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Studies were made of various factors aﬂec;ing the structures and properties of high-
density pol;/ethylene (HDPE)/natural rubber (NR) foam such as heating time, blowing agent loading,
HDPE/NR ratio, cross-linking agent loading, and ratio of HDPE/NR at a fixed cross-linking agent
loading. The objectives were to gain insight into the fo_aming in the production process and to control

foaming process for the manufacturing of good guality HDPE/NR foam.

Preparation of the HDPE/NR foam, comprises basically of a high-density polyethylene,
natural rubber, Epolene wax, a chemical blowing agent, and a cross-linking agent. The HDPE/NR
blends were prepared on a two-roll mill, Subsequently.‘ foamed structures of the blends were obtained

by a single stage compression molding.

The results showed that the suitable heating time in this foaming process was 20
minutes. The HDPE/NR ratios had a significant effect on the mechanical properties and cell structure
of HDPE/NR'foams. At high ratio of HDPE/NR blend, the cells shape were distorted and the lower
mechanical properties occurred. Adding the cross-linking agent could improve hardness and tensile
strength. The average cell size decreased with increasing cross-linking agent loading. The suitable

cross-linking agent loading for 30 pphp the biend containing NR was 0.6 pphp cross-linking agent.

J
MM " meiledetian....d D0 e

- - ¥ r ) r
i dlnsadiasnafraninedme’ mededeernstinlinm %'77 AN _

‘ A a N e’
Wnrsfnw 1198 meileveni1n1sdmEnuiin }:S e,



ACKNOWLEDGEMENTS

 would like to acknowledge my sincere gratitude to my thesis advisor,
Associate Professor Suda Kiatkamjomwong, Ph.D, and co-advisor Dr. Pienpak
Tassakom, for their supervision, helpful guidance, valuable advice, reviewing the
writing of the thesis and kindness throughout the course of this research. My
grateful appreciation goés to the members of the thesis committee for their
comments, suggestions, and time 1o review the thesis. Appreciations are alsc
expressed to the Graduate School of Chulalongkom University for the partial
financial support, Thai Petrochemical Industry Public Co., Ltd. for support high
density polyethylene resin, Rubber Research institute of Thailand for supporting
blocks of natural rubber, Nationat Metal and Materials Technology Center for the
polymer testing and the Department of Photographic Science and Printing
Technology for providing the laboratory facilities. In addition, | wish to thanks
everyone in Polymer Imaging lab for their kind contributions.

A special note of gratitude to my parents for their love and many thanks for
my friends, help, understanding and encouragement throughout the study for the

Masters degras.



CONTENTS

ABSTRACT (in Thal) oouceiiiiineiiiiiiiireiiiine e e e
ABSTRACT (In English) ...ooviiirrrereceiiiii i e eesie e e
ACKNOWLEDGMENTS .....ouvviiiiiiimcnrirmcnitsiminiaiene e sesssssnssnenes
CONTENTS oo iiittierteeerietemerenrnsseies saraesbsecbenr e saeeesbeeiieresaerses
LEST OF TABLES .t it i maaii e e s e re s aa s e
LIST OF FIGURES ...ttt it ceiiiienciinininr s vna e cennmnanen s sstsaosanes
ABBREVIATIONS .0ttt oo e irmseamsasassasas somsinsss s ssnsssassnscanees
CHAPTER 1; INTRODUCTION ... it s eennnn e

1.1 Scientific rationale .......cccoviieiniriiini i e

1.2 Scope of the theSiS.......ccviiiiuiiiireie i e

1.3 Content of the theSIS ....c.ccoviivieririiiiii e,

CHAPTER 2: THEORETICAL CONSIDERATION AND

LITERATURE REVIEW ... iiiiiiiiiiisiiieissin e ivneesnnaes s s snns
2.1 Multicorﬁponent DOWITIONS ..evverveeinirntinrrn e tieeracrs e

2.1.1 Scope of muiticomponent polymers........c...c.......

2.1.2 Comparison of various types of

MUItICOMPONENt POIYIMOMS. iovueiveeineereaiseionianns
2.2 Polymerblends .......oci i e
2.2.1 Reasan forblending ......cov i s
2.2.2 Method of preparation of polymer blends ........
2.2.3 Category of polymerbiends ...........cccceeevvvnnnnnnn
2.2.4 Blend mOmphology vveevereeie et ieeiee e e
2.3 Expanded solid POIVITIEIS ...viiriiniiriiiinicriireei e ee s aeenae
2.3.1 Theory of the expansion ProCess ..........c.cccveeeenn.

