OBC is

potentially promising for many applications.

The structure and mechanical properties of olefin random copolymers, especially
ethylene-octene random copolymers, had been studied extensively before.*!" To
understand the relationships between chain architecture, structure, morphology and
properties in OBCs and their difference with random copolymers will be benefit for
improving the design of OBC and thus produce more desirable products for different
uses. With this goal, current study investigated the structure and morphology changes of
ethylene-octene block and random copolymers during the uniaxial deformation at room
temperature and high temperature using in-situ synchrotron X-ray. By comparing the
evolution of two dimension (2D) wide-angle X-ray diffraction (WAXD) and small-angle
X-ray scattering (SAXS), we clarified the difference in structure and morphology
changes between two samples and proposed probable reasons arising from the chain

architecture.

4.2 Experimental

4.2.1 Materials

In this study, we had two samples provided by The Dow Chemical Company. One
was OBC from ethylene and octene, and the other one was ethylene octene random
copolymer, Affinity KC8852. The information about overall density, weight averaged
molecular weight, and the molecular weight distribution was shown in Table 4.1. Both
OBC and Affinity had similar molecular characteristics. However, OBC contained 79

wt% of hard segment with density of 0.932 g/cm’ and 21 wt% of soft segment with
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density of 0.857 g/cm’. Thus, in terms of the density, only hard segment in the OBC can
crystallize, while soft segment almost can not crystallize. The lower density of
homogeneous random copolymer Affinity, 0.875 g/cm’, indicated the poor
crystallizability comparing to the hard segment in OBC. The isotropic films of both
samples were obtained by melting-compression at 165 °C in a dumbbell shape mold, and
then quenched to the room temperature. The dumbbell shape sample was 35 mm long, 6

mm wide and 1 mm thick.

4.2.2 Instrumentation

In-situ WAXD and SAXS studies were carried out at the X27C beam line in the
National Synchrotron Light Source (NSLS), Brookhaven National Laboratory (BNL).
The wavelength of the synchrotron radiation was 1.371 A. A three-pinhole collimation
system was used to reduce the beam size to 0.6 mm in diameter. 2D WAXD and SAXS
patterns were collected by a MAR CCD X-ray detector (MAR-USA), which had a
resolution of 1024x1024 pixels (pixel size = 158.44 um). The typical image acquisition
time was 20 s for each data frame. The sample-to-detector distance was around 1900 mm
for SAXS (calibrated by a silver behenate (AgBe) standard), and the sample-to-detector
distance was around 110 mm for WAXD (calibrated by an aluminum oxide (Al,O3)
standard). All X-ray images were corrected for background scattering, air scattering and

beam fluctuations.

Uniaxial tensile deformation was performed with a modified Instron 4442 tensile
apparatus, which could stretch the film symmetrically. The symmetric stretching
guaranteed that the focused X-ray beam could illuminate the same sample position during
deformation. The original length of the sample between the Instron clamps was 15 mm. A

constant deformation rate, 4.5 mm/min (30 %/min), was applied to the specimen
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throughout the deformation study. The deformation experiments were carried out at room
temperature and 60 °C. The stress and strain mentioned through the article were all
engineering stress and engineering strain measured directly between clamps. The heating
chamber for this Instron apparatus is about 200 mm in length, which means that the

highest attainable engineering strain was only about 13.

4.3 Results and Discussion

4.3.1 Stress-Strain Curves

Figure 4.1 showed the engineering stress-strain curves of OBC and Affinity during
the uniaxial deformation at room temperature and 60 °C. The mechanical data were
summarized in Table 4.2. Both Affinity and OBC showed similar stress-strain curves
with typical characteristics of elastomers, i.e. non-distinct yielding point upon
deformation, steady increase of stress in the early stage, and strain hardening at late stage
of deformation. The difference was that Affinity exhibited higher strength than OBC
during the deformation at room temperature, but it became lower at 60 °C, which was
closed to the melting point of the Affinity. Besides, the fracture strain of OBC was
similar with Affinity at room temperature but quite different at 60 °C, which was because
of the easy disentanglement of the entanglement points due to the increasing mobility of
amorphous chains and the less effective tie chains in OBC due to the segmented chain

architecture.

4.3.2 Formation of Monoclinic Crystals

The 2D SAXS and WAXD patterns of OBC at selected strains during the uniaxial

deformation at room temperature were shown in Figure 4.2. Before deformation, we can
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observe a broad peak from amorphous in the WAXD. Other two reflections from inner to
outer can be assigned to (110) and (200) from orthorhombic polyethylene crystal,
respectively. All reflections were initially isotropic, indicating both amorphous and
crystals were unoriented. Upon deformation, reflections became arc-like along the
azimuthal direction suggesting a better orientation, in other words more crystals were
aligned with preferred orientation. The crystal reflections changed from four-arc at off-
axis to two-arc at equatorial upon further deformation, which meant that the crystal has a
b-axis orientation first and later c-axis orientation.'> As the strain further increased,
azimuthal spread of all reflections became narrow since the orientation was higher. At the
middle and late stage of the deformation, two highly oriented but broad point reflections
at scattering angle slightly lower than that of (110) and slightly higher than that of
amorphous were seen at the equator. As shown in Figure 4.3, the new reflection was
clearly distinct from (110) reflection (colored in fresh red) and amorphous halo (colored
in light blue and green). This new reflection can be attributed to the (010) from
monoclinic polyethylene crystal, which was formed during the deformation. Monoclinic
crystal is one of the three crystal forms of polyethylene, while the other two are
orthorhombic and hexagonal. The orthorhombic is the most common and stable one,
hexagonal is usually occurred in the defected crystal, such as random copolymer with
high octene content, while the monoclinic phase is usually formed under the condition of
tension or compression. The lattice structure of orthorhombic and monoclinic crystal was
illustrated in Figure 4.4. Several mechanisms of the transformation from orthorhombic to
monoclinic were proposed, such as slipping and twinning.”'19 Besides, the calculated
WAXD pattern for a mixture of orthorhombic and monoclinic crystals without
amorphous halo was shown in Figure 4.5(A), with proper orientation of the crystals to
satisfy the intensity distribution of all reflections. This was very consistent with the
experimental pattern (Figure 4.5(B)), which also confirmed that orthorhombic crystals

formed during the uniaxial deformation.
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4.3.3 Morphology during Deformation

2D SAXS pattern (in Figure 4.2) from undeformed OBC exhibited a different feature
compared with common pattern of semi-crystalline polyethylene. In regular semi-
crystalline polyethylene there was a first order scattering peak from layered lamellar
structure due to the folded chain crystals with long period in the order of tens of
nanometer. However, in OBC, the scattering intensity decreased with scattering vector.
This feature can be due to the microphase separation in OBC induced by melt
crystallization. The soft segment and hard segment are different in chain architecture and
density, even though the difference is small and both segments are miscible at
temperature high enough, but once when the melt was cooled down close to melting
temperature, most crystallizable hard segments tend to aggregate together for effective
crystallization and the non-crystallizable soft segments are push away and some portion
of them can aggregate with each others. The soft segment rich domains are small, around
a couple of tens nanometers, and they are not correlated to each other, leading to the
diffused scattering. However, the lamellar crystals do exist in the samples. After the
Lorentz-correction, a scattering peak can be seen (Figure 4.8B), which comes from the
first order scattering of the lamellar stacks in the OBC samples. As the strain increased,
the nanoscale domains of soft segments were stretched into needle-shape and aligned
along the drawing direction with about hundreds of nm in length and several nm in width,
thus the scattering intensity moved toward to the equator and led to the equatorial streak.
While the lamellar stacks were stretched perpendicular to the drawing direction, and the
scattering intensity concentrated to the meridional direction. When the orientation was

very high, two scatterings were separated in the 2D SAXS patterns.

4.3.4 Comparison between OBC and Affinity
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The selected 2D WAXD and SAXS patterns of random copolymer Affinity during the
uniaxial deformation under the same condition were shown in Figure 4.6. It can be seen
that the crystallizability of random copolymer was weaker than OBC. We only observed
the (110) reflection, while (200) reflection was too weak to be seen. The crystal size was
thinner and smaller, leading to the broad distribution of the reflection. The integrated
WAXD profiles were shown in Figure 4.7(A). The peak positions of (110) and (200)
reflections were the same in both Affinity and OBC consistent with orthorhombic
polyethylene crystal. However, the peak positions of broad amorphous peaks were
different. The peak shifted to the high angle in Affinity, getting closer to the hexagonal
(100) reflection, which indicated that some crystals in hexagonal form might exist. At
high strain, the orientation was developed to a high degree and the azimuthal spread of
the reflections became much narrow. 2D SAXD image showed a typical lamellar
scattering pattern comparing to OBC (see Figure 4.7(B)). A diffused isotropic ring before
deformation indicated unoriented lamellar stacks, and they were oriented perpendicular to
the stretching direction upon deformation showing two bar scattering at the meridian. No

equatorial streak was observed throughout the entire deformation process.

The integrated linear WAXD profiles of OBC at different strains during the
deformation were shown in Figure 4.8. As strain increased, the height of (110) peak and
(200) peak in relative to the amorphous peak decreased. The amorphous peak became
broad and shifted to high angle, due to overlapping with the (010) reflection from
monoclinic crystal, which was newly formed during the deformation. When the strain
was large than 9, it was hard to separate the (110) and (200) peaks from this broad
reflection, which meant the fraction of orthorhombic phase can no longer be calculated
using 1D peak fitting method. At an even higher strain, only one broad peak was

observed, which should be mainly from monoclinic crystal mixed with some amorphous
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and orthorhombic crystal. The Lorentz-corrected scattering intensity profile along
meridian of SAXS was shown in Figure 4.8(B). The s value at the scattering maximum
after Lorentz-correction was used to determine the long period between the adjacent
lamellar layers. The shifting of the peaks to the right revealed that the long period was
decreasing during the deformation along the meridional direction, which implied that
those loosely packed and unstable lamellar structure was disintegrated. The selected
linear WAXD and SAXS profiles of Affinity during deformation at room temperature
were also shown in Figure 4.9. Similar with OBC, new monoclinic crystal can be induced
in addition to the original orthorhombic and hexagonal ones. The reflection from
monoclinic (010) plane became much more intense, resulting in a single broad peak with
the maximum in between amorphous and orthorhombic (110) peak. However, the peak
position of meridional scattering maximum of SAXS did not change dramatically as in
OBC. The calculated long periods of OBC and Affinity along meridional direction were
plotted in Figure 4.10. The long period of OBC was decreasing dramatically, while for
Affinity it even increased at the early stage of deformation and then decreased slightly
and later reached a plateau value. This indicated that the fragmentation of lamellar

crystals was more severe in OBC.

4.3.5 Deformation at 60 °C

The uniaxial deformation was also carried out at a higher temperature, 60 °C. The
evolution of the 2D WAXD and SAXS patterns was similar to the room temperature, but
at a slow rate, because the high temperature resulted in a slow alignment of the polymer
chains. The last 2D WAXD and SAXS patterns collected right before failure were shown
in Figure 4.11. Upon fracture, OBC reached a very low orientation comparing to the
deformation at room temperature, and there should be only slightly monoclinic crystals

formed according to the weak (010) reflection. The final orientation in Affinity was
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better, one of the reasons if that the fracture strain was obviously higher. Besides, in 2D
WAXD pattern of Affinity, the strong point reflections at equator were separated from
amorphous halo, and thus it should be only from orthorhombic crystal not monoclinic
crystal. Comparisons between integrated WAXD profiles of Affinity obtained at room
temperature and 60 °C were made in Figure 4.12. Before deformation, the peak positions
of the first broad reflections at different temperatures were not the same in different
temperatures. As we discussed, due to the existence of hexagonal crystals at room
temperature, amorphous peak shifted to the high angle after superposing with hexagonal
(100) reflection, but it shifted back to the position exactly the same as that of OBC when
heated up to 60 °C. This suggested that the hexagonal phase was disappeared because of
the perfection of polyethylene crystals in random copolymer due to recrystallization at
high temperature. After stretched to a strain of 8 at room temperature, the peak position
relocated to where the monoclinic (010) peak was, but at 60 °C we did not observe any
change of the peak position. Thus it meant the monoclinic crystal was not able to be
induced during deformation at 60 °C, in other words, monoclinic crystal was not stable at
high temperature and probably due to the low stress on the sample during the

deformation.

4.3.6 Structure Analysis during Deformation

The fractions of orthorhombic crystal in OBC and Affinity during the uniaxial
deformation were calculated using 1D peak fitting method. Assuming that stretched
sample had a cylindrical rotational symmetry, a 2D pattern could contain the complete
information to describe the intensity distribution in reciprocal space, and integrating over
such 2D sections through 3D reciprocal space would produce the fractions of each phase.
Since the amorphous reflection was superimposed with monoclinic (010) reflection and

can not be deconvoluted by 1D peak fitting, we can only obtain the area of orthorhombic
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(110) and (200) reflections which were intense and easily separated from the broad
reflection at the early stage of deformation. Thus we can obtain the fraction index of
orthorhombic phase according to the area percentage of orthorhombic (110) and (200)
reflections. Results were plotted in Figure 4.13. At room temperature, the fraction of
orthorhombic crystal decreased from about 17% to 10% in OBC as strain increases to 8.
Beyond this strain, the peaks of orthorhombic reflections can not be separated from other
peaks and thus we can not calculate its fraction in the sample. The fraction of
orthorhombic phase was lower in Affinity due to the disruption of octene comonomer
during the crystallization. Besides, the formation of monoclinic phase in Affinity was
faster upon deformation, resulting in the single broad peak from all reflections and the
fraction of orthorhombic phase can not calculated when strain was greater than 1. At high
temperature, a slower decreasing of the orthorhombic crystal in OBC was observed, and
recrystallization even took place at 60 °C in Affinity leading to a slightly increasing of
the fraction at the beginning. This was consistent with the finding that monoclinic phase

was not stable at high temperature compared with orthorhombic phase.

The full width at half maximum (FWHM) of orthorhombic (110) reflection was
shown in Figure 4.14. According to the Scherrer equation, the crystal size is inversely
proportional to the FWHM, but during the uniaxial deformation the micro-strain and
distortion of the second kind may also affect the FWHM as well. However, given that the
experimental conditions were the same for both samples, the comparison of FWHM
should also tell the changes and differences of the crystal size between samples during
the deformation. The smaller crystals were found in Affinity, and it should be attributed
to the poor crystallizability due to the disruption of the octene comonomer. The FWHM
increased upon deformation which meant the crystal size decreased, and this was because
lamellar crystals were fragmented due to the chain pulling-out mechanism. The

decreasing rate of crystal size was higher at room temperature indicating that the
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fragmentation took place easily at room temperature, consistent with our previous results
in the deformation of iPP, which can all be explained from the relative strength of the

entangled amorphous network at different temperatures.*

The degree of orientation of the amorphous and crystal phase was calculated based on
Hermans’ orientation function:'

3<cos2 ¢> -1
2

where ¢ is the angle between the chain axis and the reference axis (stretching direction).

<cos2 ¢> is defined as:

<cos2 ¢> _ J;)%I((’})COS2 ¢sin ¢gd
IO%I(¢)sin ¢

where [ (¢) is the scattered intensity along the angle @ . Since there is no plane of

symmetry perpendicular to the chain axis, the ¢ axis orientation can not be measured
directly due to the absence of (00OL) plane, but we can still obtain that indirectly from the
(110) and (200) reflections using

<c0s2 ¢5> =1 —1.435<cos2 ¢”0>— 0.565<cos2 ¢200>

Regarding amorphous phase, the orientation we calculated is actually that of the normal
vector of the amorphous chains, so the f value is multiplied by a factor of -2 to convert
that into the value representing the degree of orientation along the stretching direction.
Besides, in calculating the orientation of amorphous phase, the azimuthal scan was
chosen along a lower s value at 2.04 nm™ than the amorphous peak at 2.13 nm™ in order
to reducing the contribution from (010) reflection. The value of orientation factor is

between -0.5 to 1. When f = 1, it means all polymer chains align to the stretching
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direction perfectly, while f = -0.5 means chains are all perpendicular to the stretching

direction, and f = 0 indicates random orientation of the chains.

The calculated Hermans’ orientation factors of crystal and amorphous as a function
of strain were shown in Figure 4.15 (A) and (B), respectively. The orientation of both
amorphous crystal phases increased asymptotically toward the value of one upon
deformation, representing the better alignment of polymer chains along the stretching
direction. The orientation of crystal phase was higher than the amorphous phase which
could be due to the easy relaxation of the amorphous chains. It was interesting to find that
the degree of orientation of both phases in Affinity was always higher than those in the
OBC. Since most of the molecular characteristics in OBC and Affinity were similar, the
orientation difference should be due to the chain architecture difference in OBC and
Affinity. As shown in Figure 4.16 (homogenous entangled amorphous phase was
neglected except for Affinity melt), Affinity was ethylene-octene random copolymer;
polymer chains in Affinity were all homogeneous, so there was no problem about the
miscibility among polymer chains. While for OBC, in which polymer chains consisted of
soft and hard segments in an alternating order, upon the crystallization, phase separation
took place, because hard segments tended to aggregate together to form a domain to
crystallize later on, while soft segments were pushed out from this region. Since the
segregation was very week, it can not form well defined spherical, cylindrical, or lamellar
structure like in conventional block copolymers. The phase separated domains were in
nano scale as shown in Figure 4.16 (hard segments were in red and soft segments were in
blue), and also the extent of separation can not be thorough through out the entire
polymer melt. Since the soft segment rich domain was small and contained only chain
segments from a few neighboring chains comparing to Affinity, in which chains were
homogeneously distributed and can entangle with many other chains and participate in

many lamellar crystals if this characteristic segmental length was shorter than the hard
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segments in OBC. Thus the entanglement density was reduced for OBC with segmented
chain architecture due to crystallization-induced phase separation. Besides, the number of
tie chains in OBC should be less than Affinity, since this OBC contained only quite a few
segments each chain. Thus a more effective network in Affinity was obtained and can
result in a better degree of orientation upon uniaxial deformation. The soft segment rich
phase deformed into needle-like domains and contributed to the equatorial streak

observed.

4.4 Conclusions

Affinity and OBC (ethylene-octene random and block copolymers, respectively) with
similar overall density were uniaxially deformed at room temperature and 60 °C.
Engineering stress-strain curves and 2D SAXS and WAXD patterns were collected
simultaneously using in-situ synchrotron X-ray. OBC showed a better crystallizability
than Affinity, which indicated that hard segment in OBC can crystallize very well. The
crystals were in orthorhombic form in OBC, but there were also some hexagonal crystals
coexisting with orthorhombic crystals in Affinity. Upon deformation, the fraction of
orthorhombic phase decreased in both samples, more monoclinic crystals were induced
easily and became dominant phase during the deformation at room temperature.
However, monoclinic crystal was unstable at high temperature, at 60 °C the monoclinic
crystal was difficult to form during deformation. The Hermans’ orientation factors of
amorphous and crystal phases were calculated. Better orientation in Affinity was due to
the difference in the chain architecture. Crystallization-induced microphase separation
occurred in OBC between soft and hard segments due to the density difference, which led
to a lower entanglement density and less tie chains in OBC compared with random
copolymer. The strong network in Affinity resulted in a better orientation upon

deformation.
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List of Tables

Table 4.1. Density, composition, and molecular weight information of OBC and Affinity.

Overall Soft Hard M
density | wt% soft segment | segment " M,,/M;
3 ) ] (kg/mol)

(g/em?) density density

OBC 0.875 79 0.857 0.932 124 3.05
Affinity Ethylene-Octene
0.875 79 2.47
(KC8852) Random Copolymer
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Table 4.2. Mechanical properties of OBC and Affinity at room temperature and 60 °C.

yield fracture

stress(MPa) | stress (MPa)

fracture strain

RT 60°C |RT |60°C |RT 60 °C

OBC 13.0 |44 1.3 10.8 5.8 1.2

Affinity | 12.5 |83 1.4 ]0.6 7.6 1.1
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List of Figures

Figure 4.1. Engineering stress-strain curves of OBC and Affinity at room temperature

and 60 °C.
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Figure 4.2. Selected 2D WAXD and SAXS patterns of OBC during uniaxial deformation

at room temperature.
13

Strain: 0 2
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Figure 4.3. 3D WAXD pattern of equatorial region of OBC at strain = 4 at room

temperature.
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Figure 4.4. 3D structure of orthorhombic (A) and monoclinic (B) crystals.
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Figure 4.5. (A) Calculated scattering of orthorhombic and monoclinic crystals without
amorphous halo. (B) Experimental scattering pattern of OBC containing amorphous,

orthorhombic and monoclinic crystals.
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Figure 4.6. Selected 2D WAXD and SAXS patterns of Affinity during uniaxial

deformation at room temperature.
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Figure 4.7. Integrated WAXD (A) and SAXS (B) profiles of OBC and Affinity at room

temperature before deformation.
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Figure 4.8. (A) Selected integrated WAXD profiles of OBC during deformation. (B)

Selected Lorentz-corrected integrated SAXS profiles along meridian of OBC during

deformation.
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Figure 4.9. (A) Selected integrated WAXD profiles of Affinity during deformation. (B)

Selected integrated SAXS profiles along meridian of Affinity during deformation.
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Figure 4.10. Change of meridional long period during deformation at room temperature.
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Figure 4.11. 2D SAXS and WAXD patterns of OBC (A) and Affinity (B) right before
fracture during deformation at 60 °C. (Strain = 4.4, and 8.3 for OBC and Affinity,

respectively.)
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Figure 4.12. Comparison of integrated WAXD profiles of Affinity at different

temperatures and strains.
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Figure 4.13. Development of fractions of orthorhombic crystals in OBC and Affinity

during deformation.
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Figure 4.14. Change of FWHM during deformation.

1.0
09
o 0.8Ff
% L
— 0.7F
2 L
0.6
§ I —u— OBC-RT
7. 0.5¢ —o— OBC-60°C
04l —A— Affinity-RT
7 —A— Affinity-60°C
03 1 L 1 L 1 L 1 L 1 L

0 2 4 6 8 10

Strain

143



Figure 4.15. Hermans’ orientation factors of crystal (A) and amorphous (B) phases as a

function of strain.
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Figure 4.16. Shematic diagrams of OBC (left) and Affinity (right) in the phase separated
pre-crystallization stage (top), after crystallization (mid), and after deformation (bottom).

Homogenous entangled amorphous phase was not shown except in melted Affinity.
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Chapter 5. Effects of Chain Shuttling Agent on the Uniaxial Deformation of Olefin

Block Copolymers

5.1 Introduction

Thermoplastic elastomers are the substitutes of nature rubbers that people have been
looking for during the past decades of years. They do not only exhibit the desirable
elasticity of nature rubbers, but they can also be easily manufactured by simply melting
and then processing via extrusion or injection molding.1 The most common thermoplastic
elastomers include some block copolymers, such as styrenics” and polyurethanes,™
thermoplastic elastomer blends or alloys,” and polyolefin elastomers and plastomers.6
Recently, one novel thermoplastic elastomer, olefin block copolymer, made from
ethylene and a-olefin was produced by The Dow Chemical Company through chain
shuttling ‘[echnology.7'9 The new OBC can provide much better performance than

polyolefin elastomers and plastomers and competitive performance but at much low cost

compared to styrenics, thermoplastic vulcanizates and so on.

As named block copolymer, polymer chains in OBCs also consisted of alternating
hard and soft segments.' The hard segment containing low comonomer content has a
medium or high density and a high melting temperature, while soft segment containing
high comonomer content has a low density and a low glass transition temperature. The
hard segments in OBCs can crystallize at room temperature and provide reversible
physical crosslinks and filler-like reinforcement. Once heated up, crystals melt and OBCs

can be thermally processed, thus fulfill the basic requirements of a thermoplastic
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elastomer. Due to the procedures in producing OBCs, there are many controllable
structure factors of OBCs that could be critical in affecting the property of the final
products, such as the distribution of block length and number of blocks per chain, ratio of
hard and soft segments, and comonomer content in the hard and soft segments,’ thus the
understanding of the relationships between chain architecture, structure, morphology and
properties in OBCs deserves extensive studies in order to improve the design of OBCs
and make the various tailors of OBCs possible and more efficient, and finally achieve the

desirable properties according to the customer’s specific needs.