2.3.2 Production methods of expanded polymers .................

----------

..........

1
13
15
15
20



CONTENTS (continued)

PAGE
2.3.3 Chemical composition of expanded polymers............... 24
2.3.4 Relationship between celf structure and properties
of expanded POIYMENS ......ciiiiiiiiiir i et 30
2.3.5 Application for cellularmaterials............ooeeei i 38
2.4 Literature review ...........cocoeeneeicnnnnnas e ieeerereves e aer e ereon 42
CHAPTER 3;: EXPERIMENTAL .ot 51
IR LY LG a - L O S DSOS PP PR PP TP 51
3.2 INSHUMEIES ..ttt i eensrrenianessesoesaanaiuennesansiinsseaasarsraranssunsnnanes 52
3.3 FOAMING PIOCESS tvvvrneraiiiiriirret setrianneeissnnran s sansenrestn e seens 55
3.4 Physical MeasuremMents .......ceceviriminiimimrimiemniinnieenen a6
3.4.1 Determination of decomposition temperature of the
DIOWING AQENML oeevenereeeriiineiani et eeenre s raenes 56
3.4.2 Thermogravimetric analysis (TGA) ......cccveeverrieiennennns 56
3.4.3 Dynamic mechanical analysis (OMA) .......ccceviiiinnns 57
3.4.4 Physical property measurements ........c..cooocannenenins 57
3.4.5 Momphological studies ........oooeeiiiiiiiiiiiiiiiiri 58
3.4.6 Characterization of cell structure of foam e 59
3.5 Flow chart of the whole experiment .............i i 80
CHAPTER 4: RESULTS AND DISCUSSION ...n i e, 61
4.1 Selection of the suitable blowing agent activator loading |
by thermal analysiS ... v 61
4.1.1 Equipment setup for decomposition temperature
measurement (EDTM).....c.cccve.. e 61
4.1.2 Thermogravimetric analysis (TGA) ....cvcovvvrecreriinrrnnennee 62



CONTENTS (continued)

PAGE
4.1.3 Comparison of the two method for the measurement of
decompasition tempPeratur.........cooevivrveveiceiisinnireriionn 62
4.2 Determination of the distribution of natural rubber phase
in high-density polyethylens phase.............ccccecriieviiinnn e 65
4.3 Factors affecting the dynamic mechanical properties '
Of HDPE/NR OAMS 1. iuiieenieniiis i eeeciisceisere e s vttt e e s aea e 68
4.3.1 Effect of HOPE/NR ralio ..o.ovuivirriiiiiiiiie e e 68
4.3.2 Effect of blowing agent l0ading ............ooeiiiiiiiiennninnn 69
4.4 Factors affecting the cell structures and mechanical properties
Of HDPE/NR fOBMS 1. uueiiiieiiiinenanriiureeiiecisasnnennsesnesieesnnenaens 7
4.4.1 Effect of foaming ime ..o 77
4 4.2 Effect of blowing agent loading et et ereneeen. 86
4.4.3 Effect Of HOPE/NR FAt0 cccuvvnen i ieieee e eriine e 95
4 .4 4 Effect of cross-inking agent l0ading .....coeernveriiniennn e, 103
4.4.5 Effect of HDPE/NR ratio at a fixed cross-inking
agent 10adiNg ....oeceeriee e e 112
4.5 Comparison of the mechanical properties of HDPE/NR foam
with other matenials ... 121
CHAPTER 5: CONCLUSIONS AND SUGGESTIONS ... it 124
REFERENCES ...oiiiriiiiireeiiit e cac ettt coiane i teanes et casracin s s eseamnan s ereaasaean 126
APPENDICE ... et ercter et st arer s e s arra s re et e ra e s pr e renns 129