Chain shuttling technology is one of the most special and interesting part during the
production of OBCs. The formation of linear segmented polymer chain of OBCs in one
polymerization reactor was accomplished by employing two distinct catalysts with
different comonomer selectivities and one chain shuttling agent to transfer the growing
chain between two kinds of catalysts reversibly to extend the polymer chains with a
different segment. In this article, we will focus on the effects of chain shuttling agent
content in polymerization processes on the property and structure development of OBCs
during the tensile deformation. Since the content of chain shuttling agent determines the
frequency of transfers of polymer chain between catalysts, thus if there are more chain
shuttling agents, the polymer chain was transferred more frequently, and the time for the
segment to grow up on one catalyst is shorter, which meant the segmental length
produced is shorter in this case. So the influence of the chain shuttling agent content was

then related to effects of length of hard and soft segments in the OBCs.

The impacts of segment on the structure, morphology, and mechanical properties of
styrenics, polyurethanes, or other block copolymers have been studied before. The effects
of variables in soft segment length,'®'* hard segment length,'>'” and content of each

19-21

segment on the morphology and property of polyurethane were investigated, and it
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was believed that the phase separation which increases with segment length or the
difference in segment content is the primary reason causes the other consequences, such
as modulus, hysteresis, crystallinity, temperature dependence, fracture stress and strain.
In present study, the chosen two olefin block copolymers had similar molecular weight
and molecular weight distribution and the same fraction of different segments which were
the same in density, which also meant the same content of comonomer. The only
difference was the content of the chain shuttling agent used in polymerization thus the
different length of segments. Instron tensile machine combined with in-situ synchrotron
X-ray was used to test the mechanical property and detect the structure development of
OBCs during the uniaxial deformation at different temperatures. 2D wide-angle X-ray
diffraction (WAXD) and small-angle X-ray scattering (SAXS) data were collected and
analyzed. One structure model was proposed to explain the structure-property
relationship in terms of the different blocky architecture resulting from the content of

chain shuttling agent.

5.2 Experimental

5.2.1 Materials

In this study, we had two ethylene-octene block copolymers provided by The Dow
Chemical Company. One was OBC-LS produced with low chain shuttling agent content,
and the other one was OBC-HS produced with high chain shuttling agent content. The
information about the density, segments, chain shuttling agent content, molecular weight,
and molecular weight distribution was shown in Table 5.1. Both OBCs had the same
segment component, about 80% of soft segment with a density of 0.857 g/cm’ and rest

3

hard segment with density of 0.932 g/cm’. The overall density, weight averaged

molecular weight and molecular weight distributions were also similar to each other.
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However, OBC-LS was produced with a content of 0.4 chain shuttling agent per 1000
ethylene, while for OBC-HS the content increased to 1.3. Thus, as we discussed in the
introduction section, the polymer chain in OBC-LS should contain less segments than
OBC-HS, and both soft and hard segments in OBC-LS were longer than those in OBC-
HS. In terms of the density of each segment, only hard segment in the OBCs can
crystallize, while soft segment can not. The isotropic films of the samples were obtained
by melting-compression at 165 °C in a dumbbell shape mold, and then quenched to the
room temperature. The dumbbell shape sample was 35 mm long, 6 mm wide and 1 mm

thick.

5.2.2 Instrumentation

In-situ WAXD and SAXS studies were carried out at the X27C beam line in the
National Synchrotron Light Source (NSLS), Brookhaven National Laboratory (BNL).
The wavelength of the synchrotron radiation was 1.371 A. A three-pinhole collimation
system was used to reduce the beam size to 0.6 mm in diameter. 2D WAXD and SAXS
patterns were collected by a MAR CCD X-ray detector (MAR-USA), which had a
resolution of 1024x1024 pixels (pixel size = 158.44 um). The typical image acquisition
time was 20 s for each data frame. The sample-to-detector distance was around 1900 mm
for SAXS (calibrated by a silver behenate (AgBe) standard), and the sample-to-detector
distance was around 110 mm for WAXD (calibrated by an aluminum oxide (Al,O3)
standard). All X-ray images were corrected for background scattering, air scattering and

beam fluctuations.

Uniaxial tensile deformation was performed with a modified Instron 4442 tensile
apparatus, which could stretch the film symmetrically. The symmetric stretching

guaranteed that the focused X-ray beam could illuminate the same sample position during
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deformation. The original length of the sample between the Instron clamps was 15 mm. A
constant deformation rate, 4.5 mm/min (30 %/min), was applied to the specimen
throughout the deformation study. The deformation experiments were carried out at room
temperature and 60 °C. The stress and strain mentioned through the article were all
engineering stress and engineering strain measured directly between clamps. Step-cycle
mechanical tests were also carried out for both samples at room temperature. In these
tests, the films were stretched at 15 mm/min (100 %/min) to a certain strain and then
brought back to zero stress at the same speed, and the sample was stretched again to a
higher strain and relaxed back. This loading unloading cycle was carried out several

times to study the structure development.

5.3 Results and Discussion

5.3.1 Mechanical Properties of OBCs

Engineering stress-strain curves and 2D SAXS and WAXD patterns of OBC-HS and
OBC-LS during the uniaxial deformation at room temperature were quite similar to each
other, so here we only showed the stress-strain curve and selected patterns from OBC-HS
in Figure 5.1 to demonstrate the mechanical property and structure development during
the deformation. The stress-strain curve exhibited a distinguishable but not pronounced
yielding point, typical of an elastomeric material. The stress was about 1.5 MPa at
yielding point and then increased almost linearly with strain for a certain period. In the
later stage of deformation, strain hardening was observed when stain value exceeded 10.
The failure of OBC-HS film occurred at strain of 14, slightly higher than OBC-LS which

had a fracture strain of 13, and the ultimate stress was around 6MPa.

5.3.2 Uniaxial Deformation at Room Temperature
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The first 2D WAXD and SAXS patterns were isotropic, confirming that both large
scale structure and small scale crystals were randomly arranged in the quenched OBC
films before deformation. The broad diffraction peak in WAXD came from the
amorphous phase of OBC, while the positions of the rest two sharp reflections were
consistent with (110) and (200) reflections of orthorhombic crystals of polyethylene,
which meant that hard segments containing small amount of octene comonomer can
crystallize well into regular polyethylene crystals as common medium density
polyethylene without being disrupted by neighboring low density soft segments. The
SAXS did not show the clear first order scattering peak of lamellar stacks, which was
believed to hide underneath of the scattering from uncorrelated rich domains mainly
composed of soft segment. These domains in the length scale of tens of nanometers were
formed because of the crystallization-induced phase separation between part of the
crystallizable hard segments and non-crystallizable soft segments. After taking Lorentz-
correction, the first order scattering of lamellar structure will appear indicating that
folded-chain crystal lamella existed in the OBC films. As strain increased, the spherical
domains were deformed into elliptical shape with long axis aligned parallel to the
drawing direction, while lamellar stacks were stretched perpendicular to it. This led to the
scattering intensity condensed into the equatorial and meridional direction, respectively.
Finally, at high stain, scatterings from the needle-like soft domains and lamellar stacks
were separated because of the high degree of orientation, resulting in equatorial streak
and meridional maximum in 2D SAXS patterns. In the 2D WAXD patterns, the
azimuthal spread of (110) and (200) reflections became narrow upon deformation also
because of the induced orientation of the crystals. At strain of 2, the (110) reflection split
into four arcs at off-axis while (200) reflection remained at the equator, indicating b-axis
orientation of the polymer chain. Later, (110) reflection also moved to the equator as

strain increased further, because the polymer chains aligned to an even high degree with

151



c-axis orientation of the polymer chain. When approaching the late stage of the uniaxial
deformation, strong point-like reflection was observed at equator, which was not from
oriented amorphous but from newly formed monoclinic crystal as we discussed in our

previous study.

The integrated WAXD profiles were shown in Figure 5.2 (A). It can be seen that the
broad amorphous peak shifted to the right toward high 2 theta angle due to the new (010)
peak which was from the monoclinic phase and located in between amorphous and (110)
peaks. The intensities of (110) and (200) peaks decreased a lot because the OBC film was
thinner, and more important the orthorhombic crystals were deformed. Since the area of
broad peak can represent the total fraction of amorphous and monoclinic phase, the
fraction index of orthorhombic crystal, that was the area percentage of two sharp (110)
and (200) peaks, can be calculated using peaking fitting of linear WAXD profile at low
strain. However, the overlap of these peaks at high strain made the calculation of the
fraction index of orthorhombic phase more difficulty because it was impossible to
separate peaks by 1D peak fitting. The Lorentz-corrected linear SAXS profiles along
meridian were shown in Figure 5.2 (B). The long period, which is the average distance
between two lamellar layers, is the inverse of the s value at peak position. As the peak
shifted to the right with strain, the long period was decreasing within the sample. We
calculated the long period of the lamellar structure in OBCs along both meridional
direction and equatorial direction during uniaxial deformation at room temperature
deformation and plotted versus strain in Figure 5.3. The meridional long period of both
OBCs decreased continuously from 25nm, because some loosely packed lamellar layers
were fragmented upon drawing. Equatorial long period dropped a lot more than
meridional one, not only because the reason mention above, but also due to the
orientation of the lamellar stacks. When the OBCs were stretched to strain higher than 7,

the scatterings from lamella can not be detected at equatorial direction, only streak was
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observed, proving that lamella stacks were orientation perpendicular to the drawing

direction, while soft segment rich domains were parallel to it.

5.3.3 Uniaxial Deformation at 60 °C

The uniaxial deformation was also carried out at higher temperature, 60 °C. Here we
showed the engineering stress-strain curves and selected 2D WAXD and SAXS patterns
of both OBC-HS and OBC-LS in Figure 5.4 and 5.5, respectively. The mechanical
properties of both OBCs became much poorer at high temperature. The stress increased at
the initial stage of deformation, but after passing the yielding point it kept a plateau value
and even decreased to some extent before fracture. No strain hardening behavior was
found. Besides, at high temperature, OBC-HS and OBC-LS behaved quite different to
each other comparing with room temperature. One prominent difference was the fracture
strain of OBC films. Both films can be stretched to a high strain of 13 or 14 at room
temperature, but when heated to 60 °C only OBC-HS can still preserve certain good
drawability and can be stretched to a high strain of 12, while that of OBC-LS was
decreased dramatically than room temperature. From Figure 5.5 we can see that the
fracture strain of OBC-LS was only 4.5 at 60 °C. This difference could be attributed to
the enhanced mobility of the amorphous chains and the distribution of tie chains related
to the special blocky chain architecture of OBCs which we will discuss more in detail
later. Moreover, caused by the low fracture strain at high temperature, polymer chains
and large scale lamellar structure, and soft segment rich domains in OBC-LS can only
reach a low degree of orientation revealed from 2D WAXD and SAXS patterns. In
embodiments, the (110) and (200) reflections were very widely spread, and the scattering
from soft domains lamellar stacks in the SAXS was more closed to the isotropic state
other than separated equatorial streak and meridional maximum. The (010) reflection

from monoclinic phase located between (110) reflection and amorphous halo was not
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observed before fracture. By comparing with the deformation process at room
temperature, we can conclude that monoclinic phase was not stable and can not form
under low stress and high temperature. The structure and orientation development in
OBC-HS was similar to that at room temperature, except the kinetic aspects slowed down
due to the elevated temperature. In detail, the deformation of soft domains, the orientation
of polymer chains and lamellar stacks increased slowly than room temperature, the phase
formation of monoclinic was delayed and the fraction of monoclinic phase was less while

more original orthorhombic crystals remained.