LIST OF TABLES"

TABLE ' PAGE
2.1 Characteristics of chemical blowing agents ........ocoovvviiiiiiv i, 27
2.2 Properties of expanded polysthylene at various densities .................... 31
2.3 Application for polyolefin fqams .......................... eerrre ey 41
3.1 Materials used in the Present SIAY ......vivveee.vvesvereirersreereanesaesressnn, 51
3.2 Steps and preparative conditions of HDPE/NR blends in

foaming process............_.........................; .......... TR 53
3.3 Farmulation of palymer blends of HDPE/NR compounds ...........ccee 54
4.1 Comparison of the two methods for the meas_urements of

4.2

43

4.4

4.5

4.6

4.7

4.8

4.9

AeCOMPOSItION TBMPEIAILIE ..t iieiirieiieceerrtieetneirr e aeeanrarereaeneenenns 63
Effect of HDPE/NR ratio on the dynamic mechanical properties

Of HDPE/NR fOBM 1ot vttt ot ieiieiineiese st senirneereesereenaes e aes reeaer seens 69
Effect of blowing agent loading on the dynamic mechanical

properties of HDPE/NR fO8M . .viiiiiiiiciiirieee i e 73
Effect of heating time on the cell structure and properties

Of HOPE/NR fOAIMIS ieuvtivnirnretiernrmnnctseresranmnsensasrernsnersserneesnsrnesenes 78
Effect of blowing agent loading on the cell structure and mechanical
properties of HDPE/NR fOAIMS tiiiviiiiri i ieines e eenreeiiiensaerveeiinennanna 87
Effect 01; ratio HDPE/NR on the cell structure and mechanicai properties

Of HDPE/NR fOBMS coi it it il s b shh e eth oh o b b i e e td e b 96
Effect of cross-linking agent loading on the cell structure and

mechanical properties of HDPE/NRfoams.......ccveveeieniiivieniiini i, 104
Effect of HDPE/NR ratio at fixed cross-linking agent foading on

the cell structure and mechanical properties of HDPE/NR foams........... 113
Comparison of the mechanical properties at the same ratio of HDPE/NR

blends without cross-linking agent and with crossHinking agent ........... 120



Ayl

LIST OF TABLES (continued)

TABLE PAGE

4,10 Comparison of some mechanical properties of HDPE/NR with another
MIBEIIAIS L.\t iiriit vt e et vt eeeretrnreatsareaae et easrereeaanstevanrrtannaneaanne 122

4.11 Types of ceilular polymer and their principat application....................... 123



LIST OF FIGURES

FIGURE PAGE
2.1 Schematic illustration of molecular and phase domain morphologies

in various types of polymerblends ... 6
2.2 Schematic representation of temperature dependence of storage

shear modulus for polymers A and B and their 50:50 mixture .............. 12
2.3 intarretation in polymer blend nomenciature .............occoieivceiiieennn. 13
2.4 Different types of dispersion of a polymer in the matrix of

an immiscible POIYITIBE .o i e e e 14
2.5 Conceptual illustration of an interpenetrating network of phases by

showing the two interfocking matsriais separated from one another ..... 14
2.6 Steps in preparation of CEIUIAr DOIYMErS......c.cciierve e e, 15
2.7 Relations goveming celi growth and collapse ..... et eee e, 16

2.8 ldeatized two-dimensional cellular structures at different stages

Of foam eXPaNSION ......oii i ittt et e e 19
2.9 Flow diagram of extrusion process 21
2.10 Schematic diagram of tandem extruder ............ccccoociiiiieeiiininn, 21
2.11 Accumuilation extrusion system ..........cccceeeeininiinn, rereereen, 22
2.12 Compression Mmoulding tEChMGUE . ....ivvvvircennierervsunircnseerrunecneieneens 23
2.13 Flow diagram of radiation Crosslink proCess .......cooovvivievivrveievnnnenenens 24
2.14 Chemical structure of azodicarbanamide (AZ0) ................. 26
2.15 Decompasition reactions of azodicarbonamide (AZD) ............cccveeeeen. 28
2.16 isothermal gas evolution test data of actiVators for AZD at 170 °C ........ 29

2.17 tsothermal gas evolution test data of moderate activators
FOFAZD AL 185 °C oottt rie it e e e eee e ete et see e st saesr e s eresee e 29
2.18 Effect of density on fiexural modulus of LOPE and HDPE foams .......... 30



LIST OF FIGURES {continued) -

FIGURE PAGE

2.19 Compressive stress-strain curves of polyethylene foams with
various fractions of 0pen CollS .......v. i iiiii it 32

220 Compressive strength VS. percentage open cells for

POIYELNYIBNE fOAMS L.evreriiiiiiienris ettt b e 32
221 Typical structure of (1} open, (2) closed, (3) reticulate cell foams ... 33
2.22 Tensile strength VersuS Cell SIZ8 ......ccoioivi i, 34
2.23 Elongation versus Cell SiZe «....vvivriiin 34
2.24 Tearstrength versus Cell SIiZ8 .....c..iviriviiiiiiiiiiiien s 35
2.25 Compression-defisction versus cell SIZe .........cccocovenineniiiiinnninnns 35
2.26 Role of window in COMPrESSION .ecuerioviiiiiiniiirinr i 36

227 Effect of cell size on compression properties foam A-large cells

and f0am B-smaller CEUS ... .o caait et ic s s 36
2.28 Compression-de"ﬂection properties of unbatanced foam .................. 37
2.29 Typical effect of cell structure on rigid foam strength....................... 37

2.30 Mode! describing the static vuicanization process in
NRILDPE DIEBNAS  .iviiritieviiieriereieseereseestnerevssste s s s enaner sesanaenes 43

2.31 Model describing the dynamic vulcanization process in

NR/LDPEDIBNAS ..o 43
3.1 Equipment setup for decomposition temperature measurement ...... 56
3.2  Rectangular Sheet........ooviviiiiiiiiiceiiiii e 57
3.3  Flow chart of the whole 8xpenmMment .......cc.oveeeeerieriniiiccrien e ereeens 80
4.1 TGA thermogram of 2zodicarbonamide ........c.cccevvirienianeeiirenn.e. 64

42  SEM micrographs of toluene extracted blends: (a) 0 pphp NR,
(b) 10 pphp NR, (c) 20 pphp NR, (d) 30 pphp NR, (e) 40 pphp NR,
and (f) 50 pphp NR (SEMHES C) vuevieiieie i ceeviree e e 66



ALV

LIST OF FIGURES {cantinued)

FIGURE PAGE
4.3 The distribution of threads width from SEM micrographs ................... | 67
4.4 Dynamic mechanical spectra of HOPE/NR foam at 10 pphp NR content... 70
4.5  Dynamic mechanicat spectra of HDPE/NR foam at 20 pphp NR content... 70
46 Dynamic mechanical spectra of HDPE/NR foam at 30 pphp NR content... 71
4.7 Dynamic mechanical spectra of HDPE/NR foam at 40 pphp NR content... 71
48 Dynamic mechanical spectra of HDPE/NR foam at 50 pphp NR content... 72
49 Dyhamic mechanical spectra of HOPE/NR foam at 1.0 pphp

blowing agent ..........c.coiveeeaiins BT 74
410 Dynamic mechanical spectra of HDPE/NR foam at 2.0 pphp

o110 gTe R To T 10| S P SRR 74
4.11 Dynamic mechanical spectra of HDPE/NR foam at 3.0 pphp

DIOWING BQBML ..ottt st e e cree e teavr e e rra et set et 75
4,12 Dynamic mechanical spectra of HDPE/NR foam at 4.0 pphp

DIOWING BOONTL .o ui e iiiiinins o serirnnrsssssearte s eneeeernssessensesenas 5
4,13 Dynamic mechanical spectra of HDPE/NR foam at 5.0 pphp