5.3.4 Structure Evolution during Deformation

Fractions of orthorhombic crystals of two OBC samples at both temperatures were
calculated using linear peak fitting method as mentioned before and plotted in Figure 5.6.
The initial fraction was about 17% or 18% for OBCs at room temperature, which was
also believed to be the crystallinity index of the initial OBCs since only the orthorhombic
crystals consisted of crystal phase, this value dropped a couple of percentages at 60 °C as
a result of melting of some small and defective crystals. Upon deformation at room
temperature, the fraction kept decreasing to about 11% when strain reached around 7.
Beyond this strain, calculations of fractions were not possible through 1D peak fitting.
There was a crossover of two curves at strain equal to 5, thus the decreasing rate was
faster in OBC-HS than OBC-LS, meaning that the lamellar crystal structure was easily
deformed in OBC-HS. Once the temperature was elevated to 60 °C, we noted that the
slope of the fraction curve of OBC-LS was not as steep as others. The reduction of the
orthorhombic phase of OBC-LS was only 1%, while in OBC-HS it was about 3% till
strain of 4. This indicated the high temperature affected the deformation behavior of
OBC-LS more significantly than others. The reason can be also attributed to the enhanced

mobility of amorphous chains and the distribution of tie chains.
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The orientation factors of both amorphous and crystal phases were calculated using
Hermans’ orientation function:*

3<cos2 ¢> -1
2

where @ is the angle between the chain axis and the reference axis (stretching direction).

<0052 ¢> is defined as:

IO% I(#)cos’ gsin gd g
7 1(g)sin g

<0052 ¢> =

where 1 (¢) is the scattered intensity along the angle @ . Since there is no plane of

symmetry perpendicular to the chain axis, the ¢ axis orientation can not be measured
directly due to the absence of (00L) plane, but we can still obtain that indirectly from the
(110) and (200) reflections using

<cos2 ¢> =1-1 .435<cos2 b1 > - 0-565<COS2 ¢2oo>

Regarding amorphous phase, the orientation we calculated was actually that of the
normal vector of the amorphous chains, so the f value was multiplied by a factor of -2 to
convert that into the value representing the degree of orientation along the stretching
direction. Moreover, in calculating the orientation of amorphous phase, the azimuthal
scan was chosen along a lower s value at 2.04 nm™ rather than the amorphous peak at
2.13 nm™ in order to reducing the contribution from (010) reflection. The value of
orientation factor is between -0.5 to 1. When f = 1, it means all polymer chains align to
the stretching direction perfectly, while f = -0.5 means chains are all perpendicular to the
stretching direction, and f = 0 indicates random orientation of the chains. The calculated
results were plotted in Figure 5.7 (A) and (B) as a function of strain. At room

temperature, the orientation factor of amorphous rose from 0 to 0.25 before fracture,
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much lower than that of crystal at about 0.6, which was easily understood from the point
of view of easy relaxation of the amorphous chains. Besides, we can see that both
orientation factors of crystal and amorphous phases of OBC-HS and OBC-LS were quite
close through out the whole deformation process at room temperature, with that of OBC-
HS being only slightly higher, about 10%. However, the difference between orientation
factors became quite large at 60 °C, e.g. the orientation factor of OBC-HS was about
twice of OBC-LS at strain of 4. This should also relate to the influence of the high
temperature on the deformation behavior of OBC-LS, consistent with what we observed

in the change of the fractions of the orthorhombic phase at different temperatures.

5.3.5 Effects of Chain Shuttling Agent

The experimental observations described above can be explained according to the
difference in chain architecture resulted from the amount of chain shuttling agents used
during the polymerization of OBCs. As the chain shuttling agents were used to transfer
the growing chain from one catalyst to another to form the blocky structure, more chain
shuttling agents in OBC-HS led to more frequently shuttling, thus the segmented soft or
hard blocks in each polymer chain was shorter in OBC-HS than OBC-LS. On the other
hand, the molecular weight was similar for both OBC-HS and OBC-LS, thus the total
number of blocks in OBC-HS was greater than OBC-LS. The Figure 5.8 was a schematic
diagram showing the difference in lamellar structure before and after drawing in OBCs
with hard segments colored in red and soft segments colored in blue. Soft segment rich
domains and entangled amorphous phase were neglected. Because the hard segments
were longer and less in OBC-LS than in OBC-HS, so after crystallization from melt each
polymer chain tended to go through only a couple of lamellar crystals. However, for
OBC-HS, polymer chains can join in different hard segment rich domains before

crystallization, and then each chain can go through more lamellar crystals after
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crystallization comparing with OBC-HS. Thus the number of tie chain segments in OBC-
HS was greater than OBC-LS, and tie chains in OBC-HS were also greater and more
effective as they participated in more lamellar crystals. Along with the tie chains,
entanglement also played an important role during the deformation. For both OBCs, the
entanglement density should be roughly the same, since the volume fraction and the
molecular weight of the soft segment was the similar. Considering the influences of both
tie chains and entanglements on the uniaxial deformation at different temperatures,
experimental observations can be explained as follows. At room temperature,
disentanglement was difficult to take place as the mobility of the amorphous chains was
very limited, both tie chains and entanglement points were effective in localizing the
stress. The similar entanglement density in two OBC films and higher tie chain content in
OBC-HS together led to the observed room temperature phenomenon that was the similar
deformation behavior but slightly higher degree of orientation and efficiency in
deforming the crystal structure in OBC-HS. However, at high temperature, the mobility
of the amorphous chain enhanced a lot, thus it was easy for the disentanglement to occur
because the amorphous chains can slide away from the entanglement points without
much difficulty during the stretching. Then the effects of tie chains were more prominent
in the deformation. As shown in Figure 5.8, more tie chain segments in OBC-HS resulted
in severe deformation and fragmentation of lamellar crystals and a faster decrease of the
fraction of orthorhombic phase, and also a more effective network and thus a higher
degree of orientation. Also due to the lack of tie chains to connect lamellar layers, OBC-

LS broke easily at a much lower strain as amorphous chains slide away.

5.3.6 Recoverabilities of OBCs

The step cycle tests of OBCs at room temperature were also investigated. We still

only showed the 2D WAXD and SAXS patterns of OBC-HS due to its similarity with
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OBC-LS. Both engineering stress-strain curves of two samples were plotted. It was clear
to see that the permanent set of OBC-LS was smaller than OBC-HS, for example, after
the release of load from samples stretched to a strain ratio of 4, OBC-LS can relax to
strain of 0.8, and OBC-HS only returned to strain of 1.5, indicating a better recoverability
of OBC-LS. From the crystal structure, we knew that there would be more lamellar
crystals in OBC-HS and they were easier to be fragmented comparing with OBC-LS.
Once deformed, these crystals were deconstructed and can no longer act as physical
crosslink to connect the polymer chains together and thus prevented OBC-HS from
shrinking back upon the release of the load. The fraction of orthorhombic crystals as a
function of time during step-cycle test was plotted in Figure 5.10. The first data point was
the initial state before drawing, and followed by stretched and relaxed state one by one
(in turns corresponding to pattern A, a, B, b, C, ¢, D, d in Figure 5.9). The fraction
decreased upon drawing and increased upon relaxation, demonstrating the strain-induced
melting and re-crystallization mechanism or in other words the transformation between
orthorhombic and monoclinic crystals. Consistent with previous straight deformation,
orthorhombic fraction of OBC-HS was higher than OBC-LS at first but it declined fast
and later dropped to value less than the fraction in OBC-LS. This again proved the easy
fragmentation and poor recovery of OBC-HS because of its highly segmented chain
structure. The orientation factors of crystal and amorphous phases though step-cycle tests
in both OBCs were also shown in Figure 5.11(A) and (B). The degree of orientation was
of course high when stretched and low when relaxed. Take a look at last two data points
collected at strain of 4 and its relaxed analogue, when both OBC films were stretched, the
orientation factors of amorphous were almost the same at 0.14, but it relaxed to 0.05 for
OBC-HS and 0.02 for OBC-LS. These of crystal were also quite close around 0.45, and
when film relaxed they decreased to 0.35 and 0.2 for OBC-HS and OBC-LS,

respectively. It was not surprising to see the appearance of large difference between
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orientation factors when the OBC films brought back to the zero stress, as we already

discussed that the OBC-LS has a better recoverability.

5.4 Conclusions

Novel OBCs provided a great way to investigate the influence of structure, in
specific, the segmented chain architecture, on the macroscopic properties upon
deformation, as two samples studied had most of the molecular characteristics in
common except the length and number of the segmented blocks, achieved by varying the
content of chain shuttling agent used during production. When hard segments
crystallized, polymer chains from OBC-HS can go through more lamellar crystals,
because they consisted of more blocks than OBC-LS, and formed more tie chains, which
were also more effective. In addition, by considering another important factor, the
entanglement, we can then explain our experimental observations as follows. At room
temperature the restriction on the mobility of the amorphous chains limited the
occurrence of disentanglement, the integrated effect of tie chain and entanglement was
that both samples behaved similarly with OBC-HS being only slightly higher in
orientation and faster in the decline of orthorhombic fraction and a poor recoverability.
However, at high temperature, easy disentanglement made the tie chain a dominant role
affecting the deformation, leading to the distinct differences in fracture strain, orientation,

and structure development between two samples comparing to room temperature.
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List of Tables

Table 5.1. Density, component, chain shuttling agent content and molecular weight

information of OBC samples.

Overall Soft Hard
Zn/[C2] My My/
density | %soft | segment | segment
; . . *1000 | (kg/mol) | M,
(g/em”) density | density
OBC-LS | 0.875 79 0.857 0.932 0.4 124 3.05
OBC-HS | 0.878 78 0.857 0.932 1.3 118 2.23
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Figure 5.1. Engineering stress-strain curve and selected 2D WAXD and SAXS patterns

of OBC-HS during uniaxial deformation at room temperature.
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Figure 5.2. Selected integrated WAXD profiles (A) and Lorentz-corrected integrated
SAXS profiles along meridian (B) of OBC-HS during uniaxial deformation at room

temperature.
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Figure 5.3. Change of equatorial and meridional long period of OBCs during uniaxial

deformation at room temperature.
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Figure 5.4. Engineering stress-strain curve and selected 2D WAXD and SAXS patterns
of OBC-HS during uniaxial deformation at 60 °C.
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Figure 5.5. Engineering stress-strain curve and selected 2D WAXD and SAXS patterns

of OBC-LS during uniaxial deformation at 60 °C.
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Figure 5.6. Fractions of orthorhombic crystals in OBCs during the uniaxial deformation.
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Figure 5.7. Orientation factors of amorphous (A) and crystal (B) as a function of strain in

OBCs during deformation.
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Figure 5.8. Schematic diagram of the lamellar structure in OBC-LS (left) and OBC-HS
(right) before (top) and after (bottom) uniaxial deformation. Soft segment rich domains

and entangled amorphous phase are neglected.
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Figure 5.9. Engineering stress-strain curve and selected 2D SAXS and WAXD patterns
of OBC-H during the step-cycle test at room temperature. A, B, C, and D are at stretched

states with stain of 1, 2, 3, and 4, while a, b, ¢, and d are at relaxed states from them.
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Figure 5.10. Change of fractions of orthorhombic phase during step-cycle test.
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Figure 5.11. Development of orientation of amorphous (A) and crystal (B) in OBCs

during the step-cycle test.
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Chapter 6. Stress-Strain Behavior of Olefin Block Copolymers with Different

Octene Comonomer Content in Soft Segments

6.1 Introduction

Mechanical properties, especially the tensile stress-strain behavior, of polyolefin
materials are of great interests to people as they are the critical factors for determining the
practical uses of these polymers in many applications, such as packaging films,
containers, bags, appliances, etc. Majority polyolefins, especially polyethylene,
polypropylene, and some ethylene copolymers, are semi-crystalline polymers consisting
of crystal and amorphous phases. Thus understanding of crystalline structure
development at the molecular and lamellar levels during deformation and the resulting
influences on tensile property is essential for tailoring and improving the polyolefin
products. Deformation of polyethylene, including both polyethylene homopolymers and
copolymers, were studied extensively before in order to reveal the relationships among
structure, morphology, and properties of ethylene-octene copolymers.'™ Depending on
the density, chain branches, molecular weight and distributions, comonomer type and

content, the polyolefins exhibit a wide spectrum of solid state properties.’

Olefin block copolymers (OBCs) produced by The Dow Chemical Company
through chain shuttling technology were synthesized in a continuous process in the
polymerization reactor from raw materials (ethylene and a-olefin) in the presence of
catalysts and chain shuttling agents.” Low density soft blocks containing high

comonomer content grow on the catalysts with poor ethylene incorporation ability, while
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high density hard blocks containing low comonomer content grow on the catalysts with
good ethylene incorporation ability. Chain shuttling agents are responsible for
transferring the growing chains between two kinds of catalysts, so that the segmented
blocky structure is obtained. By controlling the amount of feeding materials, chain
shuttling agents, catalysts, and the selectivities of catalysts, various block copolymers
with different molecular characteristics, such as the number and the length of the blocks,
the comonomer content in the hard and soft segments, and the hard-to-soft segment ratio,
can be produced. Thus to understand the influences of these structural variables on the

properties of OBCs is necessary for designing the right product.

In our previous studies, it was found that hard segments in OBCs are long enough
and can fold back and forth into the lamellar crystals in the solid state, similar to low
density polyethylene. While the soft segments build up the major fraction of the
amorphous phase due to the severe interruptions from the large amount of octene
comonomers. The crystals are well formed orthorhombic polyethylene crystals, and the
deformation of orthorhombic crystal phase can result in transformation to the monoclinic
crystal phase, consistent with the early studies.'*'® Orthorhombic crystal is one of the
three major crystals found in polyethylene and it is the most stable one. The other two
crystals are monoclinic and hexagonal ones, which are usually formed under elongation
and in the defective crystals, respectively.6'7’l7'23 Even though the crystalline structure

24-26
d,

and possible formation mechanism were investigate the evolution of monoclinic

phase and its stress or strain dependency during the deformation remained unclear.

The OBC samples studied in current work are similar in most of their molecular
characteristics, except the octene comonomer content in the soft segments. The stress-
strain behaviors, especially the phase development during the deformation was analyzed

through in-situ 2D WAXD and SAXS data. The fractions of original orthorhombic
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crystal phase and newly formed monoclinic crystal phase during deformation were
calculated, as well as the Hermans’ orientation function. The stress and strain dependence

of theses variables was compared.

6.2 Experimental

6.2.1 Material

In this study, three different olefin block copolymers synthesized from ethylene and
octane were provided by The Dow Chemical Company, and were named OBC-L, OBC-
M, and OBC-H according to the content of octene comonomer in the soft segment. The
molecular information of these OBCs including density, molecular weight, octene content
in hard and soft segments, chain shuttling agent content used in production, and weight
fraction of hard segment was shown in Table 6.1. All of the OBCs had the similar
molecular weight and molecular weight distribution, and the same amount of chain
shuttling agent was used during production, i.e. 0.6 per 1000 ethylene, so the segmental
distribution was about the same. The octene comonomer content in the hard segment was
fixed to 0.4 mol%, leading to a density of 0.932 g/cm3 of the hard segment. The most
distinct difference among these OBCs was the octene comonomer content in the soft
segment. This number was 16.0, 13.4, and 11.2 mol% for OBC-H, OBC-M, and OBC-L,
respectively. Thus, due to the decrease of comonomer content, the corresponding soft
segment densities were increasing from 0.859, to 0.865, and 0.871 g/cm3 , and as a result
of that, the overall densities were 0.879, 0.880, 0.888 g/cm’ for three OBCs, respectively.
The weight fraction of hard segment was 24% in OBC-H, and was slightly higher than
that of OBC-M, and OBC-L. The isotropic films of the three OBC samples were obtained

by melting-compression at 165 °C in a dumbbell shape mold, and then quenched to the
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room temperature. The dumbbell shape sample was 35 mm long, 6 mm wide and 1 mm

thick.

6.2.2 Instrumentation

In-situ WAXD and SAXS studies were carried out at the X27C beam line in the
National Synchrotron Light Source (NSLS), Brookhaven National Laboratory (BNL).
The wavelength of the synchrotron radiation was 1.371 A. A three-pinhole collimation
system was used to reduce the beam size to 0.6 mm in diameter. 2D WAXD and SAXS
patterns were collected by a MAR CCD X-ray detector (MAR-USA), which had a
resolution of 1024x1024 pixels (pixel size = 158.44 um). The typical image acquisition
time was 20 s for each data frame. The sample-to-detector distance was around 1900 mm
for SAXS (calibrated by a silver behenate (AgBe) standard), and the sample-to-detector
distance was around 110 mm for WAXD (calibrated by an aluminum oxide (Al,O3)
standard). All X-ray images were corrected for background scattering, air scattering and

beam fluctuations.

Uniaxial tensile deformation was performed with a modified Instron 4442 tensile
apparatus, which could stretch the film symmetrically. The symmetric stretching
guaranteed that the focused X-ray beam could illuminate the same sample position during
deformation. The original length of the sample between the Instron clamps was 15 mm. A
constant deformation rate, 4.5 mm/min (30 %/min), was applied to the specimen
throughout the deformation study. All OBC samples were uniaxially deformed to a
maximum strain of 7 without break, and the deformation experiment was carried out at
room temperature. The stress and strain mentioned through the article were all

engineering stress and engineering strain measured directly between clamps.
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6.3 Results and Discussion

6.3.1 Stress-Strain Curves

Engineering stress-strain curves of OBC-L, OBC-M, and OBC-H during the uniaxial
deformation at room temperature were shown in Figure 6.1. All samples had a uniform
deformation with a non-distinct strain softening behavior which was similar to the
conventional rubber, suggesting the elastomeric nature of three OBCs. The tensile
strength decreased with increased octene comonomer content in the soft segment when
subjected to the same elongation ratio, and the strain hardening was found to be more
pronounced in OBC with low comonomer content in the soft segment, which also has a
higher young’s modulus and yield strength. Since the crystallinity index of all OBCs was
similar, thus the major contribution to the strength should be from the soft segment with

different octene content.

6.3.2 2D WAXD and SAXS Patterns

Selected 2D WAXD and SAXS patterns of OBCs during the uniaxial deformation at
room temperature were shown in Figure 6.2 and Figure 6.3, respectively. Before
deformation, the initial WAXD patterns of OBCs (not shown here) did not show any
preferred orientation. Two diffraction peaks that can be assigned to (110) and (200)
reflections from orthorhombic polyethylene crystal and the broad diffused scattering from
amorphous phase were all isotropic along azimuthal direction, which meant that polymer
chains and crystals in the films were randomly distributed. At the early stage of
deformation, the orthorhombic crystals exhibit b-axis orientation, indicated by the four-
point (110) reflection and equatorial (200) reflection. With the further increase of strain,

c-axis orientation of the crystals was observed. Both (110) and (200) peaks were on the
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equator and become narrow along the azimuthal direction with strain, indicating a higher
degree of orientation. An additional reflection peak appeared gradually between (110)
and amorphous peaks during deformation, and it became clear when OBCs films were
uniaxially deformed to strain around 3. As we discussed in previous paper, this was due

to the formation of monoclinic crystals, and the reflection was from (010) crystal plane.

Initial 2D SAXS patterns (not shown in Figure 6.3) of OBCs before deformation were
also isotropic diffused scattering showing monotonically decreased intensity with the
increase of scattering vector, but with a tiny shoulder at scattering vector around 0.04 nm’
' This was due to the existence of folded-chain lamellar crystals and non-correlated nano
scale domains mainly composed of soft segments formed due to the crystallization-
induced phase separation, both of them did not have preferred orientation. Upon uniaxial
deformation, the lamellar stacks were reoriented to the direction perpendicular to the
drawing direction, and its scattering in 2D SAXS patterns will move to meridional
direction, while the spherical nano domains were stretched along the drawing direction,
and corresponding scattering will move to equatorial direction. So we can expect that
when the orientation was high enough, two scatterings should be separated. This was true
when strain increased, as in 2D SAXS patterns the scatterings from lamellar crystal and
soft domains separated from each other and located in meridional direction as point

scattering and equatorial direction as streak scattering, respectively.

6.3.3 Effects of Strain on the Deformation

As a conventional way to look into the deformation process was to see the changes as
a function of strain. Thus the selected 2D WAXD and SAXS patterns of different OBCs
at the same strain were shown in Figure 6.2 and 6.3. Comparison can be made among

three samples by even visual examination. The increase of the degree of orientation was
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the fastest in OBC-L. At each strain, the highest orientation was obtained in OBC-L,
since its (110) and (200) arches were the narrowest along azimuthal direction. Besides,
the formation of monoclinic phase also occurred first in OBC-L. At strain of 3, the
monoclinic reflection was clearly seen at 2 theta position between (110) and amorphous
peaks in OBC-L, but in OBC-H the reflection was much weaker. At the highest strain of
7, point-like reflection from monoclinic was so intense and the (110) and (200)
reflections were hidden in OBC-L, which also brought difficulty to do the peak fitting to
calculate the phase fraction in the method we will use later. However, in OBC-H we can
still distinguish reflections from different crystal phases easily. Comparing the 2D SAXS
patterns of different OBCs at the same strain in Figure 6.3, it was indicated that the
separation of scatterings from lamellar crystals and phase separated domains were most
efficient in OBC-L. For example, at strain of 5, scatterings from OBC-L were clearly
divided into two contributions. However, in OBC-H, the two scatterings were overlapped
to some extent without a distinct boundary. As for OBC-M, it always exhibited a
deformation behavior in between OBC-L and OBC-H. From strain dependent WAXD
and SAXS patterns in Figure 6.2 and 6.3, we saw a trend which relates the content of
octene comonomer in the soft segment in the OBCs to the deformation behavior in terms
of formation of new crystalline phase or the development of orientation. In detail, the
lower the comonomer content in soft segment, the faster the formation of monoclinic

phase and the increase of degree of orientation of crystals.

6.3.4 Effects of Stress on the Deformation

If we took one more glance of the patterns not in vertical direction but in diagonal
direction in Figure 6.2 and 6.3, we saw that for patterns of OBC-L at strain of 3, OBC-M
at strain of 5, and OBC-H at strain of 7 were much more similar to each other. Looking

back at the stress-strain curves in Figure 6.1, it was found that these patterns were
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obtained under conditions with closed stress values. Thus we again showed the 2D
WAXD and SAXS patterns of OBCs under the same stress in Figure 6.4 and 6.5. This
time, we did not see big differences between three OBC samples, especially at high stress
of 4, 5, and 6 MPa. 2D WAXD patterns showed a comparable degree of orientation of the
crystals in OBC-L, OBC-M, and OBC-H, and also the formation of monoclinic crystal
phase. Meanwhile, the deformation of soft segment domains from sphere to needle shape
and the orientation of large scale lamellar structure were also determined by stress rather
than strain. Because the separation of their corresponding scatterings in the 2D SAXS
indicated that lamellar structure and soft segment domains had a similar degree of
orientation at the same stress. This implied that the orientation and the formation of
monoclinic crystals were stress-dependent, the same stress localized on the crystal phase
led to the same orientation of crystals and formation of monoclinic crystals. However,
relatively large deviation was found at low stress. 2D WAXD and SAXS patterns of
OBC-H were more anisotropic than others. This was understandable by considering the
differences in the yield or strain softening behavior. OBC-L yielded at a high stress about
2.6 MPa, while OBC-H yielded at low stress about 1.4 MPa. Before yielding, the
polymers were within the elastic region. The elongation was due to the chances in
extension of amorphous chains via change of chain conformation and the sliding of chain
segments. The crystals remained intact. Once the polymer films passed though the
yielding, the crystals started to get deformed under the stress and then the monoclinic
phase formed and orientation of the crystals increased. Thus the deviation found at low
stress was because the samples need to overcome the yielding and thus a retardation

effect.

6.3.5 X-ray Data Analysis
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In order to obtain a quantitative knowledge on the development of crystallinity index,
fractions of orthorhombic and monoclinic phases, and degree of orientation during the
uniaxial deformation process, we carried out following methods, illustrated in Figure 6.6,
to analyze 2D WAXD patterns. First, the collected 2D WAXD patterns were corrected by
the Fraser method to compensate the effect of flat-plate detection and subtracted by the
background and air scattering. Linear WAXD profile was then obtained by integrating
the 2D pattern. Since the stretched samples should have a cylindrical rotational symmetry
during the uniaxial deformation, a 2D pattern can contain the complete information to
describe the intensity distribution in reciprocal space, and then integrating over such 2D
sections through 3D reciprocal space will produce the fractions of each phase. Thus we
can obtain the fraction of each phase if we can separate corresponding reflection peak and
calculate the area underneath of it. In reality, (110) and (200) peaks from orthorhombic
crystal phase were usually sharp and can be separated out using 1D peak fitting method.
However, the reflection peaks from amorphous phase and monoclinic phase were
superposed together and exhibited a quite broad peak. So we can only obtain the fraction
of orthorhombic phase and total fraction of monoclinic and amorphous phase. The next
step was to carry out “halo method” to deconvolute the 2D WAXD pattern into two parts,
isotropic and anisotropic contributions. This isotropic contribution was then subtracted
from the total scattering, giving the anisotropic contribution. The isotropic part was
mainly due to the amorphous phase most of which was hardly to get oriented, the
anisotropic part was mainly due to the crystal phase which had a high orientation upon
deformation. By taking the equatorial scan of the anisotropic part, linear profiles of
reflection from crystal phases along the equatorial direction can be obtained. The height
of the (010) monoclinic peak and the height of the (110) orthorhombic peak were used to
roughly represent the fraction of these two phases. Finally, according to the ratio of

monoclinic phase to orthorhombic phase and the fraction of orthorhombic phase, we can
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calculate the fraction of both phases, the sum of which was crystallinity index, termed as

crystallinity later on.

6.3.6 Structure Evolution during the Uniaxial Deformation

The development of the fractions of orthorhombic and monoclinic phases and the
crystallinity with increasing strain were shown in Figure 6.7. The fraction of monoclinic
phase increased almost linearly with strain, and the slope represented the rate of
formation, which was the fastest in OBC-L and the slowest in OBC-H. When stretched to
the final strain of 7, OBC-L contained about 15% monoclinic crystals, and for OBC-H
this fraction was about 10%. The decline of orthorhombic phase during deformation was
illustrated in Figure 6.7(B). The fraction of orthorhombic phase before deformation,
which was also equal to the initial crystallinity, should be mainly account for the
crystallization of hard segments which was 19% and 18% for OBC-L and OBC-M, while
it was a little bit higher in OBC-H, 24%. The soft segment might also crystallize slightly
in terms of the density, and the crystalliablity decreased in the order of OBC-L, OBC-M,
and OBC-H because of the reduced octane content. These two contributions led to a final
crystallinity of about 18%, 16%, and 17% in OBC-L, OBC-M, and OBC-H, respectively.
Upon deformation, there was a sharp decrease of orthorhombic phase in OBC-L, and the
remaining fraction was about 12% for all samples after being stretched to a strain of 7.
The change of crystallinity was shown in Figure 6.7 (C). During uniaxial deformation,
the crystallinity of OBC-M exceeded the OBC-H, while that of OBC-L was always the
highest. The crystallinity increased with the increasing strain, implying that in addition to
the transformation of orthorhombic phase into monoclinic phase, the strain-induced

crystallization also occurred.
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In order to reveal the relationship between engineering stress and structure evolution
of OBC films, crystal fractions and crystallinity were plotted versus engineering stress in
Figure 6.8 rather than engineering strain. All of the data were chosen after strain
softening of the films, since at small stress the OBC samples were in the linear elastic
region. The increase of monoclinic phase fraction as a function of stress was shown in
Figure 6.8 (A). An exponential growth of monoclinic crystal was found for all three OBC
samples. By shifting the growth curves along the x-axis direction, they can superpose to
some extent with each other. The reason of this stress shifting was not clear to us at this
time, but it might relate to the different effective stress localized on the crystals. The
decline of orthorhombic phase in Figure 6.8 (B) behaved in the same tendency, except
that relatively low initial crystallinity in OBC-M resulted in small deviation of the curve
at the beginning. The development of crystallinity with stress was shown in Figure 6.8
(C). Comparing with Figure 6.7 (C), the crystallinity was confined within a much smaller
area, and the values were much closed for samples under the same stress. From these
figures, we can conclude that the crystal transformation in OBCs films were stress
dependent rather than strain dependent, which meant the formation of the monoclinic

crystal was determined by the stress employed on the original orthorhombic crystals.

The degree of orientation of orthorhombic crystals and amorphous chains were also
obtained and plotted versus both strain and stress in Figure 6.9 and 6.10 using Hermans’
orientation function:

3<0032 ¢> -1
2

where ¢ is the angle between the chain axis and the reference axis (stretching direction).

<0052 ¢> is defined as:
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where [ (¢) is the scattered intensity along the angle @ . Since there is no plane of

symmetry perpendicular to the chain axis, the ¢ axis orientation can not be measured
directly due to the absence of (O0OL) plane, but we can still obtain that indirectly from the
(110) and (200) reflections through

<cos2 ¢5> =1 —1.435<cos2 ¢”0>— 0.565<cos2 ¢200>

Regarding amorphous phase, the orientation we calculated was actually that of the
normal vector of the amorphous chains, so the f value was multiplied by a factor of -2 to
convert that into the value representing the degree of orientation along the stretching
direction. Moreover, in calculating the orientation of amorphous phase, the azimuthal
scan was chosen along a lower s value at 2.04 nm™ rather than the amorphous peak at
2.13 nm™ in order to reducing the contribution from (010) reflection. The value of
orientation factor is between -0.5 to 1. When f = 1, it means all polymer chains align to
the stretching direction perfectly, while f = -0.5 means chains are all perpendicular to the
stretching direction, and f = 0 indicates random orientation of the chains. As shown in
Figure 6.9 (A) and 6.10 (A), the increase of crystal and amorphous orientation was fast at
the early stage of uniaxial deformation and slowed down at high strain. The highest
degree of orientation was obtained in OBC-L among samples at the same strain.
However, if Hermans’ orientation factors were plotted as a function of stress (see Figure
6.9(B) and Figure 6.10(B)), the alignment of the orthorhombic crystals and amorphous
chains was almost the same under the same stress, and reached a plateau value near the
end of deformation. This again supported the assumption that stress localized in the
crystal phase was responsible for the changes of crystals. The same stress will lead to the
same degree of orientation of crystals. Besides, orientation of the amorphous chains

should be also determined by the stress exerted on the amorphous phase, which implied
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that structure evolution in amorphous phase was also stress-dependent. This was because
that semi-crystalline polymer system was an interpenetrating network of amorphous
phase and crystal phase via entanglements between amorphous chain segments and tie
chains connecting adjacent crystals. A single polymer chain can go through both
amorphous and crystalline regions and be involved in both entanglement and tie chain as
well. When applying uniaxial deformation on the polymer films, amorphous and crystal
phases were deformed simultaneously after yielding, and thus it was reasonable to image

that their structure evolutions will be both depend on stress.

The full width at half maximum (FWHM) of (110) reflection during deformation was
also calculated and shown in Figure 6.11. FWHM was usually related to the crystal size
via Scherrer equation. However, during the deformation process, contributions from the
micro strain on crystals to FWHM was also very important and can not be neglected, if
we assume the distortion of the second kind is the same for all three samples during
deformation. The same initial FWHM indicated the same crystal size from melt
crystallized samples. Once the OBC films were deformed, the FWHM started to increase.
From Figure 6.11, we saw a similar trend of the strain and stress dependence of the
FWHM. That was different increasing rates of FWHM when expressed as a function of
strain but almost the same behavior when expressed as a function of stress. Even though
we can not separate the contributions from crystal size and micro strain, but it did not
prevent us to conclude that the FWHM, a measurement of the nature of crystals, also
depended on the stress. As long as the stress localized on the crystals was the same for
every OBC films, the change of the crystals under the stress, that was the change in

crystal size or micro strain, were the same.

6.4 Conclusions
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Studies on the uniaxial deformation of three olefin block copolymers with different
octene comonomer content in the soft segment revealed some interesting findings of the
deformation behavior of semi-crystalline OBCs. The mechanical properties were well
related to the octene content. Low comonomer content in soft segment led to high yield
strength, tensile strength, and more pronounced strain hardening. While the structure
evolution which was a concern mainly on crystals and the orientation of both crystal and
amorphous phases during deformation were stress-dependent, regardless of the octene
comonomer content. The formation of new monoclinic crystals and decline of original
orthorhombic crystals depended on the stress localized on the crystal phase. This stress
determined the change of crystals and thus FWHM. The degree of orientation of crystal
and amorphous phases was also a function of applied stress, since the polymer system

was an interpenetrating network of both phases via entanglements and tie chains.
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List of Tables

Table 6.1. Density, component, and molecular weight information of three OBCs.

Overall C8in | C8in Soft
. My [Zn]/[C | Wt%
density hard Soft | segment
kg/mol 21*1000 | Hard
g/cc mol% | mol% | density
OBC-L 0.888 129 0.4 11.2 0.871 0.6 19
OBC-M 0.880 133 0.4 13.4 0.865 0.6 18
OBC-H 0.879 145 0.4 16.0 0.859 0.6 24
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Figure 6.1. Engineering stress-strain curves of OBCs.
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Figure 6.2. Selected 2D WAXD patterns of OBCs at the same strain during the uniaxial

deformation.
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Figure 6.3. Selected 2D SAXS patterns of OBCs at the same strain during the uniaxial

deformation.
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Figure 6.4. Selected 2D WAXD patterns of OBCs at the same stress during the uniaxial

deformation.
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Figure 6.5. Selected 2D SAXS patterns of OBCs at the same stress during the uniaxial
deformation.
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Figure 6.6. WAXD data analysis on deconvolution of amorphous, orthorhombic, and

monoclinic crystal phases.
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Figure 6.7. Changes of fractions of monoclinic (A) and orthorhombic (B) phases and

crystallinity (C) in OBCs as a function of strain during deformation.
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Figure 6.8. Changes of fractions of monoclinic (A) and orthorhombic (B) phases and

crystallinity (C) in OBCs as a function of stress during deformation.
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Figure 6.9. Hermans’ orientation function of orthorhombic crystal phase as a function of

strain (A) and stress (B).
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Figure 6.10. Hermans’ orientation function of amorphous phase as a function of strain

(A) and stress (B).
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Figure 6.11. FWHM of (110) orthorhombic crystal reflection as a function of strain (A)

and stress (B).
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Chapter 7. Uniaxial Deformation of Electron-beam and Silane Crosslinked Olefin

Block and Random Copolymers

7.1 Introduction

Crosslinking techniques are important methods in the industry for modifying
chemical, physical, and mechanical properties, for examples solvent and chemical
resistance, abrasion resistance, tensile and impact strength, of polymer products by
connecting the adjacent polymer chain segments. The most valuable examples include
vulcanized rubbers which can be utilized as tires and thermosetting materials which are
crosslinked in small length scale and used as sealants and adhesives. Conventional
crosslinking can use either irradiation means or chemical method.! The former one
involves the high energy beams, such as electron beam, and the latter one uses chemical

agents, such as silanes.

Electron-beam crosslinking had some advantages over silane crosslinking. There is
no need of additives and do not generate wastes or by-products, and it can still achieve
better performance and resistance, while silane crosslinking exhibits the great process
flexibility due to less rigid siloxane bridges. There are some major differences in the
process of these two methods.! Electron beam crosslinking can carry out in solid state
polymers in air or under particular atmospheres simply by exposing polymers to the
electron beam. Silane crosslinking consists of two steps. First the incorporation of silane
into polymer will take place in polymer melts if monomers and vinylsilane is

copolymerized in the polymerization reactor, or it can be taken in the solid state by
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grafting vinylsilane onto the polymer backbone. Then it will be crosslinked in the
presence of water. However, even though it can be done in the solid state for
crosslinking, but the temperature is usually increased in order to accelerate the process.”
So if the crosslinking takes place in the melt, the crosslinking junctions between polymer
chains will be homogenously distributed, and will affect crystallization upon cooling. The
crystallization thermodynamics®® and kinetics”'' were studied by many researchers. In
the opposite, the influences of structure on the crosslinked polymers were also
inves‘[igated.lz'14 But if polymers are crosslinked in solid state, the polymer chains in
crystals are closely packed in lattice and their mobility is highly restricted, crosslinking
can only happen among the amorphous chains in the amorphous region.

Even though polyolefins, such as polyethylene'*®

and ethylene octene
copolymers,'”?' are versatile and become the most widely used polymers, they still need
improvement to expand their applications. Due to the low melting temperatures of
polyolefins, their usages are limited to some extent, thus using crosslinking techniques to
improve the temperature performance of polyolefins is desirable. Besides, polyolefins can

also be crosslinked to obtain better properties for some applications such as insulating

wire and cables, tubes and pipes, and foams.

There are many studies done on revealing the effects of crosslinking, chemical or

2 23-24 25-32
1, 1

irradiation means, on the structure,”” therma and mechanica properties of
polyolefins. However, most of these researches did not clarify the structure development
during the mechanical testing. We carried out in-situ synchrotron X-ray experiment to
investigate the structure development during the uniaxial deformation of non-crosslinked
and both silane and electron-beam crosslinked polyolefins, including ethylene octene
random and block copolymers, thus to understanding the relationships among

crosslinking, structure development, and properties of different polyolefins.
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7.2 Materials and Experiment

7.2.1 Materials

Crosslinked and non-crosslinked samples in the form of film were provided by The
Dow Chemical Company with crosslinking information listed in Table 7.1. OBC
(trademark: Infuse™) was ethylene octene block copolymer (density = 0.880 g/cm3,
melting temperature = 124 °C). EG8100 and KC8852 (trademark: AfﬁnityTM) were
ethylene octene random copolymers with small differences in density (0.875 g/cm® for
K(C8852, 0.870 g/cm’ for EG8100) and melt index (3.0 g/10 min for KC8852, 1.0 g/10
min for EG8100). OBC-0.6S, EG8100-0.6S, and EG8100-1S were obtained via silane-
grafting crosslinking and were cured in presence of water at high temperature (110 °C for
OBC-0.6S and 50 °C for EG8100-0.6S and EG8100-1S) to initiate crosslinking.
Crosslinking agent was vinyl trimethoxysilane (VITMS), and its concentration was 0.6
wt% or 1 wt% as indicated in the nomenclature. The corresponding non-crosslinked
counterparts were OBC-0S and EG8100-0S. The gel contents of crosslinked ones were
also listed in the Table. Electron-beam crosslinking was applied to OBC-OE and
KC8852-0E films, and the irradiation dose was 10 kGy, thus the crosslinked films were
named OBC-10E and KC8852-10E, respectively.

7.2.2 Instrumentation

Uniaxial deformation was performed with a modified Instron 4442 tensile apparatus,
which can stretch the films symmetrically. The symmetric stretching guaranteed that the
focused X-ray beam could illuminate the same sample position during deformation. The

stress and strain mentioned through the article were engineering stress and engineering
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strain measured directly between clamps. The original length of the films between the
Instron clamps was 30 mm. A constant deformation rate, 9 mm/min (30 %/min), was
applied to the films throughout the deformation study at both room temperature and 60
°C, and the films were only deformed to a maximum strain of 5 if they were not break
before that. Besides, step-cycle tests were also carried out at room temperature. In these
tests, the films were stretched at 30 mm/min (100 %/min) to an integral strain and then
brought back to zero stress at the same speed, and the sample was stretched again to a
higher integral strain and relaxed back. Simultaneous 2D WAXD and SAXS patterns

were collected during the deformation.

In-situ X-ray studies were carried out at the X27C beam line in the National
Synchrotron Light Source (NSLS), Brookhaven National Laboratory (BNL). The
wavelength of the synchrotron radiation was 1.371 A. A three-pinhole collimation system
was used to reduce the beam size to 0.6 mm in diameter. 2D WAXD and SAXS patterns
were collected by a MAR CCD X-ray detector (MAR-USA), which had a resolution of
1024x1024 pixels (pixel size = 158.44 um). The typical image acquisition time was 20 s
for each data frame. The sample-to-detector distance was around 1900 mm for SAXS
(calibrated by a silver behenate (AgBe) standard), and the sample-to-detector distance
was around 110 mm for WAXD (calibrated by an aluminum oxide (Al,O3) standard). All
X-ray images were corrected for background scattering, air scattering and beam

fluctuations.

7.3 Results and Discussion

7.3.1 Deformation of Non-crosslinked and Silane Crosslinked OBCs

207



Engineering stress-strain curves of OBC-0S and OBC-0.6S films during deformation
at room temperature and 60 °C were shown in Figure 7.1. Both films exhibited the
elastomeric nature. Within the initial linear deformation region, stress-strain curves of
crosslinked and non-crosslinked films were almost overlapped with each other, indicating
that Young’s moduli of the two were about the same. Since the Young’s modulus
depended most on the crystallinity, thus initial crystallinity of OBC-0S and OBC-0.6S
should be very similar. After passing through the strain softening region, the stress
difference between crosslinked and non-crosslinked films started to appear and increased
with the strain. At later stage of deformation, the tensile stress was much greater in OBC-
0.6S and its strain hardening also happened earlier. When deformed at higher
temperature, the stress difference OBC-0S and OBC-0.6S became larger. Besides, OBC-
0.6S had a smaller elongation-at-break ratio than OBC-0S at 60 °C, because the chain
segments between crosslinked junctions were pinned and can not slip upon deformation
while other polymer chains can slip, slide and disentangle due to the enhanced mobility.

Thus the segments bearing too much load will be easy to break.

2D WAXD and SAXS patterns of films at the strain of 0, 2, and 5 were shown in
Figure 7.2. The original sharp peaks in WAXD can be assigned to (110) and (200) to the
reflections of orthorhombic polyethylene crystals and the broad halo was from
amorphous phase. In SAXS the scatterings came from lamellar stacks and the micro-
phase separated domains of soft segments. Films before deformation did not show any
preferred orientation in both small scale and large scale structure as implied by isotropic
WAXD and SAXS patterns. Upon uniaxial deformation, polymer chains started to align
to the drawing direction resulting in narrowly distributed reflections along the angular
direction. At higher strain, strong and highly orientated reflections from newly formed
monoclinic crystal phase appeared at equatorial position. The lamellar stacks were

perpendicular and soft-segment domains were parallel to the drawing direction,
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respectively, as revealed by SAXS patterns consisting of meridional maximum and
equatorial streaks. During the deformation, the scattering peak of that broad halo shifted
to the high scattering angle, getting closed to the (010) monoclinic peak, but (110) and
(200) can still be distinguished. Thus 1D peak fitting method can be used to calculate the
fraction index of orthorhombic phase, as the scatterings from amorphous and monoclinic

phases can be represented by one broad peak.

This fraction index of orthorhombic phase was the same value as crystallinity index
when strain was equal to 0, as there were no monoclinic crystals. Besides, the meridional
long period was obtained from the peak position of the Lorentz-corrected SAXS
meridional profiles. The calculated orthorhombic fractions and long period were
summarized in Table 7.2. Initial crystalline index was 16.4% and 17.7% of OBC-0S and
OBC-0.6S, respectively. The difference was small, thus the Young’s moduli mentioned
above were almost the same. Slightly higher crystallinity in OBC-0.6S can be attributed
to the curing at 110 °C. Crosslinking of polymers, especially in the melt, usually caused a
decrease in crystallinity, as the crosslinked junction hinder the crystallization to occur
upon cooling. However, for silane crosslinking via grafting and curing at high
temperature, which is lower than the melting temperature (more than ten degrees in our
case), the crystallization was already developed well. Curing allowed the polymer to
exclude the just formed crosslinked points to the amorphous region slowly and crystallize
further simultaneously. Finally, OBC-0.6S was even higher in crystallinity than non-
crosslinked one. This was also consistent with the change of long period after curing. The
long period of the non-crosslinked OBC-0S was 23 nm, smaller than 28 nm of OBC-
0.6S. The larger long period was due to the perfection of the lamellar stacks. During the
curing process, small lamellar crystals were eliminated and larger stacks grew up,
resulting in the increase of long period. Upon deformation, both fraction of orthorhombic

phase and the long period decreased with strain as reported in our previous work. The
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extent of the decrease was very similar between both crosslinked and non-crosslinked

films.

The time-evolution of angular intensity distributions of (110) reflection of OBC-0S
were also illustrated in Figure 7.3. All intensities were normalized to the envelope
intensity of unoriented phase. Thus the higher the intensity curve, the higher the crystal
orientation along the drawing direction. At the beginning, flat curve extracted from
isotropic WAXD pattern was the sign of the randomly distributed crystals. Later, two
peaks rising at off-axis position (together with (200) reflections at equator) was because

of b-axis orientation. Finally, it turned to c-axis orientation at high strain.

Scattering patterns of silane crosslinked films, OBC-0.6S, were similar to non-
crosslinked ones. Thus we did not show the X-ray patterns but to examine some of the
detailed profiles of OBC-0S and OBC-0.6S in Figure 7.4 by showing the radial intensity
profiles (polar angle = 90 °) and angular intensity distributions of (110) orthorhombic
reflection at strain of 2 and 5, in order to compare the crystalline structure and the
development of crystal orientation between crosslinked and non-crosslinked samples. The
radial profiles showed that the formation of monoclinic phase in OBC-0S was to a
slightly larger extent than OBC-0.6S, especially at strain of 5. Because the broad peak
containing both amorphous and (010) monoclinic reflections shifted more to the right and
was a little bit stronger in intensity at that position. The angular intensity distribution had
more discrepancies between the two samples. At strain of 2, both samples had b-axis
orientation, and the degree of orientation was higher for OBC-0S as its peaks shifted
more to the equatorial position. At even higher strain, the c-axis orientation of crystals in
OBC-0S was obtained, while that of OBC-0.6S was in the middle of the transition

between b-axis orientation and c-axis orientation, showing a scattering plateau.
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Selected 2D WAXD of OBC-0S and OBC-0.6S during deformation at 60 °C were
shown in Figure 7.5. At 60 °C, some small and defective crystals in OBCs were melted
resulting in a lower initial crystallinity and a larger long period (SAXS patterns not
shown here), but 60 °C was still far below the melting temperature of OBCs, most of the
crystals still remained intact. Uniaxial deformation behavior of OBC-0S and OBC-0.6S at
60 °C mainly showed differences in the rate of orientation development and phase
transformation comparing to room temperature. This was because the chain mobility in
amorphous phase enhanced a lot and chain segments can easily disentangled upon
deformation, tensile stress decreased and also the development of the orientation of
crystal phase slowed down, as indicated by a broader distribution of (110) reflection in
angular direction than room temperature. The formation of monoclinic crystals was more
difficult, because the transformation required certain of applied load on the orthorhombic
crystals to induce the unstable monoclinic crystal phase under stress. Comparison
between OBC-0S and OBC-0.6S led to the same results with the deformation at room
temperature, i.e. easier formation of monoclinic crystals and faster development of crystal

orientation in non-crosslinked one as we saw from radial and angular intensity profiles.

7.3.2 Deformation of Non-crosslinked and Silane Crosslinked EG8100

The stress-strain curves and selected 2D WAXD and SAXS patterns of silane
crosslinked ethylene octene random copolymer EG8100 were shown in Figure 7.6 and
7.7. During the deformation at room temperature, tensile stress at low strain (less than 3)
and Young’s muduli of crosslinked samples, EG8100-0.6S and EG8100-1S, were smaller
than non-crosslinked EG8100-0S. The yielding of EG8100-0S was also distinct regarding
to the crosslinked ones, which means that EG8100-0S was more plastic while crosslinked
ones were more elastomeric. This can be accounted for the structure of crystalline phase

of these ethylene octene random copolymers. Different from olefin block copolymers
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which had relatively long hard segments that crystallize well into lamellar structure upon
cooling, the random copolymers can hardly grow into well defined crystals due to the
interruption of octene comonomers. As we can see from the initial WAXD patterns in
Figure 7.7, the (110) reflection in EG8100-0S was broad indicating small and defective
orthorhombic crystals. There were also quite a lot hexagonal crystals which caused sharp
and right-shifted amorphous halo because the (010) hexagonal reflection located near the
amorphous peak. The calculation of crystallinity thus became impossible due to the
above reasons that led to one undeconvolutable peak in linear WAXD profiles, as shown

in the radial intensity profiles in Figure 7.8.

The curing crosslinking of silane-grafted random copolymers at 50 °C can produce
more perfect orthorhombic crystals suggested by the rising of (110) reflection noted with
dashed line in Figure 7.8, the (200) reflection also rose up slightly. Initial SAXS patterns
showed isotropic scatterings from unoriented lamellar stacks. The long period was
calculated for all three samples and listed in Table 7.2. Cured samples had increased long
period, consistent with the curing of OBCs. However, due to interruptions from octene
comonomers and crosslinked points, the total crystallinity was still less in EG8100-0.6S
and EG8100-1S even though more perfect orthorhombic crystals were obtained when
they were cured at 50 °C, because the Young’s modulus was greatest in EG8100-0S. As
strain increased, the effects of crosslinked polymer network appeared. Tensile stress of
EG8100-1S exceeded EG8100-0S first at strain about 3.5, and later at the end of
deformation process EG8100-0.6S also caught up with EG8100-0S. Lamellar stacks
aligned to the direction perpendicular to the drawing direction during deformation. At
strain of 2, it was clear that EG8100-S had higher orientation of lamellar stacks as shown
by two-point scattering at meridional, while EG8100-0.6S and EG8100-1S had elliptical
scattering patterns. As strain increased more, the orientation became higher. The

evolution of the WAXD demonstrated that monoclinic phase was much easier to occur

212



than OBCs and can be stretched to very high degree of orientation by comparing the
sharpness of angular intensity distribution in Figure 7.9 with Figure 7.3. The comparison
of angular intensity profiles between non-crosslinked and crosslinked EG8100 at
different strain were also made in Figure 7.8. Angular distribution of EG8100-0S was
narrower than crosslinked ones during deformation, which meant that orientation in
EG8100-0S was higher at the same strain. The formation of monoclinic phase was also
easier in EG8100-0S. All these room temperature observations between crosslinked and
non-crosslinked films of ethylene octene random copolymers were consistent with

ethylene octene block copolymers.

When deformed at 60 °C, which was near the melting point of EG8100, quite a
fraction of small and defective crystals were melted leaving the most stable crystals.
EG8100-0S without crosslinking showed lowest stress and EG8100-1S showed the
highest stress. The number of crosslinked junctions or the degree of crosslinking
contributed the most to the tensile stress and elongation-at-break ratio. The WAXD
patterns in Figure 7.10 showed the almost the same structure development in either
crosslinked or non-crosslinked EG8100. This phenomenon was different from
deformation of non-crosslinked and silane crosslinked OBCs at 60 °C, and we will
discuss the reason later. The hexagonal and monoclinic crystals were no longer existed in
the samples. Deformed films showed sharp and well defined monoclinic reflections at the

equator.

7.3.3 Deformation of Non-crosslinked and E-beam Crosslinked Samples

Electron-beam crosslinked olefin random and block copolymers were also uniaxial
deformed at room temperature and 60 °C. The electron-beam crosslinking was different

from silane crosslinking as it initiated crosslinking at room temperature rather than high
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temperature and thus the crystalline phase usually remained intact before and after
crosslinking. As shown in Figure 7.11, the engineering stress-strain curves of uniaxial
deformation of non-crosslinked and electron-beam crosslinked samples exhibited similar
initial deformation behavior that depends on the crystallinity. The tensile stress of
crosslinked ones became greater and greater than non-crosslinked ones as strain
increased. The crosslinking also caused a shorter elongation-at-break ratio at 60 °C. Long
period and fraction of orthorhombic phase during deformation were calculated and listed
in Table 7.3. The non-crosslinked polymer film and the one crosslinked had about the
same values in these two characteristics, confirming that electron-beam crosslinking had
no influences on the crystal structure. Upon uniaxial deformation, the development of the
orthorhombic fraction and meridional long period were very similar like silane

crosslinked polymers, suggesting the same nature of the deformation of crystal structure.

Since the in-situ WAXD and SAXS patterns of these two set of samples, OBC-OE
and OBC-10E, KC8852-0E and KC8852-10E, looked like the same and similar to OBC-
0S and EG8100-0S, respectively, we did not show the 2D patterns but only compared the
angular and radial intensity profiles in Figure 7.12. Profiles selected were at the strain
value of 2, as in the studies above, we note that at this strain, the differences between two
samples were largest. However, no matter at room temperature or 60 °C, intensity profiles
from crosslinked and non-crosslinked samples were almost superposed together, which
meant that the crystal structure and its orientation were the same in crosslinked and non-
crosslinked samples. For OBC-0E and OBC-10E, (110) and (200) reflections were well
separated from diffused broad peak, which shifted to the right at room temperature due to
the monoclinic phase formed. The degree of b-axis orientation for crosslinked and non-
crosslinked OBCs was the same. For KC8852-0E and KC8852-10E, different

temperatures affected the crystal types, i.e. hexagonal and monoclinic crystals at room
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temperature and orthorhombic crystals at 60 °C, but whether the films were crosslinked

or not did not influence the structure and orientation development.

7.3.4 Effects of Crosslinking and Crystalline Structure on Deformation

According to the above observations, both silane and electron-beam crosslinking can
improve the strength of polymer films. At higher temperature, chain segments between
crosslinked junctions can carry pronounced fraction of the load upon deformation and
thus giving a higher tensile stress. This also decreased the elongation-at-break ratio
significantly, since those restricted chain segments with excessive load on them will tend
to break rather than sliding and disentangling of stressed polymer chains in non-
crosslinked films. However, the structure development, especially the crystalline
structure, during deformation was seemed to depend more on the initial crystalline phase
rather than crosslinking. For non-crosslinked films and films crosslinked by electron-
beam, the tensile properties were well distinguished, but the structure development
during the deformation was identical as revealed by WAXD and SAXS patterns, because
the electron-beam crosslinking took place in solid state polymers at room temperature
and did not affect crystal structure in the films. For silane-grafting and high temperature
curing crosslinked samples, there were more perfect crystals well crystallized, so they
were more resistant to the deformation when external load was applied, resulting in lower
degree of crystal orientation and less formation of monoclinic crystals, as we saw during
the room temperature deformation of all silane crosslinked films. If the deformation
temperature increased to 60 °C, silane crosslinked and non-crosslinked OBC films
behaved as differently as room temperature, because the temperature was still much
lower than curing temperature without much influences on the crystalline phase formed
through melt-crystallization or curing at 110 °C. But for EG8100 films, 60 °C exceeded

the curing temperature and getting closed to the melting point, thus the crystalline
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difference between melt-crystallized EG8100-0S and EG8100s that were melt-
crystallized and cured at 50 °C was eliminated, leaving crystals that were stable at 60 °C

and leading to the same structure development during deformation.

7.3.5 Step-cycle Tests of Non-crosslinked and Crosslinked Samples

Elastomeric properties of all samples, i.e. olefin block and random copolymers, non-
crosslinked and crosslinked by silane or electron-beam methods, were tested using step-
cycle experiment under room temperature. The permanent set that is the permanent
plastic deformation after the remove of applied load was used to evaluate the elasticity of
the polymer films. If polymer chains were crosslinked together like in rubber, the release
of external load can result in almost fully relax back of extended chains, but due to the
existence of crystals in our films, the permanent set can not be zero. For non-crosslinked
OBC-0E and KC8852-0E and electron-beam crosslinked OBC-10E and KC8852-10E, the
permanent set after relaxation was exactly identical. This can be attributed to the same
crystalline network, consistent with the analysis on the crystal structure done above. For
non-crosslinked OBC-0S and EG8100-0S and silane crosslinked OBC-0.6S, EG8100-
0.6S and EG8100-18, because the curing and crosslinking was done at high temperature,
the crystalline structure was slightly different, and this difference emerged out in the

permanent set values during the step-cycle tests.

7.4 Conclusions

Structure development during deformation of silane and electron-beam crosslinked
olefin block and random copolymers depended on the original crystalline phase.
Electron-beam crosslinking took place in solid state polymers at room temperature, thus

the initial crystalline structure remained intact, while crosslinking of silane-grafted
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polymers took place at high temperature, the crosslinking and curing process affected
more on crystalline structure comparing with melt-crystallized non-crosslinked ones, and
resulted in different structure development during the deformation at room temperature.
Deformation at 60 °C of silane crosslinked random copolymers eliminated the crystalline
difference produced by melt-crystallization and curing, thus structure development
became the same. However, 60 °C was too low regarding to the curing temperature of
OBC, thus difference still existed. Crosslinked polymer chains contributed to the tensile
stress a lot, especially at larger strain and high temperature, due to the highly extended
polymer chain segments between the crosslinked junctions, and thus it will also reduce
the elongation-at-break ratio because of the excessive stress localized on chain segments.
Elasticity of electron-beam crosslinked and non-crosslinked samples were exactly the
same, while silane crosslinked and non-crosslinked samples exhibit slightly difference

which was due to the difference in crystalline phase.
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List of Tables

Table 7.1. Samples and crosslinking information

Crosslink | Method | Concen./Dose | Gel Content Curing

OBC-0S No / / / No

OBC-0.6S Yes Silane | 0.6% VTMS 77.0% At110°C
EG8100-0S No / / / No

EG8100-0.6S Yes Silane | 0.6% VTMS 64.2% At 50 °C

EG8100-1S Yes Silane 1% VIMS 79.1% At 50 °C
OBC-0E No / / / No
OBC-10E Yes E-beam 10 kGy N/A No
KC8852-0E No / / / No
KC8852-10E Yes E-beam 10 kGy N/A No
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Table 7.2. Fraction of orthorhombic crystal phase and long period of silane crosslinked

polymers at strain of 0, 2, and 5 under room temperature.

fortn (%0) Long Period (nm)

e=0 |e=2 =5 e=0 =2 e=5
OBC-0S 16.4 | 11.8 9.6 23 21 17
OBC-0.6S 17.7 | 13.2 10.6 28 24 20
EG8100-0S 11 14 15
EG8100-0.6S | N/A 13 16 16
EG8100-1S 13 14 14
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Table 7.3. Fraction of orthorhombic crystal phase and long period of E-beam crosslinked

polymers at strain of 0, 2, and 5 under room temperature.

forth (%0) Long Period (nm)
e=0| e¢=2 e=5 e=0 e=2 €=5
OBC-0E 17.9 12.7 10.1 25 22 17
OBC-10E 17.8 12.6 10.1 25 21 16
KC8852-0E 12 15 15
N/A
KC8852-10E 12 15 15
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Figure 7.1. Engineering stress-strain curves of OBC-0S (black) and OBC-0.6S (blue) at

room temperature and 60 °C.
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Figure 7.2. Selected 2D WAXD (A) and SAXS (B) patterns of OBC-0S and OBC-0.6S
during uniaxial deformation at room temperature. Strain values were 0, 2, and 5,

respectively.
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Figure 7.3. Time-evolution of angular intensity (normalized to the unoriented envelope
intensity) distribution of (110) reflection during the uniaxial deformation of OBC-0S at

room temperature.
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Figure 7.4. Radial (left) and angular (right) intensity profiles of OBC-0S (black) and
OBC-0.6S (blue) at strain of 2 (bottom) and 5 (top).
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Figure 7.5. Selected 2D WAXD patterns of OBC-0S and OBC-0.6S during uniaxial

deformation at 60 °C. Strain values were 0, 2, and 5, respectively.
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Figure 7.6. Engineering stress-strain curves of EG8100-0S (black), EG8100-0.6S (blue),

and EG8100-18 (red) at room temperature and 60 °C.
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Figure 7.7. Selected 2D WAXD (A) and SAXS (B) patterns of EG8100-0S, EG8100-
0.6S, and EG8100-1S during uniaxial deformation at room temperature. Strain values

were 0, 2, and 5, respectively.
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Figure 7.8. Radial (left) and angular (right) intensity profiles of EG8100-0S (black),
EG8100-0.6S (blue), and EG8100-1S (red) at strain of 0 (bottom), 2 (middle), and 5

(top).
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Figure 7.9. Time-evolution of angular intensity (normalized to the unoriented envelope
intensity) distribution of (110) reflection during the uniaxial deformation of EG8100-0S

at room temperature.
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Figure 7.10. Selected 2D WAXD patterns of EG8100-0S and EG8100-0.6S during

uniaxial deformation at 60 °C. Strain values were 0, 2, and 5, respectively.
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Figure 7.11. Engineering stress-strain curves of E-beam crosslinked KC8852 (A) and

OBC (B) during uniaxial deformation at room temperature and 60 °C.
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Figure 7.12. Radial (left) and angular (right) intensity profiles of KC8852 (A) and OBC

(B) at room temperature (top) and 60 °C (bottom) with strain value of 2.
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Figure 7.13. Engineering stress-strain curves of all samples during the step-cycle tests at

room temperature.
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