BIOWING AGENT ..ooiirin i e 78
4,14 Effact of heating time 0N foam deNSItY . ....cvvriiiin v aiiviinn i ieeiresiennions 79
4,15 Effect of heating time on hardnEss .. ... eeviieneveieiieeceieeeiae e sanns 79
4,16 Effect of heating time on tensile strength ... i e, 80
4,17 Effect of heating time on elongation at break .......cceeevvevvvieencennrennann, 80
4,18 Effect of heatingtime ontearstrength .....ocoieeireiiiiniriiee e, 81
4.19 Effect of héating time on flexural strength .......cocrvivrii e, 81
420 Effect of heating time cn elastic MOAUIUS ......ocoviiiiiricre e 82
4.21 The effect of heating time on cell size distribution of HOPE/NR foam



LIST OF FIGURES (continued)

FIGURE PAGE
(a) 10 min, (b} 15 min, (c) 20 min, (d} 25 min, and {(e) 30 min

(SOMES A) 1rireieteerieiis st re st s s e 84
4.22 The effect of heating time on cell structures of HDPE/NR foam
(a) 10 min, (b) 15 min, (c) 20 min, (d) 25 min, and (e) 30 min

(SBIIBS Al ... e sirs i esennnieeasettsaas s e st e e e aecaarnsian s s tee et s nan e, 85
4.23 Effect of blowing agent loading on foam density ............ccc....ccvoee. 88
4.24 Effect of blowing agent loading on hardness ..............occovivveveniieeens 88
4.25 Effect of blowing agent loading on tensile strength ...............cco..e. 89
426 Effect of blowing agent loading on elongation at break .................. 89
427 Effact of biowing agent loading on tear strength ........ooceeriviinnnninn, 90
428 Effect of blowing agent loading on flexural strength ............ooveieens 90
429 Effect of blowing agent loading on elastic modulus..........ovcovivienneeen 91

430 The effect of blowing agent loading on cell size distribution of
HDPE/NR foam (a) 1.0 pphp. (b) 2.0 pphp, {(c) 3.0 pphp, (d) 4.0 pphp,
and (8) 5.0 PPNP (SEMES B) ..ouvurrrueturereriureeeaimierumirsnnsaneeeceniaanenes 93
4.31 - The effect of biowing agent loading on cell structures of HOPE/NR
foam (a) 1.0 pphp. (0) 2.0 pphp, (c) 3.0 pphp. (d) 4.0 pphp, and

(8) 5.0 PPNP (SBMES B) tviuiiiiiiiirieeiit e ettt e eer et e eeataiaaaeens 94
432 Effectof NRcontentonfoamdensity ... i 97
4.33 Effect of NR content on hardness .........ccveieieniiiiiiinicniciiinnen 97
4.34 Effect of NR content ontensile strength ......ccoviveiiiiiiiii e, 68
4,35 Effect of NR content on elongation atbreak ..........coccvvviiiiiiiniiinnnnn, a8
436 Effect of NRcontentontearstrength ......ooooieiiiiiiiiiiiieeene 98
437 Effect of NR content on flexural strength .......coooivviiiiiiniii i, 99

4.38 Effect of NR content on eiastic ModUIUS .o iiriveeieerereiirsrrasesneanns 100



ANV

LIST OF FIGURES (continued)

FIGURE . PAGE
439 The effect of NR content on cell size distribution of HDPE/NR foam

(a) 10 pphp, and (b) 20pphp (Series C) ....ccovivevvvrniiinieniiiiecenn, 101
4.40 The effect of NR content on cell structures of HDPE/NR foam

{a) 10 pphp, (b) 20 pphp, (c) 30 pphp, (d) 40 pphp, and

() 50 PPN (SEMES Clurnriiierrinneesciimmsirsseiitinie st iesatana e s ees o 102
4.41 - Effect of cross-linking agent loading on foam density ............coceeveee. 105
4,42 Effect of cross-linking agent loading on hardneéss .......c...cceeeiviinnee 105
4.43 Effect of cross-linking agent loading on tensile strength .................... 106
4.44 Effect of cross-linking agent loading on elongation at break............... 106
4 .45 Effect of cross-linking agent loading on tear strength ..........ccceueeeen. 107
4 46 Effact of cross-inking agent loading on flexural strength ................ 107
4.47 Effect of cross-linking agent loading on elastic mModulus ................... 108
4.48 Effect of cross-linking agent loading on gel content ..........covvvevnnnene 108

4.49 The effect of cross-inking agent loading on cell size distribution of

HDPE/NR foam (a) 0.4 pphp, (b) 0.6 pphp, (¢} 0.8 pphp, and

(@) 1.0 PPRP (SEMAES D) oot et e e 110
450 The effect of cross-linking agent loading on cell structures of HDPE/NR

foam (a) 0.2 pphp, (b) 0.4 pphp, (¢) 0.6 pphp. (d) 0.8 pphp, and

{8) 1.0pphp (series D) ...... 111
451 Effect of NR content at fixed cross-inking agent ioading on |

foarn density coooovii et e e et et rn e ee e 114
4.52 Effgct of NR content at fixed cross-inking agent loading on

NANESS ittt i e e re et e e e e e e e 114
4.53 Effect of NR content at fixed cross-linking agent loading on

tensie SrENGIN oo e e 115



AR AT

LIST OF FIGURES (continued)

FIGURE PAGE
4.54 Effect of NR content at fixed cross-linking agent loading on

elongation atbreak ................... rereien st 119
4.55 Effect of NR content at fixed cross-linking agent loading on

0= L1 6=1110 1 L U SO U U UO PP PR PSPPI 116
4,56 Effect of NR content at fixed cross-linking agent toading on

L0 oLz I 1110101 0 R U 116
457 Effect of NR content at fixed cross-linking agent ioading on |

e1aSHC MOAUILS ...oi. ettt ieie e iis it rsas s stis e ie s e nrearaeensaneees 17
4,58 Effect of NR content at fixed cross-linking agent loading on

gel content ...l . &L . i e e e 17
459 The effect of NR content at 0.6 pphp cross-linking agent on cetl size

distribution of HDPE/NR foam (a) 10 pphp,(®) 20 pphp, and

(C) 30 pPhP (SEMBS E) wovviiviiiniiiiiiiiiiiiinii it e e 118
460 The effact of NR content at 0.6 pphp cross-linking agent on cell

structures of HDPE/NR foam (a) 10 pphp, (b) 20 pphp. (¢) 30 pphp,

(d) 40 pphp, and (8) 50 pphp (SENES E) v 119
Bt  TGA themmogram of azodicarbonamide activated by |

0.1 PPRP ZINC OXIAE . ..o s e 131
B2 TGA thermogram of azodicarbonamide activated by

25 PPNP ZINC OXIAB 1enei e e e 132
B3 TGA thermogram of azodicarbonamide activated by -

50 PPNP ZINC OXIAR ..ot e s e et rer s e aba e 133
B4  TGA thermogram of azadicarbonamide activated by

7.5 PPRP ZINC OXIAE ...vn et et e e ee e 134



......

LIST OF FIGURES (continued)

FIGURE ' PAGE
B5  TGAthemmogram of azodicarbonamide activated by

10.0 pERP ZINC OXIAG . .eevnveiiaaceverrrirnsiemriiiiesseneteiiessreesiosesees 139



AZDC
DMA
EDTM

EPW
HDPE
NR

pphp

SEM
Tg

TGA
Zn0

ABBREVIATIONS

Azodicarbonamide

Dynamic mechanical analysis
Equipment for decomposition temperature
measurement .

Epolene wax

High density potyethylene
Natural rubber

part per hundred polymer
Sulphur

Scanning electron microscopy
Glass transition temperature
Thermmogravimetric analysis

Zinc oxide



	Cover (Thai)�������������������
	Cover (English)����������������������
	Accepted���������������
	Abstract (English)�������������������������
	Abstract (Thai)����������������������
	Acknowledgements�����������������������
	Contents���������������
	Abbreviations��������������������

