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Poly(vinyl chloride) or PVC is a well-known commodity plastic because of its versatility, 
low cost and long life cycle. In Thailand, water pipe is a major product of PVC. However, PVC is 
known to degrade at elevated temperature. Without the discovery of heat stabilizers, PVC was not 
an industrially useful polymer. In practice, lead stabilizers are used to improve the decomposition 
temperature in order to obtain high-quality PVC products. But they are limited as stabilizers 
because of their toxicity. Initiative of limiting lead consumption has led to the development of 
alternative stabilizers. Calcium/zinc stabilizers are typical nontoxic heat stabilizers, however, Ca/Zn 
stabilizers have some disadvantages in their long-term stability. Whereas, organic based stabilizers 
(OBS) are new technology providing environmentally friendly stabilization for rigid PVC pipe 
applications. This research aims to suggest suitable organic based stabilizers to substitute 
conventional lead stabilizer as well as Ca/Zn stabilizer for PVC pipe. In this research, uracil 
derivative and eugenol compare with commercial heat stabilizer i.e. lead stabilizer, Ca/Zn stabilizer 
and commercial organic based stabilizer in their efficiency as heat stabilizer or important PVC 
properties. The PVC samples was processed by two-roll mills and compression molder at 180ºC. 
From the results, uracil derivative and eugenol were found to be more readily fused with PVC than 
commercial heat stabilizers. From mechanical testing, PVC stabilized with uracil derivative and 
eugenol showed higher tensile and flexural properties than other samples. In addition, PVC 
stabilized with uracil derivative provided relatively low thermal discoloration by maintaining original 
white color of PVC at temperature of 180°C up to 50 minutes. From recycle ability, PVC stabilized 
with commercial stabilizers could processed up to at least 5 cycles. However, PVC stabilized with 
uracil derivative was found to be able to withstand the processing cycle up to 4 cycles. Whereas 
PVC stabilized with eugenol was able to undergo only one cycle. Thus, it is clearly seen that uracil 
derivative showed high potential use as a safe and effective organic based heat stabilizer for PVC 
to substitute lead or Ca/Zn stabilizer. Moreover, Synergistic behavior in thermal stability of PVC 
was also observed when mixture of eugenol and uracil derivative at 1:1 mass ratio. 

 

Department: Chemical Engineering 
Field of Study: Chemical Engineering 
Academic Year: 2014 
 

Student's Signature   
 

Advisor's Signature   
  

 

 

 



 vi 

 

 

 
ACKNOWLEDGE MENTS 
 

ACKNOWLEDGEMENTS 

 

I wish to express my deep appreciation to my advisor, Assoc. Prof. Dr. 
Sarawut Rimdusit for his kindness, invaluable supervision, guidance, advice, and 
encouragement throughout the course of this study and editing of this thesis. 

My sincere gratitude is to Dr. Varun Taepaisitphongse, Assoc. Prof. Siriporn 
Damrongsakkul and Asst. Prof. Dr. Chanchira Jubsilp for their instructive advices as 
my thesis committee. 

This research is financially supported by Vinythai Public Company Limited, 
Bangkok, Thailand. I also wish to thank Ms. Dusita Kolaka, Ms. Nada Sroysaard, Ms. 
Pinyaporn Veerapradit and all staffs in Quality Control and Customer Development 
Department (QCD) of Vinythai Plant for their helpful and invaluable advices on 
instrumentation used in this work. 

Additionally, I would like to acknowledge my senior colleagues especially 
Ms. Manunya Okhawilai for her assistance and useful comments on my thesis. 
Everyone in Polymer Engineering Laboratory, Department of Chemical Engineering, 
Faculty of Engineering, Chulalongkorn University is highly appreciated for his/her 
invaluable discussion and friendly encouragement.  

Finally, I would like to affectionately give my gratitude to my family for 
their wholehearted understanding, patience, and encouragement throughout my 
entire study. 

 



CONTENTS 
  Page 

THAI ABSTRACT ...................................................................................................................... iv 

ENGLISH ABSTRACT ................................................................................................................ v 

ACKNOWLEDGEMENTS .......................................................................................................... vi 

CONTENTS .............................................................................................................................. vii 

LIST OF FIGURES .................................................................................................................... xi 

LIST OF TABLES .................................................................................................................. xviii 

CHAPTER I  INTRODUCTION .................................................................................................. 1 

1.1 General Introduction................................................................................................... 1 

1.2 Objectives ..................................................................................................................... 3 

1.3 Scope of the study ..................................................................................................... 3 

1.4 Procedure of the study .............................................................................................. 4 

CHAPTER II  THEORY ............................................................................................................... 5 

2.1 Poly(vinyl chloride) (PVC)........................................................................................... 5 

2.1.1 Properties of PVC .............................................................................................. 6 

2.1.2 Applications of PVC .......................................................................................... 8 

2.1.3 PVC Pipes ............................................................................................................ 8 

2.2 Thermal Degradation of PVC ..................................................................................... 9 

2.3 Heat Stabilizers for Poly(vinyl chloride)................................................................11 

2.3.1 Classification of PVC Stabilizers ...................................................................11 

2.3.2 History of the Use of PVC Pipe Stabilizers .................................................13 

2.3.3 Major Types of PVC Heat Stabilizers ...........................................................13 

CHAPTER III  LITERATURE REVIEWS ....................................................................................17  

 



 viii 

  Page 

CHAPTER IV  EXPERIMENTAL ...............................................................................................30 

4.1 Materials ......................................................................................................................30 

4.2 Methodology ..............................................................................................................31 

4.2.1 PVC Dryblend Preparation.............................................................................31 

4.2.2 PVC Processing .................................................................................................32 

4.2.3 Recycling Preparation of PVC Stabilized with Various Stabilizers .........33 

4.3 Characterizations of PVC Stabilized with Heat Stabilizers ................................33 

4.3.1 Processing Characterization ..........................................................................33 

4.3.1.1 Fusion of PVC Compounds Using a Torque Rheometer .................................33 

4.3.2 Physical Properties ..........................................................................................34 

4.3.3 Mechanical Characterization .........................................................................37 

4.3.4 Thermal Characterization ..............................................................................38 

CHAPTER V RESULTS AND DISCUSSION ............................................................................42 

5.1 Effect of Commercial Lead, Calcium Zinc (Ca/Zn) and Organic Based 
Stabilizers on Rheological Properties and Static Thermal Stability on PVC 
Resin ............................................................................................................................42 

5.1.1 Effect of Commercial Lead, Calcium Zinc and Organic Based 
Stabilizers on Rheological Property on PVC Resin ...................................42 

5.1.2 Effect of Commercial Lead, Calcium Zinc and Organic Based 
Stabilizers on Static Thermal Stability on PVC Resin ..............................47 

5.1.3 Thermogravimetric Analysis (TGA) of Commercial Organic Stabilizers.49 

5.2 Effect of DAU, Eugenol and DAU/Eugenol Mixture Stabilizers on Static 
Thermal Stability and Mechanical Property of Rigid PVC .................................51 

5.2.1 Static Thermal Stability of PVC Stabilized with Eugenol ........................51  

 



 ix 

  Page 

5.2.2 Static Thermal Stability of PVC Stabilized with DAU ...............................52 

5.2.3 Tensile Properties of PVC Stabilized with DAU .........................................53 

5.2.4 Effect of Processing Temperatures for PVC Stabilized with DAU and 
Eugenol Stabilizers .........................................................................................54 

5.2.5 PVC Stabilized with DAU/Eugenol Mixtures ...............................................56 

5.3 Properties of PVC Stabilized with Various Heat Stabilizers (at a Fixed 
Stabilizer Content of 3 phr) ....................................................................................59 

5.3.1 Effects of Types of Heat Stabilizers on Fusion Behaviors of PVC 
Stabilized with Various Heat Stabilizers (at a Fixed Content 3 phr) ....59 

5.3.2 Thermogravimetric Analysis (TGA) of PVC Stabilized with Various Types 
of Heat Stabilizers ..........................................................................................60 

5.3.3 Static Thermal Stability of PVC Stabilized with Various Heat 
Stabilizers .........................................................................................................61 

5.3.4 Dynamic Mechanical Analysis of PVC Stabilized with Various Types of 
Heat Stabilizers at a Fixed Content 3 phr .................................................62 

5.4 Effects of Repeated Processing and Various Types of Heat stabilizers ..........64 

5.4.1 Effects of Repeated Processing on Density of PVC Stabilized with 
Various Types of Heat Stabilizers ................................................................64 

5.4.2 Effects of Repeated Processing on Color Change of PVC Stabilized 
with Various Types of Heat Stabilizers .......................................................65 

5.4.3 Effects of Repeated Processing Cycles on FTIR Spectra of PVC 
Stabilized with Various Types of Heat Stabilizers ....................................67 

5.4.4 Effects of Repeated Processing on Tensile Property of PVC Stabilized 
with Various Types of Heat Stabilizers .......................................................68 

5.4.5 Effects of Repeated Processing on Flexural Property of PVC Stabilized 
with Various Types of Heat Stabilizers .......................................................69  

 



 x 

  Page 

5.4.6 Effects of Repeated Processing on Izod Impact Property of PVC 
Stabilized with Various Types of Heat Stabilizers ....................................70 

5.4.7 Effects of Repeated Processing on Gelation of PVC Stabilized with 
Various Types of Heat Stabilizers ................................................................71 

5.4.8 Effects of Repeated Processing on Heat Distortion Temperature of 
PVC Stabilized with Various Types of Heat Stabilizers ...........................74 

CHAPTER VI ......................................................................................................................... 107 

CONCLUSIONS .................................................................................................................... 107 

REFERENCES ........................................................................................................................ 109 

APPENDIX ............................................................................................................................. 115 

VITA ....................................................................................................................................... 160 

 



 

 

xi 

LIST OF FIGURES 

FIGURE PAGE 

 

2.1  Structures of vinyl chloride monomer and poly(vinyl chloride) ........................... 5 

2.2 a) PVC resin, b) PVC granule .......................................................................................... 6 

2.3 PVC pipe, a major PVC product in the market .......................................................... 8 

2.4 Thermal degradation of PVC ......................................................................................... 9 

2.5 Allylic chlorine atom ...................................................................................................... 9 

2.6 Initiation of dehydrochlorination and elimination of HCl and simultaneous  

     formation of conjugated double bonds .................................................................. 10 

2.7  Wavelength of absorbed light in visible region vs. number of conjugated 

 double bonds in polyene ........................................................................................... 10 

2.8  Mechanism of PVC thermal stabilization by a primary stabilizer ....................... 12 

2.9  Mechanism of epoxidized compound by a secondary stabilizer in practice, 

        both stabilizers are to be used together as the primary stabilizers .................. 12 

2.10 Example of Dibasic lead stabilizer ............................................................................ 14 

2.11  Calcium stearate heat stabilizer ................................................................................ 15 

2.12  a) Methyl tin mercaptan and b) Dibutyl tin maleate (DBTM) ............................. 16 

2.13  a) Eugenol and b) 1,3-Dimethyl-6-aminouracil ....................................................... 16 

3.1  Dehydrochlorination rate of rigid PVC, in air, at 180°C, in presence of 2 g  

of the investigated stabilizers per 100 g of PVC .................................................... 17 

3.2  Mechanism of eugenol as primary stabilizer . ........................................................ 18 

3.3  Influences of the stabilizers (2 phr) on dynamic stability time 

of PVC at 180°C ............................................................................................................. 18 



 

 

xii 

3.4 Thermogravimetric analysis of PVC stabilized with CZ, DTU, DAU,  

MAU and MATU. ........................................................................................................... 20 

3.5 Mechanism of uracil derivatives as secondary stabilizer. .................................... 21 

3.6  Rate of dehydrochlorination of rigid PVC at 180°C, in air, in the presence of 

various concentrations of Poly(glycidyl methacrylate). ....................................... 24 

3.7  Effect of lead and Ca/Zn stabilizers on elongation at break vs. number of 

extrusion cycles. ........................................................................................................... 25 

3.8  The extrusion pressure and elongation at break, as a function of  

number of extrusions. ................................................................................................. 26 

3.9  FTIR spectra of a commercial rigid PVC samples heated at 180°C  

 at 0-7 hours. .................................................................................................................. 27 

3.10  DSC thermograms of compression molded PVC compounds  

exhibiting area A and area B due to fusion ............................................................. 29 

4.1  High speed mixer: Plasmec Turbomixer 10L with cooler .................................... 31 

4.2 Two-roll mills and compression molder ................................................................. 32 

4.3 Fritsch pulverisette 15 cutting mill ........................................................................... 33 

4.4 Brabender (torque rheometer) .................................................................................. 34 

4.5 Mathis Thermotester .................................................................................................... 35 

4.6 UL-94 vertical test ........................................................................................................ 41 

5.1 Torque rheometer process curves of PVClead at 180°C ........................................ 75 

5.2 Torque rheometer process curves of PVC Ca/Zn (PRD5549:Chem). ...................... 75 

5.3 Torque rheometer process curves of PVC Ca/Zn (M78NP:Sunace). ....................... 76 

5.4 Torque rheometer process curves of PVC Ca/Zn (M964NP:Sunace). ..................... 76 

5.5 Torque rheometer process curves of PVCCa/Zn (M162P:Siam). ............................. 77 

5.6 Torque rheometer process curves of PVC with OBS from Chemson. ............... 77 

5.7 Torque rheometer process curves of PVC with OBS from Sunace. ................... 78 



 

 

xiii 

5.8 Color change of PVC resin using lead stabilizers (3 phr) at 180°C in air  

(Strips were automatically moved out of the box at 5 mm/min). .................... 79 

5.9 Color change of PVC resin using Ca/Zn stabilizers (3 phr) at 180°C in air 

 (Strips were automatically moved out of the box at 5 mm/min). ................... 79 

5.10 Color change of PVC resin using commercial OBS stabilizers (3 phr) 

 at 180°C in air  ............................................................................................................. 79 

5.11 TGA thermograms of commercial organic stabilizers in nitrogen 

atmosphere: Sunace OBS (), Chemson OBS ()............................................. 80 

5.12 Derivative TGA thermograms of commercial organic stabilizers in  

nitrogen atmosphere: Sunace OBS (), Chemson OBS (). ........................... 80 

5.13 TGA thermograms of commercial organic based stabilizers in oxygen 

atmosphere: Sunace OBS (), Chemson OBS ()............................................. 81 

5.14 Derivative TGA thermograms of commercial organic based stabilizers in     

oxygen atmosphere: Sunace OBS (), Chemson OBS (). ............................. 81 

5.15 Color change of PVC resin using a eugenol as a stabilizer at 180°C in air  

(Strips were automatically moved out of the chamber at 1 mm/min) ............ 82 

5.16 Color change of PVC resin with titanium dioxide (2 phr) and various  

eugenol contents as stabilizer at 180°C in air (Strips were automatically  

moved out of the heating chamber at 1 mm/min). ............................................. 82 

5.17 Color change of PVC stabilized with various DAU contents (1-4 phr)  

at 180°C in air (Strips were automatically moved out  

of the heating chamber at 1 mm/min). ................................................................... 82 

5.18 Tensile stress-strain curves of PVC stabilized with various DAU contents: 1 phr 

(), 2 phr (), 3 phr () and 4 phr (). .......................................................... 83 



 

 

xiv 

5.19 Color change of PVC resin mixed with 3 phr of eugenol and 3 phr of DAU 

as a stabilizer with various processing temperature at 150, 160  

and 170°C under air atmosphere .............................................................................. 83 

5.20 Color change of the PVC stabilized with eugenol/DAU mixtures at  

DAU contents. (Strips were automatically moved out of the box  

at 1 mm/min at 180oC under air atmosphere)  84 

5.21 Color change of the PVC stabilized with eugenol/DAU mixtures at DAU 

contents. (Strips were automatically moved out of the box at 1 mm/min  

at 150oC under air atmosphere). ............................................................................... 85 

5.22 Effects of types of heat stabilizers in PVC resin on storage modulus:  

PVCDAU 3 phr (), PVC DAU 1.5 phr, eugenol 1.5 phr () and PVCeugenol 3 phr () ............ 85 

5.23 Effects of types of heat stabilizers in PVC resin on tan  PVCDAU 3 phr (), 

PVC DAU 1.5 phr, eugenol 1.5 phr () and PVCeugenol 3 phr ()........................................... 86 

5.24 Thermogravimetric analysis of the rigid PVC stabilized with various stabilizers: 

neat PVC (×),PVClead (), PVCCa/Zn (), PVCOBScomm (), PVCDAU () 

and PVCeugenol (). ...................................................................................................... 87 

5.25 Color change of the PVC stabilized with lead, Ca/Zn, OBScomm, DAU and 

eugenol at 3 phr as a function of time at 180°C. .................................................. 87 

5.26 Effects of types of heat stabilizers in PVC resin on storage modulus:  

commercial PVC from local Thai company (), PVClead (), PVCCa/Zn (), 

PVCOBScomm (), PVCDAU () and PVCeugenol (). ................................................ 88 

5.27 Effects of types of heat stabilizers in PVC resin on tan : commercial PVC 

 from local Thai company (), PVClead (), PVCCa/Zn (),  

PVCOBScomm (), PVCDAU () and PVCeugenol (). ............................................... 88 

5.28 UL-94 vertical test of PVC stabilized with lead stabilizer .................................... 89 

5.29 UL-94 vertical test of PVC stabilized with calcium/zincstabilizer....................... 89 



 

 

xv 

5.30 UL-94 vertical test of PVC stabilized with commercial OBS stabilizer .............. 90 

5.31 UL-94 vertical test of PVC stabilized with DAU ...................................................... 90 

5.32 UL-94 vertical test of PVC stabilized with eugenol ............................................... 91 

5.33 Effects of repeated processing cycles on density of PVC with various heat 

stabilizers:  PVClead (), PVCCa/Zn (), PVCOBScomm (), PVCDAU () and 

PVCeugenol (). .............................................................................................................. 92 

5.34 Effects of repeated processing cycles on color change of PVC with various heat 

stabilizers:  PVClead (), PVCCa/Zn (), PVCOBScomm (), PVCDAU () and 

PVCeugenol (). .............................................................................................................. 92 

5.35 Effects of repeated processing cycles on yellow index of PVC with various 

 heat stabilizers: PVClead (), PVCCa/Zn (), PVCOBScomm (),  

PVCDAU () and PVCeugenol (). ............................................................................... 93 

5.36 Effects of repeated processing cycles of FTIR spectra of PVC stabilized  

with lead stabilizers: 1st processing cycle (), 3rd processing cycle ()  

and 5th processing cycle (). .................................................................................. 94 

5.37 Effects of repeated processing cycles of FTIR spectra of PVC stabilized with 

Ca/Zn stabilizers: 1st processing cycle (), 3rd processing cycle ()  

and 5th processing cycle (). .................................................................................. 95 

5.38 Effects of repeated processing cycles of FTIR spectra of PVC stabilized 

commercial OBS stabilizers: 1st processing cycle (),  

3rd processing cycle () and 5th processing cycle (). ................................... 96 

5.39 Effects of repeated processing cycles of FTIR spectra of PVC stabilized  

with DAU stabilizers: 1st processing cycle (), 2nd processing cycle () 

and 3rd processing cycle (). .................................................................................. 97 



 

 

xvi 

5.40 Effects of repeated processing cycles on tensile strength of PVC with 

 various heat stabilizers: PVClead (), PVCCa/Zn (), PVCOBScomm (),  

PVCDAU () and PVCeugenol (). ............................................................................... 98 

5.41 Effects of repeated processing cycles on tensile modulus of PVC with  

various heat stabilizers:  PVClead (), PVCCa/Zn (), PVCOBScomm (),  

PVCDAU () and PVCeugenol (). ............................................................................... 99 

5.42 Effects of repeated processing cycles on flexural strength of PVC with  

various heat stabilizers: PVClead (), PVCCa/Zn (), PVCOBScomm (),  

PVCDAU () and PVCeugenol (). ............................................................................. 100 

5.43 Effects of repeated processing cycles on flexural modulus of PVC with  

various heat stabilizers:PVClead (), PVCCa/Zn (), PVCOBScomm (),  

PVCDAU () and PVCeugenol ().. ............................................................................ 101 

5.44 Effects of repeated processing cycles on Izod impact of PVC with  

various heat stabilizers:PVClead (), PVCCa/Zn (), PVCOBScomm (),  

PVCDAU () and PVCeugenol ().. ............................................................................ 102 

5.45 DSC thermograms of PVC stabilized with various types of heat stabilizer  

(1st cycle): PVClead (green line), PVCCa/Zn (red line), PVCOBScomm  

(dark blue line), PVCDAU (blue line) and PVCeugenol (pink line). ................... 103 

5.46 DSC thermograms of PVC stabilized lead at number of processing cycles  

1st cycle (red line), 2nd cycle (dark blue line), 3rd cycle (blue line),  

4th cycle (grey line) and 5th cycle (pink line). ..................................................... 103 

5.47 DSC thermograms of PVC stabilized Ca/Zn at number of processing cycles  

1st cycle (red line), 2nd cycle (dark blue line), 3rd cycle (green line),  

4th cycle (grey line) and 5th cycle (blue line). .................................................... 104 



 

 

xvii 

5.48 DSC thermograms of PVC stabilized OBS at number of processing cycles  

1st cycle (dark blue line), 2nd cycle (blue line), 3rd cycle (green line),  

4th cycle (pink line) and 5th cycle (brown line) .................................................. 104 

5.49 DSC thermograms of PVC stabilized DAU at different number of processing 

cycles 1st cycle (blue line), 2nd cycle (black line) and3rd cycle  

(dark blue line). ........................................................................................................... 105 

5.50 Effects of repeated processing cycles on degree of gelation of PVC with  

heat stabilizers: PVClead (), PVCCa/Zn (), PVCOBScomm (),  

PVCDAU () and PVCeugenol (). ..................................................................... 105 

5.51 Effects of repeated processing cycles on heat distortion temperature of  

PVC with various heat stabilizers: PVClead (), PVCCa/Zn (),  

PVCOBScomm (), PVCDAU () and PVCeugenol (). ............................... 106 

  



 

 

xviii 

LIST OF TABLES 

TABLE                          PAGE 

 

2.1 Properties of PVC resin ..................................................................................................... 7 

3.1 Extent of discoloration of thermally degraded rigid PVC at 180°C,  

in air, in presence of 2 wt% of the investigated stabilizers as a function 

of degradation time .......................................................................................................... 18 

3.2 TGA results of stabilized PVC .......................................................................................... 20 

3.3 Formulation and result of color measurement of Un-plasticized PVC (Rigid) ...... 21 

3.4 Induction period (Ts) as a function of type of the investigated N-phenyl 

-3-substituted-5-pyrazolone derivatives acting as thermal stabilizers  

for rigid PVC, at 180°C, in air ............................................................................................ 22 

3.5 Extent of discoloration of thermally degraded rigid PVC, at 180°C, in presence  

of 2 wt% of investigated stabilizers as a function of degradation time ................. 23 

3.6 Effect of repeated extrusion on various properties of PVC resin with Ca/Zn 

stabilizer .............................................................................................................................. 26 

4.1 Table 4.1 Composition and price of each ingredient................................................. 31 

4.2 Three material classification in Ul-94.Vertical Test .................................................... 40 

5.1 Effects of types of heat stabilizers on major parameters in 

the plastograms of PVC. ................................................................................................... 78 

5.2 Various properties of PVC with various heat stabilizers. ........................................... 84 

5.3 Effects of types of heat stabilizers on key parameters in plastograms. ................ 86 

5.4 Effects of repeated processing cycle on color of PVC  

with various heat stabilizers. ........................................................................................... 92 

 



 

CHAPTER I 

 

INTRODUCTION 

1.1 General Introduction 

Poly(vinyl chloride) (PVC) is a well-known commodity plastic which production 

is the third largest in the world after polyethylene and polypropylene [1]. The world 

production of PVC has been approximately estimated to be 40 million tons in 2012. It 

is a cost-competitive polymer with broad spectrum of properties (rigid, semi-flexible, 

flexible) and is utilized in various construction applications including water, sewage, or 

drainage pipes and in many extruded profiles [2]. In Thailand, water pipe is a major 

product of PVC application and it generally uses lead compound as a heat stabilizer. 

Technically, however, PVC is known to degrade at high temperature and gives 

off hydrochloric acid that in turn accelerates the thermal degradation process [3]. The 

number of the conjugated double bonds formed during the process determines the 

level of color in the sample ranging from yellow, orange, red, brown, and black [4]. 

The decomposition by-product, HCL, can also deteriorate mechanical, thermal as well 

as physical properties of the polymer [5]. Without the discovery of heat stabilizers, PVC 

was not an industrially useful polymer due to its prone to thermal decomposition at 

elevated temperature mentioned above. 

In practice, commercial heat stabilizers of PVC pipe such as lead stabilizers and 

calcium zinc stabilizers are used to improve the decomposition temperature in order 

to obtain high-quality PVC products. Although basic lead stabilizers have high efficiency 

stabilization, they are limited as stabilizers applied in PVC on account of their toxicity 

[6]. In 2003, certain European environment regulations limited the use of lead in the 

production of PVC pipe. In the 2007-2012, lead stabilizer consumption in Europe 
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decreased by 76,364 tons and the continent will phase out the use of lead in the 

production of PVC pipe in 2015 [7].  

Initiative of limiting lead consumption has led to the development of 

alternative stabilizers in the last ten years [8]. These include calcium/zinc based 

products for profiles and sewage or drainage pipes and organic based products for 

drinking water pipes and pipes. Some metal soaps such as calcium stearate/zinc 

stearate are typical nontoxic heat stabilizers for PVC [9], however, calcium and zinc 

stabilizers have some disadvantages in their long-term stability [10]. Whereas, organic 

based stabilizers are new technology providing environmentally friendly stabilization 

for rigid PVC pipe applications and of major interest both academically and industrially. 

One organic stabilizer widely known in organic based heat stabilizer for PVC is 

uracil derivatives [11]. There are several literatures that confirm that uracil derivatives 

have good efficiency to suppress thermal degradation of PVC [12, 13]. Another organic 

stabilizer is eugenol which is a main component (80 wt.%) of clove oil. It is widely used 

in perfumes, antioxidants, and drugs, and taste items [14]. Eugenol is an organic 

compound bearing a multifunctional group which can intervene with the chain 

degradative products resulting from the thermal treatment of poly(vinyl chloride), 

together with the fact that it is a safe material, it has been investigated for the 

stabilizing efficiency against the thermal degradation of PVC [4]. 

 In this research, 3 classes of heat stabilizers (lead compound, calcium/zinc 

compound and organic stabilizers) are evaluated and their efficiencies will be 

compared based on the effects on thermal properties (HDT, degradation temperature), 

mechanical properties (flexural and tensile test), physical properties (density, color 

change) and recycle ability of rigid. Organic based heat stabilizers with a potential to 

replace toxic classes of lead and Ca/Zn systems will be proposed and evaluated. 
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1.2 Objectives 

1. To investigate using organic thermal stabilizer (nontoxic) instead of lead compound  

    or calcium/zinc compound for poly(vinylchloride) processing in pipe applications.  

2. To systematically study the effects of organic heat stabilizer contents on thermal  

     stability of the poly(vinylchloride). 

3. To investigate the effects on recycling ability of poly(vinylchloride) stabilized with  

     3 types of heat stabilizer. 

4. To determine other essential thermal, mechanical and physical properties of  

    recycled poly(vinylchloride) pipes from 3. 

 

1.3 Scope of the study 

1. Prepare the PVC compound based on filler e.g. calcium carbonate) and heat 

     stabilizers, e.g. lead stabilizer, mixed metal as Calcium/Zinc stabilizer (Ca/Zn),  

     and organic stabilizers, e.g. eugenol, derivative uracil and commercial organic  

     based stabilizer (OBS).  

2. Find thermal stability (HDT, degradation temperature and transition temperature),  

     mechanical properties (flexural and tensile test), and some physical properties 

     (density, color stability) as well as gelation of each heat stability-filled PVC sample 

     using: 

- Mechanical properties  (INSTRON: flexural and tensile) 

- Dynamic mechanical analysis (DMA: Tg and storage modulus) 

- Thermogravimetric analysis (TGA: Td and char residue) 

- Differential scanning calorimetry (DSC: Tg and gel behaviors) 

- Color spectrophotometry (Color change) 

- Fourier transform infrared spectroscopy (FTIR: degradation behaviors) 

- Flammability (UL-94) 
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3. Study the PVC stabilized with various types of heat stabilizers at recycling  

     processing (up to 5 recycle times). Evaluate the essential thermal mechanical and  

     physical properties from 2. 

 

1.4 Procedure of the study 

1. Reviewing related literature. 

2. Preparation of chemicals and equipment for using in this research. 

3. Preparation of  PVC compound and recycled PVC compound and heat stabilizers, 

e.g. lead  stabilizer, mixed metal as Calcium/Zinc stabilizer (Ca/Zn), and organic 

stabilizer, e.g. eugenol and derivative uracil and commercial organic based 

stabilizer (OBS). 

4. Recycle PVC compound stabilized with various types of heat stabilizers. 

5. Determination of thermal and mechanical properties of PVC  as follows: 

- Mechanical properties  (INSTRON: flexural and tensile) 

- Dynamic mechanical analysis (DMA: Tg and storage modulus) 

- Thermogravimetric analysis (TGA: Td and char residue) 

- Differential scanning calorimetry (DSC: Tg and gel behaviors) 

- Color spectrophotometry (Color change) 

- Fourier transform infrared spectroscopy (FTIR: degradation behaviors) 

- Flammability (UL-94) 

6. Analysis of the experimental results. 

7. Preparation of the final report. 
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CHAPTER II 

 

THEORY 

2.1 Poly(vinyl chloride) (PVC) 

Poly(vinyl chloride), commonly abbreviated as PVC, is the third-most widely 

produced plastics, after polyethylene and polypropylene. PVC products can be rigid 

or flexible, opaque or transparent, and insulating or conducting [15]. 

PVC is thermoplastic and has chemical and physical structure that makes it 

broad spectrum of properties. It (often referred to as vinyl) is polymerized 

commercially by free-radical polymerization of vinyl chloride with several techniques 

such as suspension, emulsion and micro-suspension processes. PVC is made 

commercially at several molecular weights, depending on its intended applications.  

 

 

 

                             Vinyl chloride monomer                Poly(vinyl chloride) 

Figure 2.1 Structures of vinyl chloride monomer and poly(vinyl chloride). 
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a)       b)     

                     Figure 2.2 a) PVC resin                              b) PVC granule [16] 

 

2.1.1 Properties of PVC 

PVC has excellent dimensional stability, outstanding resistance to weathering, 

fungi, water and alcohols, good resistance to acid, alkalis, fats and petroleum 

hydrocarbons, good dielectric properties, inherently flame resistance, extreme cost 

effective in comparison to other plastics with a high degree of versatility in end-use 

and processing possibilities such as extrusion, injection, or foam processing [17]. It is 

durable, easily maintained, and can be produced in a large range of colors. Moreover, 

the advantage of PVC is that it can be blended with a wide range of additives to 

improve stability, cost, stiffness and softening point. It is easy to modify or add various 

types of additives such as plasticizers, impact modifiers, pigments, lubricants, heat 

stabilizers, UV stabilizers, antioxidants and so forth into PVC, to enhance or broaden 

its properties. It can also be blended with various polymers such as acrylonitrile 

butadiene styrene (ABS), acrylonitrile styrene acrylate (ASA), acrylic, polymethyl 

methacrylate (PMMA), ethylene vinyl acetate (EVA), chlorinated polyethylene (CPE), 

ethylene propylene diene monomer rubber (EPDM), nitrile rubber etc. [17]. 

  

http://en.wikipedia.org/wiki/Ethylene
http://en.wikipedia.org/wiki/Propylene
http://en.wikipedia.org/wiki/Diene
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Table 2.1: Properties of PVC resin [18].  

Properties ASTM Test Method Units PVC 

Physical      

Density D792 g/cm3 1.42 

Water Absorption D570 % 0.06 

Rockwell Hardness D785 R Scale 115 

Mechanical      

Tensile Modulus D638 GPa 2.8 

Yield Strength D638 MPa 52 

Flexural Modulus D790 GPa 3.3 

Yield Strength D790 MPa 88 

Izod Impact D256 J/m 53 

Thermal      

Vicat Softening Point D1525 °C 83 

Heat Deflection Temperature D648 °C 82 

Flammability D635 - Self-Extinguishing 

Flammability UL94 - V-0 

Electrical      

Volume Resistivity D257 ohm/cm 5.4 x 1015 

Dielectric Constant D150 60 Hz 3.19 

Dielectric Strength D149 V/mm 544 

Chemical      

Chemical Resistance D1784 - Class B 
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2.1.2 Applications of PVC 

The relatively low cost, highly biological and chemical resistance of PVC as well 

as the outstanding workability have resulted in it being used in a wide variety of 

applications. It is used for sewage pipes and other pipe applications where cost or 

vulnerability to corrosion limits the use of metal pipes. With the addition of impact 

modifiers and stabilizers, it has become a key material for window and door frame 

products. By adding plasticizers, it can become flexible enough to be used in cabling 

applications as a wire insulator, etc. 

2.1.3 PVC Pipes 

Roughly half of the PVC resin manufactured annually in the world is used for 

producing pipes for municipal and industrial applications [6]. Its light weight, cost-

competitive and low maintenance make it highly attractive for various works. However, 

it must be carefully installed and bedded to prevent longitudinal cracking [19]. 

Additionally, PVC pipes can be fused together using various solvent cements, or heat-

fused (butt-fusion process, similar to joining HDPE pipe) to create permanent joints that 

are virtually impervious to leakage [19]. 

 
Figure 2.3: PVC pipe, a major PVC product in the market [20]. 

 

http://en.wikipedia.org/wiki/Sanitary_sewer
http://en.wikipedia.org/wiki/Corrosion
http://en.wikipedia.org/wiki/Metal
http://en.wikipedia.org/wiki/Window
http://en.wikipedia.org/wiki/Door
http://en.wikipedia.org/wiki/Wire
http://en.wikipedia.org/wiki/High-density_polyethylene
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2.2 Thermal Degradation of PVC 

Thermal degradation is a process which the action of heat or high temperature 

causes a loss in physical, mechanical, or electrical properties of the material. In the 

case of PVC, its thermal degradation occurs via autocatalytic dehydrochlorination 

reaction or zipper elimination reaction with the subsequent formation of conjugated 

double bonds in the main chains [21-24] that indicated in Figure 2.4. When the first 

HCl molecule is lost from the PVC chain to form an unsaturated allylic chloride 

structure, this allylic structure (Figure 2.5) will enable the next loss of an HCl molecule 

and the repeated process will lead to the chain or zip dehydrochlorination. Typically, 

HCl from the elimination reaction is detected from 70oC up to 330oC [3] while traces 

of benzene have been reported at the temperature range of 150 – 160oC [5] and at 

200-360oC, about 15% (weight/weight) of the polyene is converted to benzene due to 

the intermolecular cyclization reaction of polyene segments [25].  

 

 

 

 

 

 

Figure 2.4: Thermal degradation of PVC [22]. 

 
Figure 2.5: (*) Allylic chlorine atom [22]. 

 

Heat 
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In principle, thermal degradation process of PVC involves three major steps: 1) 

initiation of dehydrochlorination, 2) elimination of HCl and simultaneous formation of 

conjugated double bonds (Figure 2.6) and, lastly, 3) termination of dehydrochlorination 

process. Color change from the degradation process has been attributed to the 

formation of conjugated polyene sequence of 5 to 25 double bonds and can be 

detected by a spectroscopic technique as seen in Figure 2.7 [26-29]. The exact 

mechanism of the thermal decomposition of PVC is still controversial but it is generally 

accepted that the evolution of HCl via a chain reaction called zipper elimination or 

unzipping process [5]. 

 
Figure 2.6: Initiation of dehydrochlorination and elimination of HCl and simultaneous  

      formation of conjugated double bonds [30]. 

 
Figure 2.7: Wavelength of absorbed light in visible region vs. number of conjugated  

               double bonds in polyene [29].  
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2.3 Heat Stabilizers for Poly(vinyl chloride) 

To solve those thermal degradation problems, suitable heat stabilizers have 

been incorporated in PVC to stabilize or prolong its mechanical and thermal integrity. 

The stabilizer is a substance which removes labile chlorine groups, prevents oxidation, 

absorbs HCl, and terminates the growth of polyene sequences, all without generating 

any HCl salts which are Lewis acids that accelerate degradation. It must be a highly 

reactive material which can function rapidly at low levels without adversely affecting 

processing or any aesthetic property of the PVC products. All heat stabilizers stabilize 

PVC through one or more of the following mechanisms: the substitution of labile 

chlorides with stable ligands, the neutralization of HCl, the addition of double bonds, 

the prevention of oxidation, the complex of degradation antagonists, and the 

deactivation of free radicals [31]. An ideal stabilizer should provide good initial color, 

clarity, long term stability, weather ability and processing ability. The additive should 

be completely compatible with PVC, non-volatile, odorless, nontoxic and inexpensive 

[8].  

2.3.1 Classification of PVC Stabilizers 

PVC stabilizers can be classified according to their modes of action as follows: 

1. Primary stabilizers are the types of stabilizers that function by mainly reacting 

with allylic chloride atoms which are the intermediates in the chain unzipping 

degradation thus inhibiting further dehydrochlorination as depicted in Figure 

2.8. Since the process should be faster than the chain propagation reaction, it 

requires a very active nucleophile. However, it is necessary that the reactivity 

of the nucleophile should not be too high to be able to react with the 

secondary chlorine of the PVC chain, a process which will quickly exhaust the 

stabilizer. In principle, the effective stabilizer should have a Lewis acid character 

to enable complex formation with the chlorine atoms PVC [31].  
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Figure 2.8: Mechanism of PVC thermal stabilization by a primary stabilizer [27]. 

2. Secondary stabilizer primarily acts by scavenging the HCl/Cl radical generated 

during the thermal degradation process. HCl is a known catalyst to accelerate 

the initiation and the propagation reactions of the thermal degradation reaction 

[32]. Theoretically, the free radical scavenging cannot completely stop the 

degradation process as it is a diffusion controlled mechanism. However, the 

HCl scavenging has been reported to substantially reduce the rate of thermal 

degradation and to considerably retard the degradation process that eventually 

leads to PVC blackening [33]. Epoxidized compound is one of secondary 

stabilizer [30] as depicted in Figure 2.9. 

 
Figure 2.9: Mechanism of epoxidized compound by a secondary stabilizer [30]. 

In practice, both stabilizers are to be used together as the primary stabilizers 

are strong Lewis acid reacting with HCl that catalyzes the initiation and propagation of 

PVC degradation. The secondary stabilizers should be present in the formulation to 

react with the HCl to protect the primary stabilizers [8]  
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2.3.2 History of the Use of PVC Pipe Stabilizers 

Clarence Parks and Garland Jennings of BF Goodrich, during 1951-1952, 

discovered that PVC with rubber impact modifiers was suitable for making a piping 

system with fast production for mine sweepers requested by the US Navy. The use of 

lead stabilizer in this pipe was rejected by the Navy and replaced by dibutyltin di-2-

ethylhexylthoglycolate and antimony trimercaptide thermal stabilizers proposed by 

Elliott Weinberg of Metals & Thermite Corporation. This event began the US piping 

industry. In Thailand, PVC pipe is considered to be the leading PVC products in the 

market. A need to be able to recycle the PVC pipe is thus necessary for PVC waste 

management in this country. This could not be done without the use of suitable heat 

stabilizers for PVC pipe. 

2.3.3 Major Types of PVC Heat Stabilizers 

The main classes of thermal stabilizers of PVC in current use are lead salts, 

metal soaps, and organo-tin compounds. Some of these additives are toxic, 

environmental pollution, and/or high cost. Though metal soaps and organo-tin 

stabilizers are safer than lead salts, their stabilization effects are generally lower than 

those of lead salts. Recently calcium and zinc soaps of some seed oils had been 

reported to be safe thermal stabilizers of PVC. Due to environmental awareness 

worldwide, non-toxic and environmentally friendly thermal stabilizers are actively 

developed and replaced the traditional stabilizers above. Thermal stabilizers of PVC 

should possess the capacity to absorb and neutralize HCL evolved during its 

degradation, an ability to replace or displace active or labile substituent groups such 

as tertiary and allylic chlorine atoms, a capacity to give pro-degradant substances such 

as heavy metal chlorides, an ability to modify chain reactions by interrupting 

conjugated polyene formation and inhibiting HCl formation. In addition, they should 

be colorless, compatible with and non-migrating from PVC. The additive should be 



 

 

14 

cost-competitive, non-toxic, tasteless and negligible effect on polymer’s physical and 

rheological characteristics [34]. 

2.3.3.1 Lead Stabilizers 

Lead stabilizers are the oldest, the least expensive, and by far the most widely 

used PVC heat stabilizers. In 2000, it constitutes more than 50% by volume of the PVC 

heat stabilizers used in the world. However, in the US, lead-based stabilizers represent 

less than 15% of the market due to the environmental concerns with lead. In Europe, 

the use of lead stabilizer in PVC is to be terminated completely in 2015 [7]. This kind 

of heat stabilizer is outstanding in terms of long term heat stability, excellent electrical 

properties due to an ability to form water insoluble chlorides, and low unit cost. The 

major drawbacks of lead stabilizers include their inherent opacity, their tendency to 

stain when exposed to sulfur, and their cumulative toxicity [34]. 

O-

Pb+++

O

O--

Pb+++
--O

-O

O   
Figure 2.10: Example of Dibasic lead stabilizer [35] 

2.3.3.2 Mixed Metal Stabilizers 

Mixed metal stabilizers rely on the interaction of at least two different types of 

metal salts with PVC and with each other in their stabilization mechanism. Mixed metal 

stabilizers are named according to their principal primary metal salts or soaps they 

contain e.g. barium/cadmium types, barium/cadmium/zinc types, barium/zinc types 

and calcium/zinc types. They are available in solids, liquids or paste forms. This type 

of heat stabilizer is the major type used in flexible PVC. They are expected to replace 

significant amount of lead based stabilizers in Europe over the next decade in flexible 

or rigid PVC applications. These stabilizers are much more reliant on the use of 
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synergists than either lead or organotin stabilizers and often contain over 50% by 

weight of synergists i.e. phosphite esters, epoxy esters, polyols, hydrotalcites, and 

zeolites which function primarily as scavengers for HCl and acidic metal chlorides. 

These stabilizers normally require less lubricant to process as a result of the presence 

of metal soaps in their compositions. The principal weakness of mixed metals as heat 

stabilizers is related to their difficulty to be used. The users must rely on the technical 

support from the suppliers [34]. 

O-

O-

O

O

Ca2+

  
Figure 2.11: Calcium stearate heat stabilizer [20] 

2.3.3.3 Organo-tin Stabilizers 

Organo-tin stabilizers are the preferable stabilizer for clear rigid PVC 

applications. They are the stabilizer of choice in North America for all rigid PVC pipe 

and profile applications [36]. Organo-tin liquid stabilizers are highly miscible with PVC 

and approach the solvency of primary plasticizers. Thus, the use of tin stabilizers often 

requires more lubricant than lead or mixed metal stabilizers. They are the most 

effective and the most expensive, on a unit basis, of all the commercial primary 

stabilizers for PVC [36]. The quantity as low as 0.5 wt% can be used to stabilize rigid 

PVC as a result of their inherent compatibility with PVC. The strengths of organo-tin 

mercaptides are their high efficiency and excellent clarity. The major weaknesses which 

limit their applications are all related to sulfur content, i.e. odor, light stability, and 

sulfur staining problems. The advantages of organo-tin carboxylates are their light 

stability, long-term low temperature stability, and their clarity. Their shortcomings are 

their relatively high cost compared to mixed metal stabilizers [34]. 
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  a)

CH3

Sn

SCH2CO2C8H17

CH3 SCH2CO2C8H17  b) 

Sn

O
O

O*

O

 

Figure 2.12: a) Methyl tin mercaptan  and b) Dibutyl tin maleate (DBTM) [7] 

 

2.3.3.4 Organic Stabilizers 

The majority of thermal stabilizers of PVC such as lead salts, some metal 

carboxylates and some organo-tin are highly toxic thus causes severe environmental 

problems. Consequently, extensive research on non-toxic, environmentally friendly, 

and economically viable heat stabilizers for PVC has been performed particularly in 

the stabilizing efficiency of organic thermal stabilizers or non-heavy metal stabilizers 

such as N-substituted maleimides [37], barbituric acid (BA), thiobarbituric acid (TBA) 

[38], sorbitol and xylitol [39], hydroxylbenzylthioethers [40], epoxidized soybean oil, 

poly(N-acryloylbenzhy-drazide), Vanillin–Schiff’s bases, poly(hexamethylene adipate), 

poly(ethylene adipate), anthraquinone, 4-allyl-2-methoxy-phenol (eugenol), uracil 

derivatives, etc. [8]. Among these stabilizers, eugenol and uracil derivatives have been 

reported to exhibit highly promising characteristics as heat stabilizers for rigid PVC 

applications [3,9].  

               a)

CH3O

OH  b)  

Figure 2.13: a) Eugenol and b) 1,3-Dimethyl-6-aminouracil.  
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CHAPTER III 

 

LITERATURE REVIEWS 

M.W. Sabaa and R.R. Mohamed [4] studied eugenol (4-allyl-2-methoxy-

phenol) as a thermal stabilizer for rigid PVC and compared the results with some of 

the common reference stabilizers such as dibasic lead carbonate, calcium–zinc soap 

and octyltin mercaptide. The stabilizing efficiency of PVC heat stabilizers were 

evaluated by the evolved HCl gas and color change of sample in air at 180°C. From 

their results, eugenol was reported to exhibit higher thermal stability value (Ts) than 

those reference stabilizers (almost about three times) that means high stabilizing 

efficiency and very good color retention when compared with other reference 

stabilizers as clearly seen in Figure 3.1 with the values tabulated in Table 3.1.  

 
Figure 3.1 Dehydrochlorination rate of rigid PVC, in air, at 180°C, in presence of 
              2 g of the investigated stabilizer per 100 g of PVC (2 phr) [4]. 
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Table 3.1: Extent of discoloration of thermally degraded rigid PVC at 180°C, in air, in 

presence of 2 phr of the investigated stabilizers as a function of degradation time [4]. 

Types of 

stabilizers 

Color  

at 0 min 

Color 

at 15 min 

Color 

at 25 min 

Color 

at 35 min 

Color 

at 45 min 

Blank PVC White Light brown Dark brown Black 

DBLC White Light brown Brown Dark Brown Dark Brown 

Ca/Zn soap White Orange Light brown Dark brown Dark brown 

OTM Cream Light green Green Dark green Dark green 

Eugenol White White White Yellow Yellow 

 

Moreover, a possible stabilization mechanism of eugenol when reacted with 

PVC was through a crosslinking of eugenol to give more gelation on PVC resin as 

depicted in Figure 3.2. 

 
Figure 3.2 Mechanism of eugenol as primary stabilizer [4].   
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X. Xu, S. Chen, W. Tang, Y. Qu and X. Wang [12] studied uracil derivatives, i.e. 

N, N-dimethyl-6-amino-uracil (DAU), N-methyl-6-amino-uracil (MAU) and N-

monomethyl-6-amino-thiouracil (MATU) as a thermal stabilizer for rigid PVC and 

compared the results with calcium zinc stabilizer (CZ) and diphenylthiourea (DTU). The 

stabilizing efficiency of PVC heat stabilizers were evaluated by the dynamic stability 

time of PVC and thermogravimetric analysis of sample in air at 180°C. From their results, 

DAU, MAU and MATU was reported to exhibit higher thermal stability value (Ts) than 

CZ and DTU that means high stabilizing efficiency as clearly seen in Figure 3.3. 

 

Figure 3.3: Influences of the stabilizers (2 phr) on dynamic stability time of PVC at  

               180°C in air [12]. 

The thermal behavior of uracil derivatives was characterized by TGA at a 

constant heating rate of 10°C/min as seen in Figure 3.4. Table 3.2 summarized the 

initial decomposition temperature (IDT) and percent residue yield at 200°C obtained 

for these stabilizers. It could be observed that all of them were relatively stable at 

temperature up to 200°C with a weight loss less than 3%. Thermal weight loss was one 

of the important factors used to evaluate utilization rate of a stabilizer [39]. Thus, uracil 

derivatives, i.e. DAU, MAU, MATU, help improve thermal stabiliziation against thermal 

degradation of PVC. 
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Figure 3.4 Thermogravimetric analysis of PVC stabilized with CZ, DTU, DAU,  

                  MAU and MATU [12]. 

Table 3.2 TGA results of stabilized PVC [12]. 

Stabilizers  IDT(°C) % Weight loss at 200°C % Residue at 700 °C 

CZ  202 3 14 

DTU  188 4 7 

DAU  209 2 9 

MAU  215 1 7 

MATU  221 1 8 

 

Furthermore, an excellent synergistic effect could be obtained when the model 

compound MATU combined with zinc stearate (ZnSt2) in different mass ratios, and the 

initial color and long-term stability of PVC products were remarkably improved. 

Moreover, a possible stabilization mechanism of uracil derivatives as secondary 

stabilizer when reacted with PVC as depicted in Figure 3.5. 
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Figure 3.5 Mechanism of uracil derivatives as secondary stabilizer [12]. 

 

T. Hopfman, H. Friedrich, K. Kuhn and W. Wehner [10] studied uracil 

derivative product as heat stabilizer. The formulation and result of color measurement 

of Un-plasticized PVC (Rigid) indicated 1,3-dimethyl-6-aminouracil improve color of PVC 

in Table 3.3. The results indicated addition small amounts of 1,3-Dimethyl-6-

aminouracil can improve PVC color. 

Table 3.3 Formulation and result of color measurement of rigid PVC [10]. 

PVC K value 67 (Shin Etsu 6704) 100 100 100 

Zeolite A  1 1 1 

Calcium stearate  0.4 0.4 0.4 

paraffin Wax 0.6 0.6 0.6 

polyethylene Wax 0.6 0.6 0.6 

oxidized polyethylene Wax 0.1 0.1 0.1 

1,3-Dimethyl-6-aminouracil -  0.1 0.2 

Color measurement:  

yellowness Index  
red-violet  31 26 
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M.W. Sabaa,  E.H. Oraby, A.S. Abdel-Naby and R.R. Mohamed [41] studied a 

use of 1-phenyl-3-methyl-4-cinnamal-2-pyrazolin-5-one (PMCP), 1-phenyl-3-amino-4-

cinnamal-2-pyrazolin-5-one (PACP), 1 -phenyl-3 -methyl-2 -pyrazolin-5 -one (PMP), 1 -

phenyl-3-amino-pyrazolin-5-one (PAP), 1-phenyl-3-methyl-4-benzal-2-pyrazolin-5-one 

(PMBP), 1-phenyl-3-amino-4-benzal-2-pyrazolin-5-one (PABP), 1-phenyl-3-methyl-4-

crotonal-2-pyrazolin-5-one (PMCrP), 1-phenyl-3-amino-4-crotonal-2-pyrazolin-5-one 

(PACrP), 1-phenyl-3-methyl-4-acryloyl-2-pyrazolin-5-one (PMAP), 1-phenyl-3-amino-4-

acryloyl-2-pyrazolin-5-one (PAAP), 1-phenyl-3-methyl-4-salicyloyl-2-pyrazolin-5-one 

(PMSP) and 1 - phenyl-3 - salicyloyl-amino-2 - pyrazolin-5 - one (PSAP) as a thermal 

stabilizer for rigid PVC. These stabilizers have been reported to provide higher thermal 

stability value than those from reference heat stabilizers i.e.DBLC, CaSt/ZnSt and octyl-

tin, compared at the fixed amount of the additives of 2 wt%. However, in terms of 

color stability, these types of organic based heat stabilizers were observed to be 

inferior to eugenol stabilizer but are superior to eugenol in term of thermal stability 

i.e. providing longer induction period (Ts).  

Table 3.4: Induction period (Ts) as a function of type of the investigated N-phenyl-3-

substituted-5-pyrazolone derivatives acting as thermal stabilizers for rigid PVC, at 180°C, 

in air [41]. 

Code names  
Induction period (Ts) 

(min) 
Code names 

Induction period (Ts) 

(min) 

PVC  0 PMCP  53 

DBLC  7 PACP  47 

Ca/Zn 6 PMCrP  33 

n-OTM  5.5 PACrP  29 

PMP  23 PMAP  31 

PAP  17 PAAP  25 

PMBP  29 PMSP  32 
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Table 3.5: Extent of discoloration of thermally degraded rigid PVC, at 180°C, in  

                 presence of 2 wt% of some of the investigated stabilizers as a function  

                 of degradation time [41]. 

Type of stabilizer 
Color of PVC stabilized with heat stabilizer 

0 min  15 min  25 min  35 min 

Blank PVC  White  Light brown  Dark brown  Black 

DBLC  White  Very light brown  Light brown Dark  Brown 

Ca/Zn soap  White  Light yellow Dark  yellow Light  Brown 

n-OTM  Pale yellow  Very light grey  Light grey  Dark grey 

PMP  White  Light yellow  Dark yellow  Very dark yellow 

PAP  White  Very pale yellow  Light yellow  Dark yellow 

PMCP  Pale yellow  Very light yellow  Very light yellow  Light brown 

PACP  Pale yellow  Very light yellow  Dark yellow  Light brown 

 

M.W. Sabaa, Z.R. Farag and N.A. Mohamed [42] studied the thermal 

degradation behavior of poly(vinyl chloride) (PVC) in presence of poly(glycidyl 

methacrylate) (PGMA) had been studied using continuous potentiometric 

determination of the evolved HCl gas from the degradation process from one hand 

and by evaluating the extent of discoloration of the degraded samples from the other. 

Moreover, the efficiency of blending PGMA with dibasic lead carbonate (DBLC) 

conventional thermal stabilizer and a probable radical mechanism for the effect of 

PGMA on the thermal stabilization of PVC had also been investigated as seen in Figure 

3.6.  
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Figure 3.6: Rate of dehydrochlorination of rigid PVC at 180°C, in air, in the presence of  

               various concentrations of Poly(glycidyl methacrylate) [42]. 

 

A.S. Ditta, A.J. Wilkinson, G.M. McNally, and W.R. Murphy [43] examined the 

effect of thermal degradation of PVC on its mechanical properties using lead stabilizer 

and Ca/Zn stabilizer. The effects of number of extrusion cycles of the PVC on its major 

properties were investigated. It was seldom found that thermal degradation 

significantly affected mechanical properties of PVC. Whereas stabilization prevented 

excessive damage which may cause noticeable changes in the sample mechanical 

properties as depicted in Figure 3.7. When PVC was stabilized with lead stabilizer which 

offers very long protection, then elongation at break only initially decreased because 

morphological changes affected mechanical properties. This was followed by 

elongation increase. PVC stabilized with calcium/zinc stabilizer reacted initially in the 

same manner but then elongation decreased substantially because catalytic influence 

of ZnCl2 rapidly increased deterioration rate. 
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Figure 3.7: Effect of lead and Ca/Zn stabilizers on elongation at break vs. number of  

               extrusion cycles [43]. 

N. Yarahmadi, I. Jakubowicz, and T. Gevert [44] investigated PVC profiles 

based on Ca/Zn stabilizer. The profiles were re-extruded by twin screw extruder, from 

one to five times without adding new additives. The material was characterized after 

each extrusion. They observed some improvement of mechanical properties after the 

second extrusion. This was explained by an increase in the degree of gelation of the 

PVC material. The properties were decreased with further re-extrusion of the samples. 

The main color change due to repeated extrusion was towards red (a) and a change in 

greyness (L) as a result of thermal dehydrochlorination as shown in Table 3.6. The 

elongation at break result indicated in Figure 3.8. The activation energies of the thermal 

degradation process were also determined for the material after each re-extrusion and 

were found to decrease with an increasing number of extrusions.  
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Table 3.6: Effect of repeated extrusion on various properties of PVC resin with Ca/Zn 

stabilizer [44]. 

Property 
1st 

Extrusion 

2nd 

Extrusion 

3rd 

Extrusion 

4th 

Extrusion 

5th 

Extrusion 

Color change:      

L*  95.7 95.5 95.3 95.1 94.9 

a* 0.1 0 -0.2 -0.3 -0.1 

b* 1.7 2 2.3 2.7 3.0 

Gloss 56.6 63.6 66.3 63.8 62.3 

Tensile strength (MPa) 42 45 45 44 43 

 

 

Figure 3.8: The extrusion pressure and elongation at break, as a function of number 

of extrusions [44]. 
 

 

 

 

 

Error bar 
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M. Celina, D. K. Ottesen, K. T. Gillen amd R. L. Clough [45] investigated degradation 

behavior of PVC by FTIR. PVC degrades primarily via hydrogen chloride elimination in 

a free radical process that results in the formation of highly conjugated structures 

(polyene sequences). In their work, a commercial rigid PVC sample was held at 180°C; 

the observed FTIR spectral change of PVC with time were shown in Figure 3.7. There 

are general decrease such as C-H bands (1430 and 1242 cm-1), C-C vibrations (962 and 

possibly 1090 cm-1) and C-Cl bands (685 and 614 cm-1). The increase around 1600 cm-

1 was expected, since it correlated with polyene sequences due to 

dehydrochlorination. It is, however, important to note that this was also accompanied 

by a strong carbonyl growth, indicating additional oxidative degradation. 

 

Figure 3.9. FTIR spectra of a commercial rigid PVC samples heated at 180°C  

               at 0-7 hours [45] 

  



 

 

28 

M. Gilbert and J. C. Vyvoda [46] studied gelation behavior of PVC via 

differential scanning calorimety (DSC) as presented in Figure 3.8. When PVC was heated 

during processing, the smaller grains (crystallites) generally melt first. During melting, 

the grains tended to fuse together forming a new secondary structure (a partially-gelled 

state). These changes were usually referred to as gelation. The level of gelation 

depended on the processing temperatures, with higher temperatures yielding a higher 

degree of gelation. This behavior was crucial to the quality of the PVC products as the 

level of gelation was an important factor in determining the mechanical strength and 

fracture behavior of the final products. From the figure, they reported that the first 

transition found between 80-90°C represented the glass transition temperature (Tg) of 

the PVC. Furthermore, area A, which was an endothermic response, represented the 

melting temperature of the partially gelled crystallites. Area B, on the other hand, 

represented the melting of crystallites that did not gel during the processing of the 

PVC part. Finally, the inflection point observed between areas A and B indicated the 

processing temperature. From the Figure, it could be clearly seen that with increasing 

the processing temperature, area A was increased while the corresponding area B was 

decreased and finally disappears suggesting complete gelation in the PVC sample. 
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Figure 3.10: DSC thermograms of compression molded PVC compounds exhibiting 

area A and area B due to fusion [46].  



 

 

30 

CHAPTER IV 

 

EXPERIMENTAL 

4.1 Materials 

Suspension grade PVC with K-value of 66 which is for pipe and other extrusion 
profile applications was kindly obtained from Vinythai Public Company Limited., 
Thailand. The additives used in PVC compound comprises of calcium carbonate as 
filler whereas lead compound, calcium/zinc compound and other three types of 
organic compounds are used as heat stabilizers. Calcium carbonate and lead 
compound were provided by Vinythai Public Company Limited., Thailand whereas 
calcium/zinc compound (PRD5549, CZ78NP, CZ964NP and CZ162P) and commercial 
organic based stabilizers were supported by Sunace Co., Ltd. Singapore, Chemson Co., 
Ltd., China and Siam Stabilizer Co., Ltd., Thailand. Eugenol and 1,3-dimethyl-6-amino-
uracil (DAU) (organic compound stabilizer) were purchased from Aldrich Ltd., Germany. 
The costs of PVC with DAU and Eugenol were higher than the PVC with lead and Ca/Zn 
stabilizer as indicated in Table 4.1. It was because DAU and Eugenol which were single 
component were not optimized in economic. The additional of hydrotalsite as 
absorbing HCl, 1,3-Diketone as displacing labile chlorides, phosphite esters as 
multifunctional and precipitated calcium carbonate as filler [34] are included in the 
PVC formulation in order to reduce cost or improve heat stability. 
  



 

 

31 

Table 4.1 Composition and price of each ingredient.  

Ingredient 
Composition 

Price 
(Baht/kg) 

Price of 
PVClead 

(Baht/kg) 

Price of 
PVCCa/Zn 
(Baht/kg) 

Price of 
PVCDAU 

(Baht/kg) 

Price of 
PVCEugenol 
(Baht/kg) 

(g) (wt%) 

PVC (k=66) 100 88.50 30 [47] 26.6 26.6 26.6 26.6 

Calcium carbonate 10 8.85 2 [47] 0.2 0.2 0.2 0.2 

Heat 
stabilizer 

Lead 

3 2.65 

55 [47] 1.5 - - - 

Ca/Zn 80 [47] - 2.1 - - 
DAU 180 [48] - - 4.6 - 

Eugenol 200 [47] - - - 5.3 
Total 113 100 - 28.3 28.9 31.4 32.1 

 

4.2 Methodology 

4.2.1 PVC Dryblend Preparation 

PVC resin and 2 additives were blended in a high speed mixer model Plasmec 

Turbomixer 100L at Vinythai Public Company Limited (Rayong, Thailand). The mixing 

process consisted of two mixing tanks, operating with 2 steps of hot and cold mixers 

as following details: 

Hot Mixing Step 

- Add PVC resin and solid additives into the mixer. 

- Stir at high speed (1200 rpm) until the temperature was 110°C. 

- Discharge to a cold mixer. 

Cold Mixing Step 

- The hot dryblend was cooled by cooling water at temperature of 15-20C. 

- Stir until the temperature of dryblend was decreased to 35°C. 

- Discharge to a container. 
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Figure 4.1: High speed mixer: Plasmec Turbomixer 10L with cooler. 

4.2.2 PVC Processing 

PVC dryblend was processed by two-roll mills with 0.125 mm gap at 

temperatures of 180ºC for 3 minutes to yield a homogeneous sample. The two-roll 

mills at Vinythai Public Company Limited (Rayong, Thailand) were also shown in Figure 

4.2. The total amount of material loading on two-roll mills should not exceed 300 g. 

The obtained sample was preheated at 180ºC for 200 s and then pressed into sheet 

by compression molding at 180ºC and pressure of 150 bars for 30 s. The compression-

molded sheets were then cut into test pieces for further property evaluations. 

 

 
Figure 4.2: Two-roll mills and compression molder 
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4.2.3 Recycling Preparation of PVC Stabilized with Various Stabilizers 

PVC stabilized with various stabilizers samples after processed by two-roll mills 

and compressed by compression molder was cut by using cutting mills (Model:Fritsch 

pulverisette 15 cutting mill) as shown in Figure 4.3. The PVC stabilized with various 

stabilizers samples were cut at speed 3000 rpm to reduce the size to 3-7 mm. Then, 

the cut sample (reduced size) was fed into the two-roll mills and further compressed 

by the compression molder as noted in section 4.2,2. This process was repeated up to 

5 times. 

 
Figure 4.3: Fritsch pulverisette 15 cutting mill 

 

4.3 Characterizations of PVC Stabilized with Heat Stabilizers 

4.3.1 Processing Characterization 

4.3.1.1 Fusion of PVC Compounds Using a Torque Rheometer 

The fusion characteristics of PVC dryblend (55 g of sample amount) were 

studied by Brabender kneader (Plasti–Corder Pl) and processed in the chamber at wall 

temperatures (TCh) of 180C. Rotational speed of the screw was 60 rpm. The real 

temperature of the compound was determined by the resistance temperature device 
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(RTD) situated between the rotors, directly in the kneaded PVC compound, and 

isolated from the walls of the chamber. 

 
Figure 4.4: Brabender (torque rheometer) 

 

4.3.2 Physical Properties 

4.3.2.1 Density Measurement 
The density of the PVC specimen was measured by a water displacement 

method according to ASTM D792. The dimension of the specimen was 20 mm x 35 

mm x 4 mm. All specimens were weighed in air and in water at given temperature. 

The density was calculated from the following equation: 

0 











BA

A  

Where     = Density of the specimen (g/cm3),  

  A   = Weight of the specimen in air (g) 

  B   = Weight of the specimen in demineralized water (g)  

  0  = Density of demineralized water at the given temperature (g/cm3). 
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 4.3.2.2 Discoloration Test (Static Thermal Stability) 

PVC dry blend obtained by two-roll mills in section 4.2.2 with thickness 1.0 mm 

was cut into 1.5 cm × 30 cm strips. These strips were put in Mathis thermotester (Figure 

4.5) at 180C and hold for 5 min. Strips were then automatically moved out of the 

box at 1 mm/min. The effect of the stabilizers was evaluated by the comparisons of 

visual color differences of the heated PVC strips. 

 
Figure 4.5: Mathis Thermotester 
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4.3.2.3 Color Change Measurement 
This test method resulted from the consolidation of separately published 

methods for instrumental evaluation of color differences. The total difference, Eab*, 

between two colors each given in terms of lightness (L*) and chromaticity coordinate 

(a* and b*) is calculated following ASTM D 2244 by Ultrascan Pro (Hunter Lab, USA) 

which measures both reflected and transmitted color and meets CIE (International 

Commission on Illumination): 

Eab* = [(L*)2 + (a*)2 + (b*)2]1/2 

The magnitude, Eab*, gives no indication of the character of the difference 

since it does not indicate the relative quantity and direction of hue, saturation, and 

lightness differences. The direction of the color difference is described by the 

magnitude and algebraic signs of the component L*, a* and b*. 

L* = L1* - L0*, a*= a1* - a0*, b* = b1* - b0* 

Where L0*, a0* and b0* refer to the initial values, and L1*, a1* and b1* refer to the final 

values of a specimen. The signs of the components L*, a* and b* have the 

following approximate meanings: 

                             +L*= lighter, -L* = darker 

                             +a* = redder (less green), -a* = greener (less red) 

                             +b* = yellower (less blue), -b*= bluer (less yellow) 
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 4.3.2.4 Fourier Transform Infrared (FTIR) Spectral Analysis 
The chemical structures of PVC stabilized with each heat stabilizers in each 

processing were studied by FT-IR spectroscopic technique. FTIR spectrums were 

recorded on a Spectrum GX FTIR spectrometer from Perkin Elmer instrument at a 

resolution of 4 cm-1, in transmittance mode with the frequency range of 2000 to 400 

cm-1. The samples were prepared by mixed with KBr.  

 

4.3.3 Mechanical Characterization 

4.3.3.1 Tensile Property Measurement  
 Tensile properties were measured by a Universal Testing Machine (Instron 

Instrument, model 5567) according to ISO 527-2. The test specimens were a dumbbell 

shape with a thickness as 3 mm. They were tested using a crosshead speed of 5 

mm/min with the pre-load of 150 N giving a straight tensile force. The tensile modulus 

defined as the ratio of stress to strain which was determined from the initial slope of 

the stress-strain curve whereas the tensile strength is the ultimate stress. Eight PVC 

specimens from each stabilizer were tested and the average values were reported. 

 

4.3.3.2 Flexural Property Measurement 
Flexural modulus and flexural strength of the PVC specimens were measured 

by a Universal Testing Machine (Instron Instrument, model 5567) according to ASTM 

D790. Three-point bending test was carried out at room temperature at the crosshead 

speed of 1.2 mm/min with the support span of 48 mm. The dimension of the specimen 

was 4 mm×12.7 mm×64 mm. Five specimens from each heat stabilizers were examined 

and the average values were reported. 
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4.3.3.3 Notched Izod Impact Property Measurement  
Notched Izod Impact is a single point test that measures a materials resistance 

to impact from a swinging pendulum. Izod impact is defined as the kinetic energy 

needed to initiate fracture and continue the fracture until the specimen is broken. The 

specimen is clamped into the pendulum impact test fixture with the notched side 

facing the striking edge of the pendulum. The pendulum is released and allowed to 

strike through the specimen. Izod Impact strength of the specimens was obtained by 

Impact Tester (Yasuda) according to ASTM D256. The dimension of the test specimen 

was 12.7 mm×60 mm×3.2 mm and the depth under the notch of the specimen was 

10.7 mm. 

 

4.3.4 Thermal Characterization 

4.3.4.1 Thermogravimetric Analysis (TGA) 
Degradation temperature of samples, i.e. commercial organic based stabilizers 

and PVC filled with each heat stabilizers were measured on a thermogravimetric 

analyzer (TGA 1, Mettler Toledo, Germany). Samples were heated from room 

temperature to 800C in a ceramic pan at a rate of 10°C/min in nitrogen or oxygen 

atmospheres. The sample weight was measured to be approximately 8-15 mg. Weight 

loss of the samples was measured as a function of temperature. Values for residues 

were taken at the end of the main decomposition step.  
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4.3.4.2 Differential Scanning Calorimetry (DSC) 
Thermal history of PVC sample after processing was measured by DSC (Perkin 

Elmer DSC 8000). The sample weight was approximately 15-25 mg. The temperature 

was equilibrated at 30C and the samples were heated from 30 to 230C with the 

heating rate of 10C/min. Nitrogen gas flow rate was maintained at 50 ml/min. These 

conditions follow international standard (ISO 18373-1) which is suitable for all types of 

rigid PVC pipes. 

 

4.3.4.3 Dynamic Mechanical Analysis (DMA) 

Viscoelastic properties of PVC stabilized with various heat stabilizers were 

examined by a dynamic mechanical analyzer (NETZSCH, DMA242). The dimension of 

the specimen was rectangular with 50 mm length, 10 mm width, and 2 mm thickness. 

The three point bending mode of deformation was used under a test temperature 

range from 30°C to 150°C with a heating rate of 2 °C/min. The test amplitude and 

frequency were 30µm and 1Hz, respectively. The glass transition temperature was 

taken as the temperature of the maximum in the loss modulus and the loss tangent 

plots. 

4.3.4.4 Heat Distortion Temperature (HDT)  
Heat distortion temperature is defined as the temperature at which a standard 

test bar deflected a specified distance under the load applied at its center to give 

maximum stress. It is used to determine short-term heat resistance. It distinguishes 

between materials that are able to sustain light loads at high temperatures and those 

that lose their rigidity over a narrow temperature range. The specimen was placed 

under the deflection measuring device. The specimen was then immersed in a silicone 

oil with a means of raising the temperature at 120°C/h or 2 ± 0.2°C/min until they 

deflected 0.25 mm following ASTM D648. This temperature was recorded as the 

deflection temperature under flexural load of the test specimen. 
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4.3.4.5 UL-94 Vertical Test 

UL-94 test includes three classifications i.e. V-0, V-1 and V-2. These test were 

performed on vertical testing apparatus as shown in Figure 4.6. These test used 5 

specimens (120 mm x 12 mm x 3 mm). The specimen was placed in a holder in a 

vertical position where the lower end of specimen is contacted by a flame for 10 

seconds thus initiating burning. A second ignition was made after self-extinguishing of 

the flame at the sample for 10 seconds. The burning process is characterized by the 

times t1 and t2 pertaining to the two burning steps. The parameter t1 and t2 denote 

the time between removing the methane flame and self-extinguishing of the sample. 

Moreover, it is always noted whether drips from the sample are released or drips make 

absorbent cotton flame during the burning times t1 and t2. If t1 + t2 were less than 10 

second with no dripping, it would be considered a V-0 material. In addition,V-1 and V-

2 condition could be listed in Table 4.2. 

Table 4.2 Three material classification in Ul-94.Vertical Test 

V-0 Burning stops within 10 seconds (t1 + t2) after two applications of 

ten seconds each of a flame to a test bar. NO flaming drips are 

allowed. 

V-1 Burning stops within 60 seconds (t1 + t2) after two applications of 

ten seconds each of a flame to a test bar. NO flaming drips are 

allowed. 

V-2 Burning stops within 60 seconds (t1 + t2) after two applications of 

ten seconds each of a flame to a test bar. Flaming drips are 

allowed. 
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Figure 4.6: UL-94 vertical test 
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CHAPTER V 

RESULTS AND DISCUSSION 

5.1 Effect of Commercial Lead, Calcium Zinc (Ca/Zn) and Organic Based 
Stabilizers on Rheological Properties and Static Thermal Stability on PVC Resin 

 In this work, the effect of types of commercial heat stabilizer such as lead 

stabilizer (from Sunace Co., Ltd), Ca/Zn stabilizers (from Sunace Co., Ltd, Chemson Co., 

Ltd. and Siam Stabilizer Co., Ltd.) and organic based stabilizer (OBS) (from Sunace Co., 

Ltd, Chemson Co., Ltd) on rheological properties via plastograms obtained from fusion 

test and static thermal stability through color change measurement of PVC resin were 

investigated. The experimental results can be summarized as follows.  

 

5.1.1 Effect of Commercial Lead, Calcium Zinc and Organic Based Stabilizers on 

Rheological Property on PVC Resin 

5.1.1.1 Major Characteristics of PVC Plastogram obtained from a Torque 

Rheometer 

 A typical torque rheometer process curves or plastograms, recorded with 

Brabender measuring mixer, was presented in Figures 5.1-5.6. The red line in the plots 

was a real sample temperature whereas the blue line in each plot was mixing torque 

as a function of mixing time. After the loading stage, a significant increase of the torque 

was observed (point A) with a simultaneous decrease of the temperature measured in 

the chamber. Next, a decrease of the torque with its minimum at point B was detected. 

After that the torque rheometer process curve passed through an inflection point G 

and reached the maximum at point X. At this time, the temperature of the processed 

PVC slightly increased to the nominate value. Usually, at point G and X, an increase in 

the temperature was observed. After point X, a slight decrease and stabilization of the 
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torque was seen (point E), whereas the temperature between points X and E remained 

relatively constant [49]. 

The value of the minimum torque (point B) of processed PVC compound was 

related to the momentary equilibrium state between sliding of breaking PVC grain, and 

increasing degree of PVC gelation. It was expected that the degree of gelation increased 

with the rising temperature and shear rate. However, the processing of the compound 

in a Brabender measuring mixer, during time when the torque minimum was attained, 

was sufficient to accomplish partial gelation of the PVC. The gelation degree, for the 

PVC composition, was generally temperature and shearing rate dependent. Therefore, 

it should not be concluded that the gelation starts first after reaching the minimum of 

torque as explained by Tomaszewska and coworkers [49]. 

Point G in the plot was the transitory stage between the minimum and the 

maximum of torque and was visible as an inflection point on the torque curve. An 

increase of the torque value at point G suggested a significant transformation of the 

PVC morphology which was occur in the gelled polymeric material [50]. 

The maximum torque or fusion torque (MX) is the torque which occurs at point 

X on the torque curve, whereas the time to reach point X is fusion time (abbreviated 

tX) [51]. Chen and coworkers claimed that at this peak position, a material reaches an 

effectively void-free state and starts to melt at the interface between the compacted 

material and the hot metal surface [52]. The fusion percolation threshold is defined as 

the torque difference between B and X. Point X was found to have been caused by 

compaction and by the onset of fusion. On the contrary, an increase in the torque to 

its maximum value can be attributed to the gelation of both agglomerates and primary 

PVC particles [51]. Moreover, the real temperature corresponding to the torque at point 

X is designated as fusion temperature or the temperature of the full fusion of a PVC 

compound. In this work, the fusion temperature was about 190-195oC.  
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The equilibrium state of torque (Point E) corresponds to the time when the 

melt becomes homogeneous. As a consequence, the equilibrium between the heat 

of the friction and the temperature of the chamber is achieved. An increase in the 

chamber temperature and shear rate typically leads to shorten time of reaching 

equilibrium and a decrease of torque value at point E [53]. 

The rise of the processing temperature leads to a reduction of the viscosity of 

the liquid, amorphous phase, and therefore the remaining grains may effortlessly 

translocate. As a result, a decrease in the friction may be observed, and MX decreases 

with the temperature. This effect is confirmed by the lower resistance of the processed 

PVC compound against rotating blades. The lowering of the viscosity should be 

accompanied by an increase in the flow rate value. However, for samples processed 

to point X, a decrease in the flow rate value frequently observed, which is attributed 

to the progressive occurrence of PVC gelation. That is an intensive formation of a 

physical network of secondary crystallites probably dominates in this stage of the 

kneading [50]. 

 

5.1.1.2 Plastogram of PVC with Lead Stabilizer 

Typical plastograms of PVC resin filled with lead stabilizer (PVClead) in this work 

exhibited a fusion time and maximum torque as depicted in Figure 5.1. From the figure, 

the maximum torque represented by point X (MX) in the blue curve was found to be 

31.3 Nm/min and the fusion time corresponded with MX was 330 s. 

 

5.1.1.3 Plastogram of PVC with Calcium Zinc Stabilizers 

Brabender test results, i.e. plastograms at 180oC of the PVC resin filled with four 

types of the calcium zinc stabilizers (Ca/Zn) were plotted in Figures 5.2-5.5. In this 

work, 4 sample groups of the rigid PVCs filled with Ca/Zn, i.e. the PVC resin filled with 

Ca/Zn from Chemson Co., Ltd. (abbreviated PVCCZ (PRD5549:Chem)), the rigid PVC filled 
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with Ca/Zn from Sunace Co., Ltd. (abbreviated PVCCZ (M78NP:Sunace) and PVCCZ 

(M964NP:Sunace)), the PVC resin filled with Ca/Zn from Siam Stabilizer Co., Ltd. 

(abbreviated PVCCZ (M162P:Siam)) were evaluated. In Figure 5.2, the maximum torque 

(MX) and fusion time (tX) of PVCCZ (PRD5549:Chem) sample was approximately 32.1 

Nm/min (point X in the blue curve) and 462 s, respectively, while those of the PVCCZ 

(M78NP:Sunace) sample was about 31.3 Nm/min and 648 s, respectively, as displayed 

in Figure 5.3. Figure 5.4 showed the obtained plastogram of the PVCCZ (M964NP:Sunace) 

sample. The MX and tX was found to be 33.5 Nm/min and 564 s, respectively, while 

those of the PVCCZ (M162P:Siam) was about 43.3 Nm/min and 222 s, respectively, as 

showed in Figure 5.5. 

As described above, it can be seen that the lowest fusion time of the PVC resin 

added with the Ca/Zn stabilizers was observed in the PVCCZ (M162P:Siam) sample. 

Therefore, the PVCCZ (M162P:Siam) sample tended to be easier to process when 

compared to the processing ability of the PVCCZ (PRD5549:Chem), PVCCZ 

(M78NP:Sunace) and PVCCZ (M964NP: Sunace) samples. From the figure, the trend in 

increasing torque after 8 minutes in the rigid PVC filled with M162P stabilizer from Siam 

stabilizer Co., Ltd was noticed while this characteristic was not seen in the PVCCZ 

(PRD5549:Chem), PVCCZ (M78NP:Sunace), and PVCCZ (M964NP:Sunace) samples. This 

behavior may correspond to the degradation of the sample i.e. the char formation. 

Therefore, from the experimental results, the Ca/Zn stabilizer, i.e. the PRD5549, from 

Chemson Co., Ltd was selected to be the most suitable Ca/Zn stabilizer for the rigid 

PVC in this study because of the obtained lower fusion time at the temperature of 

180oC than that of others without showing a sign of thermal degradation as seen in the 

M612P/PVC system. 
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5.1.1.4 Plastogram of PVC with Organic Based Stabilizers 

Brabender test results of PVC resin filled with organic based stabilizers (OBS) 

from Chemson Co., Ltd. (PVCOBS:Chem) and from Sunace Co., Ltd (PVCOBS:Sunace) were 

compared at a wall temperature of a mixing chamber of 180C as seen in Figure 5.6 

and Figure 5.7, respectively. In Figure 5.6, the maximum torque (MX) and fusion time 

(tX) of the PVCOBS:Chem sample was reported to be 23.3 Nm/min (represented by point 

X in blue line in Figure 5.6) and 1144 s, respectively. While, in Figure 5.7, the 

PVCOBS:Sunace sample showed the MX and tx to be 26.7 Nm/min and 586 s, 

respectively. As the results, the PVC resin filled with organic based stabilizer from 

Sunace Co., Ltd (PVCOBS:Sunace showed a lower fusion time than that of the rigid PVC 

filled with organic based stabilizer from Chemson Co., Ltd (PVCOBS:Chem). 

Consequently, the incorporation of an organic based stabilizer from Chemson Co., Ltd 

into the PVC resin could be processed more easily when compared to an addition of 

the organic based stabilizer from Sunace Co., Ltd due to the lower mixing torque at 

the same test condition (180C).  

Furthermore, the maximum torque and the fusion time values of the PVC resin 

filled with various heat stabilizers obtained from the plastograms in Figure 5.1 to Figure 

5.7 were also summarized in Table 5.1. From the table, the PVC resin filled with each 

OBS stabilizers tended to exhibit lower fusion torque and longer fusion time than those 

of the PVC resin filled with lead stabilizer and with all types of calcium zinc stabilizers. 
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5.1.2 Effect of Commercial Lead, Calcium Zinc and Organic Based Stabilizers on 

Static Thermal Stability on PVC Resin  
 To test heat stabilizing effectiveness, static thermal stability (through oven 

testing) by an observation of the changed appearance of the samples at constant 

elevated temperatures as a function of time for rigid PVC samples with different heat 

stabilizers, i.e. commercial lead stabilizer (lead), commercial calcium/zinc stabilizers 

(Ca/Zn) and commercial organic based stabilizers (OBS) were investigated.  

 

5.1.2.1 Effect of Lead Stabilizers on Static Thermal Stability of Rigid PVC 

Static thermal stability result revealed by examining color change at 180C as 

a function of time of the rigid PVC strips filled with commercial lead stabilizers, 

processing by two roll mills at 180C for 3 min, is shown in Figure 5.8. It could be seen 

that the change in color of the rigid PVC strips. PVC stabilized with lead stabilizer could 

maintain original white color until 30 min and then gradual change in color from light 

yellow to brown in 30 – 160 min that showed relatively long term stability of 

commercial lead stabilizer. 

 

5.1.2.2 Effect of Ca/Zn Stabilizers on Static Thermal Stability of Rigid PVC 

Static thermal stability result revealed by examining color change at 180C as 

a function of time of the rigid PVC strips filled with various types of commercial calcium 

zinc stabilizers, processing by two roll mills at 180C for 3 min, is shown in Figure 5.9. 

It could be seen that the change in color of the rigid PVC strips filled with the Ca/Zn 

stabilizers, i.e. PVCCZ (PRD5549:Chem), PVCCZ (M78NP:Sunace), PVCCZ (M964NP:Sunace) 

and PVCCZ (M162P:Siam) were observed after holding in Mathis thermotester for 10 

min. From the figure, the discoloration time of the PVCCZ (M78NP:Sunace) strip is about 

12 min and then the color drastically change from light yellow to brown. For the PVCCZ 
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(PRD5549:Chem) strip, the discoloration time was about 7 min and then the color 

changes to light yellow. The discoloration time of the PVCCZ (M964NP:Sunace) was 

about 6 min, then the color changes from light yellow to light brown, while that of 

the PVCCZ (M162P:Siam) strip was only about 4 min. However, the color change of 

PVCCZ (M162P:Siam) was from light brown to dark brown. Therefore, the PVCCZ 

(M78NP:Sunace) sample showed the significantly greater static thermal stability when 

compared to the other PVC resin filled with Ca/Zn stabilizers. 

In principle, PVC color change was primarily due to the formation of conjugated 

double bonds from polyene during thermal degradation of the polymer. The calcium 

and zinc stabilizers had been incorporated in PVC to stabilize or prolong its thermal 

integrity. Strongly basic carboxylates derived from calcium are an effective HCl 

scavenger whereas zinc exhibits stronger Lewis acid characteristics and could not only 

scavenge HCl but also could substitute carboxylate for the allylic chlorine atoms and 

thus terminates the growth of the polyene sequences [34]. 

 

5.1.2.3 Effect of Commercial Organic Based Stabilizers on Static Thermal 

Stability of Rigid PVC 

Static thermal stability results via the change in color performed at 180C as a 

function of time of PVC resin with various types of commercial organic based stabilizers, 

i.e. PVCOBS:Chem and PVCOBS:Sunace, processing by two roll mills at 190C for 8 min, 

were shown in Figure 5.10. From the figure, It could be seen that the PVCOBS:Sunace 

strip after holding in Mathis thermotester 10 min showed the discoloration time to be 

longer than that of PVCOBS:Chem, i.e. 20 min for the PVCOBS:Sunace and 8 min for 

PVCOBS:Chem. In addition, after discoloration time of each PVC filled with both OBS 

stabilizer, the PVCOBS:Sunace exhibited a change in the color from pale yellow to 

yellow at 48 min, while the change in the color of the PVCOBS:Chem was from yellow 



 

 

49 

to dark brown. As a consequence, the PVCOBS:Sunace sample provides a better static 

thermal stability when compared to the PVCOBS:Chem sample comparing at a fixed 

amount of the heat stabilizers of 3 phr. 

Organic stabilizer has many key ingredients that can suppress degradation 

processes of PVC. For example, epoxidized compounds are reported to be able to 

accept HCl [34]. Uracil derivatives were reported to show greater stabilizing efficiency 

compared to traditional Ca/Zn stabilizers at the same concentration in PVC samples. 

This is attributed to the ability of these compounds to substitute the labile chlorine 

atoms in PVC molecules and can absorb HCl released during the degradation of the 

PVC sample [12].  

 

5.1.3 Thermogravimetric Analysis (TGA) of Commercial Organic Stabilizers 

TGA is an analytical technique used to determine a material’s degradation 

behavior and its fraction of volatile components by monitoring the weight change that 

occurs as a function of increasing temperature at a constant heating rate or as a 

function of time. 

5.1.3.1 Thermogravimetric Analysis of Commercial Organic Stabilizers in 

Nitrogen 

Thermal degradation behavior of commercial organic stabilizers was presented 

in Figure 5.11 in nitrogen atmosphere. The line () in the plots is OBS from Sunace 

Co., Ltd whereas the line () is OBS from Chemson Co., Ltd. The temperature at 5% 

weight loss was one parameter to determine thermal stability of the material. From 

the figure, we found that the temperatures at 5% weight loss of OBS from Sunace Co., 

Ltd and Chemson Co., Ltd were 80oC and 290C, respectively. Moreover, the solid 

residue of OBS from Sunace Co., Ltd and Chemson Co., Ltd were 25% and 28%, 

respectively. 



 

 

50 

Furthermore, derivative TGA thermograms of the commercial OBS are shown 

in Figure 5.12. From the figure, we can see that OBS from Sunace Co., Ltd had an 

ingredient that exhibits mass loss at 80C and the major component of this OBS shows 

mass loss at 460C, while the major component of the OBS from Chemson Co., Ltd 

also provides sharp mass loss at about the same temperature, i.e. 460oC. Therefore, it 

is possible that the main component of both OBS might be similar. 

5.1.3.2 Thermogravimetric Analysis of Commercial Organic Stabilizers in 

Oxygen  

Thermal degradation behavior of commercial organic stabilizers is presented in 

Figure 5.13 in oxygen atmosphere. The line () in the plots is OBS from Sunace Co., 

Ltd whereas the line () is OBS from Chemson Co., Ltd. From the figure, we found 

that the temperature at 5% weight loss of OBS from Sunace Co., Ltd and Chemson 

Co., Ltds was 80oC and 260C, respectively, whereas the solid residue of OBS from 

Sunace Co., Ltd and Chemson Co., Ltd was 24% and 28%, respectively. This suggests 

the presence of inorganic filler in both commercial OBSs. 

Furthermore, derivative TGA thermograms are shown in Figure 5.14. From the 

figure, the OBS from Sunace Co., Ltd showed the major ingredients to be vaporized or 

decomposed at 80C, 320oC, 350oC, and 450oC, while the OBS from Chemson Co., Ltd 

displayed the mass loss temperature at 320oC, 350oC, and 450oC. It is likely that these 

OBSs comprise of mixtures of chemicals and fillers. However, we can observe that the 

main component was degraded at about the same temperature of 450C. Therefore, 

it is possible that the main component might be similar but the Sunace’s OBS consists 

of smaller molecule as one key component in its formulation. The TGA results in 

oxygen are also consistent with those performed in nitrogen atmosphere.  
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5.2 Effect of DAU, Eugenol and DAU/Eugenol Mixture Stabilizers on Static 
Thermal Stability and Mechanical Property of Rigid PVC 

 In this section, the properties, i.e. static thermal stability and mechanical of the 

PVC stabilized with DAU, eugenol and their mixtures have been investigated. The 

optimal content and processing temperature of the stabilized PVC was considered via 

the static thermal stability. 

 

5.2.1 Static Thermal Stability of PVC Stabilized with Eugenol 

Static thermal stability results after holding in Mathis thermotester for 10 min 

of PVC resin with two contents of eugenol stabilizer, i.e. 2 and 4 phr, processing by 

two roll mills at 160C for 3 min, performed at 180C as a function of time are shown 

in Figure 5.15. As seen in the figure, an addition of the eugenol stabilizer at 2 and 4 

phr into the PVC resin showed a similar color change pattern, i.e. from brown to dark 

brown in 25 min and then the samples turned to dark brown beyond that. 

To improve the discoloration time of the PVC resin filled with a eugenol 

stabilizer, the incorporation of titanium dioxide (TiO2) at 2 phr as a white pigment at 

different eugenol contents into the PVC resin was investigated as displayed in Figure 

5.16. After the processing the PVCeugenol filled with TiO2 by two roll mills at 160oC for 3 

minutes, the color of the strip remained whiter when compared with that of the PVC 

strip without adding TiO2 as similarly reported in PVC/lead/TiO2 [54]. Moreover, the 

static thermal stability measured via the change in color of all PVCeugenol strips filled 

with 2 phr of the TiO2 are exhibited in Figure 5.16. From the figure, we can see that 

the color change of all PVCeugenol filled with 2 phr of the TiO2 pigment are negligible 

within the first 30 min and then the change in the color from white to light brown was 

observed. Therefore, the addition of the TiO2 pigment can substantially help reduce 

the change in color of the PVCeugenol. 
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5.2.2 Static Thermal Stability of PVC Stabilized with DAU  

Static thermal stability results after holding in Mathis thermotester for 10 min 

of PVC resin stabilized with various DAU contents, i.e. 1, 2, 3 and 4 phr, processing by 

two roll mills at 170C for 3 min, performed at 180C as a function of time are shown 

in Figure 5.17. As seen in the figure, the addition the DAU at 1, 2, 3 and 4 phr into the 

PVC resin showed the similar color change, i.e. from original color to brown in 50 min. 

The samples color turned brown to black with an addition of 1 phr of the DAU 

faster than 2, 3 and 4 phr of the DAU as seen in the figure. It was noted that the 

addition of DAU at 2-4 phr showed similar efficiency though better than the addition 

only of 1 phr. Therefore, the optimal content of the DAU in the PVC resin were 

suggested to be 2 phr. In addition, we can see that an incorporation of the DAU 

stabilizer into the PVC resulted in a better retardancy of the color change of the PVC 

than the PVC stabilized with the eugenol stabilizer.  

Furthermore, the static thermal stability via the color change characteristic of 

the PVC stabilized with the DAU stabilizer, which was a single organic component, is 

compared to that of the PVC stabilized with the commercial one pack PVC stabilizers, 

i.e. lead, Ca/Zn and OBS at a fixed content of 3 phr which is the quantity recommended 

by the producers as seen in Appendix D. Therefore, in preparing our future PVC 

samples, all heat stabilizers used will be added at a fixed amount of 3 phr and the 

properties will be compared.  
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5.2.3 Tensile Properties of PVC Stabilized with DAU 

PVC samples stabilized with various contents of DAU, i.e. 1, 2, 3 and 4 phr were 

processed by two-roll mills at temperatures of 170ºC for 3 min to yield a homogeneous 

sample. The obtained samples was then preheated for 200s and then pressed into a 

thick sheet by a compression molder at 180ºC and at a pressure of 150 bars for 30s. 

The compression-molded sheets were then cut into test pieces for tensile test. 

Tensile stress versus tensile strain curves of the heat stabilized PVC samples 

are depicted in Figure 5.18. From the figure, tensile strength is the maximum tensile 

stress in the curve whereas tensile modulus of each sample was computed from the 

initial slope of the stress-strain curves before loss elasticity. Moreover, elongation at 

break is tensile strain when the sample brakes. 

From the table, tensile strength of the PVC stabilized with DAU at various 

contents at 1, 2, 3 and 4 phr were about 51.3, 56.3, 56.0 and 55.6 MPa, respectively, 

and the tensile modulus of stabilized PVC samples were determined to be 1.42, 1.61, 

1.65, and 1.64 GPa, respectively. The PVC stabilized with DAU at 1 phr showed the 

tensile strength values somewhat lower than that of the PVC stabilized with DAU at 2, 

3 and 4 phr contents. The phenomenon confirmed the optimal amount of the DAU to 

be about 2 phr as already observed in the Mathis thermotesting in the previous section. 

In other words, to add only 1 phr of DAU in PVC is not sufficient to prevent its thermal 

degradation. As a consequence, partial degradation on the PVC sample was expected 

causing the observed lower mechanical properties. 
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5.2.4 Effect of Processing Temperatures for PVC Stabilized with DAU and 

Eugenol Stabilizers  

5.2.4.1 Effect of Processing Temperatures from 150°C to 180°C on the 

color change of PVC Stabilized with DAU and Eugenol Stabilizers 

PVC stabilized with DAU (PVCDAU) and PVC stabilized with eugenol (PVCeugenol) at 

a fixed stabilizer content of 3 phr was prepared and evaluated. Each PVC stabilized 

with DAU and eugenol was processed by two roll mills at 150C, 160C and 170C for 

3 min, respectively. Static thermal stability performed isothermally at 180C as a 

function of time, conducted on a Mathis thermotester, of the above PVC samples is 

presented in Figure 5.19. As seen in the figure, the discoloration of the PVCDAU samples 

processed at the temperature of 150oC, 160oC and 170oC for 3 min showed a similar 

color change pattern. That is all PVCDAU samples changed their color from white to 

yellow within 50 min of the heat treatment and then the color of the samples changed 

from yellow to dark in 105 min. In a case of the PVCeugenol samples, we can see that 

the sample processed at the temperature of 160oC and 170oC showed greater color 

change than that processed at the temperature of 150oC, which maintained its brown 

color longer than the samples processed at higher temperatures. Though the color 

change of eugenol-stabilized PVC seems to be more severe than those stabilized with 

the DAU, its effect is considered to be substantial to the thermal stability of 

unstabilized PVC which cannot be processed to form any test specimen. From these 

results, it can be concluded that eugenol can clearly function as a heat stabilizer for 

the PVC though its effect on thermal stability of PVC in term of color change retardation 

is significantly lower than the DAU. Therefore, the processing conditions to prepare the 

PVC stabilized with DAU and eugenol stabilizers can be from 150oC for 3 min. Such low 

temperature of 150oC cannot be used to process PVC with lead, Ca/Zn as well as 

commercial OBS systems. This is one of the positive aspect of using DAU and eugenol 
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as PVC heat stabilizer compared to the commercial ones i.e. the lower processing 

temperature.  

 

5.2.4.2 Effects of Different Processing Temperature between 150°C and 

180°C on Properties of PVC Stabilized with Eugenol and DAU 

 Effects of different processing temperature between 150°C and 180°C on 

properties of PVC stabilized with eugenol and DAU at a fixed content of 3 phr are 

summarized in Table 5.2. From the table, degrees of gelation of the PVC stabilized 

with DAU i.e. at processing temperature of 150°C and 180°C, were approximately 11.4 

and 75.6% respectively. In case of PVC stabilized with eugenol i.e. at processing 

temperature of 150°C and 180°C, the degrees of gelation were approximately 22.4 and 

89.8 % respectively. According to the results, degree gelation of PVC decreased when 

the processing temperature decreased because processing temperature significantly 

affected fusion behavior of PVC as discussed by Gilbert and Vyvoda that the decrease 

of processing temperature systematically lowered degree of gelation in PVC resin as 

the temperature used in lower than the melting temperature of the PVC crystallites 

[46].  

However, the processing temperature between 150°C and 180°C was found to 

show negligible effect on flexural strength and flexural modulus of PVC stabilized with 

those stabilizers. These results indicated that degree of gelation i.e. between 10 to 

20% and 70 to 90%, showed trivial effect on flexural properties of the PVC. 

  In addition, after processing, color change of PVC stabilized with eugenol was 

expectedly found to be lighter when processing temperature decreased from 180°C to 

150°C. This is due to the lower rate of thermal degradation at low temperature. 

Whereas, color of PVC stabilized with DAU was about the same when processing 

temperature decreased from 180°C to 150°C. This is due to the fact that DAU is highly 

effective in maintaining the initial color of PVC even at high temperature of 180oC. 
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Lowering the temperature to 150oC was found to show almost the same effect of color 

change. This experiment suggests the benefit of using eugenol and uracil as both 

chemicals provide lower processing temperature compared to the other three 

commercial heat stabilizers thus more energy saving in PVC processing.  

 

5.2.5 PVC Stabilized with DAU/Eugenol Mixtures 

The mechanisms for eugenol as primary heat stabilizer and DAU as secondary 

heat stabilizer for PVC had been reported by Sabaa [4] and Xu [12], respectively. It was 

also suggested that the primary stabilizers, particularly, strong Lewis acids can react 

with HCl while the secondary stabilizers can scavenge the released HCl and help 

protect the primary stabilizers [33]. 

5.2.5.1 Static Thermal Stability of PVC Stabilized with Eugenol/DAU 

Stabilizer Mixtures at a Fixed Content 3 phr 

The mechanisms for eugenol as primary heat stabilizer and DAU as secondary 

heat stabilizer for PVC had been reported by Sabaa [4] and Xu [12], respectively. It was 

also suggested that the primary stabilizers, particularly, strong Lewis acids can react 

with HCl while the secondary stabilizers can scavenge the released HCl and help 

protect the primary stabilizers [33]. The change in color as a function of time of PVC 

stabilized with eugenol/DAU mixtures at a fixed amount of 3 phr at various mixing 

ratios between eugenol and DAU processed by two roll mills at 150°C for 3 min was 

also conducted by Mathis thermotester at 180°C as seen in Figure 5.20. From the figure, 

the color of PVC stabilized with 3 phr of eugenol (3:0) changed immediately from white 

to light pink color and turned to be brown within 20 min whereas the PVC stabilized 

with 3 phr of DAU sample showed more gradual color change from white to yellow 

color and turned to brown in 50 min. Interestingly, it can be observed that the use of 

eugenol/DAU mixture can further enhance the color stability of the PVC. That is some 

sign of synergistic behavior of the use of eugenol/DAU mixture as heat stabilizers for 



 

 

57 

PVC was observed. Moreover, all PVC/(eugenol/DAU) samples with 1.0-2.0 phr of the 

DAU revealed no color changed in the thermotester for up to 50 min. This characteristic 

may be due to the complementary effect of eugenol as a primary heat stabilizers to 

inhibit polyene sequences formation of PVC while the DAU may function as a 

secondary heat stabilizer to retard the degradation process that eventually lead to 

PVC blackening thus the observed synergistic effect above.  

In order to confirm synergistic effect on color change (i.e. thermal stability) of 

the specimen as a function of time of PVC stabilized with eugenol/DAU mixtures at a 

fixed amount of 3 phr and at various mixing ratios, the testing temperature of Mathis 

thermotester was reduced from 180°C to 150°C and the results are illustrated in Figure 

5.21. The change in color of PVC with reduced temperature was evidently observed as 

a much prolonged time of the color change of the specimens, resulting from the lower 

rate of degradation at low temperature. From the figure, the color of PVC stabilized 

with 3 phr of eugenol (3:0) changed rapidly from white to light brown color and turned 

to brown within 70 min whereas the PVC stabilized with 3 phr of DAU sample showed 

more gradual color change from white to yellow color and turned to brown in 130 

min. Interestingly, it can be observed that the use of eugenol/DAU mixture can further 

enhance the color stability of the PVC. That is a characteristic of synergistic behavior 

of the use of eugenol/DAU mixture as heat stabilizers for PVC. Moreover, all 

PVC/(eugenol/DAU) samples with 1.5-2.0 phr of the DAU revealed no color changed 

up to 150 min suggesting the best long term stability based on this mixed OBS systems. 

  



 

 

58 

5.2.5.2 Dynamic Mechanical Analysis of PVC Stabilized with Eugenol/DAU 

Stabilizer Mixtures at a Fixed Content of 3 phr 

Dependence of storage modulus on temperature of PVC stabilized with 

Eugenol/DAU stabilizer mixtures is shown in Figure 5.22. According to the results, 

storage modulus at 30°C of the PVC stabilized with various ratios of Eugenol/DAU 

mixtures was similar with the value of about 3 GPa. However, storage modulus of PVC 

was different in the rubbery plateau region.  That is rubbery plateau modulus of PVC 

was found to increase when quantity of eugenol in the mixture increased. This 

phenomenon is attributed to a function of eugenol to crosslink PVC molecules via its 

unsaturated bond or hydroxyl group as suggested by Sabaa and Mohamed [4]. 

The glass transition temperature (Tg) assigned to the maximum of tan δ of the 

PVC stabilized with Eugenol/DAU mixtures can be also determined from the plots of 

tan δ against temperature on dynamic mechanical analysis (DMA) curves as shown in 

Figure 5.23. The glass transition temperatures of PVC (DAU 3 phr), PVC (DAU 1.5 phr, 

eugenol 1.5 phr) and PVC (eugenol 3 phr) were determined to be approximately 89, 

94 and 100°C respectively. Increasing DAU contents in the mixture can enhance glass 

transition temperature. In other words, eugenol can act as PVC plasticizer by reducing 

the Tg of PVC. 
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5.3 Properties of PVC Stabilized with Various Heat Stabilizers (at a Fixed 
Stabilizer Content of 3 phr) 

 Properties of PVC stabilized with various types of commercial heat stabilizers 

that are multi-component stabilizers or one pack stabilizers i.e. lead stabilizer (Sak-

sf86-ns) from Sunace Co., Ltd., calcium zinc stabilizer (Ca/Zn) (PRD 5549-1) from 

Chemson Co., Ltd. and organic based stabilizer (OBS) (Sak-osp4005-np) from Sunace 

Co., Ltd., (OBS) are used in this experiment to compare with DAU and eugenol as heat 

stabilizers which are a single organic component. The content in each heat stabilizer 

is fixed at 3 phr which provides sufficient static thermal stability in the PVC samples. 

The effects of types of heat stabilizers will be compared based on their processing 

ability (fusion test), degradation temperature, color change and thermo mechanical 

properties. 

 

5.3.1 Effects of Types of Heat Stabilizers on Fusion Behaviors of PVC Stabilized 

with Various Heat Stabilizers (at a Fixed Content 3 phr) 

Processing ability measured by a fusion test of PVC stabilized with each heat 

stabilizer was investigated. Fusion time and maximum torque determined from point 

X in the fusion curve or plastogram indicating the complete fusion of the PVC stabilized 

with various heat stabilizers is summarized in Table 5.3. From the table, the PVC 

stabilized with commercial OBS stabilizers tended to exhibit lower fusion torque and 

longer fusion time than those of the PVC stabilized with lead stabilizer or calcium zinc 

stabilizers. In the case of, eugenol- and DAU-stabilized PVC, because they fused very 

fast during loading, the fusion time and maximum torque cannot be detected. This 

behavior indicated that eugenol and DAU stabilizers can more readily fused with PVC 

than lead or Ca/Zn or OBS stabilizers possibly due to polar nature of DAU and eugenol. 
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Additionally, relatively small organic molecules of DAU and eugenol tend to dissolve 

more readily in PVC thus resulting in the fast fusion behavior. 

 

5.3.2 Thermogravimetric Analysis (TGA) of PVC Stabilized with Various Types of 

Heat Stabilizers 

TGA is an analytical technique used to determine a material’s thermal stability 

and its fraction of volatile components by monitoring the weight change that occurs 

as a function of increasing temperature at a constant heating rate or as a function of 

time. 

Thermal degradation behaviors of PVC stabilized with various heat stabilizers 

at a fixed content of 3 phr was examined using a thermogravimetric analyzer under 

nitrogen atmosphere at a heating rate of 10°C/min from room temperature to 800°C 

as depicted in Figure 5.24. Thermal decomposition temperature and char residual 

values of the samples are showed in the figure. A general two-stage process of the 

thermal decomposition of the PVC was observed. From the literature, the first stage 

thermal decomposition is mainly due to the evolution of HCl whereas the second 

stage thermal decomposition is attributed to the cyclization of conjugated polyene 

sequences to form aromatic compounds [55]. Therefore, as expected for our PVC, the 

neat PVC showed the two stages of the thermal decomposition temperature, i.e. 

~240oC at 5% weight loss and ~400oC, respectively as seen in Figure 5.24. 

The incorporation of heat stabilizers, i.e. commercial lead, Ca/Zn, OBS, DAU 

and eugenol (fixed at 3 phr for each type) in PVC was found to substantially enhance 

the thermal decomposition temperature of the PVC in the first stage (Td,5), i.e. 278oC, 

278oC, 263oC, 274oC, and 260oC, respectively comparing with the value of 241oC of the 

as-received PVC. As a consequence, all heat stabilizers evaluated in this work can 

effectively improve thermal degradation temperature at 5% weight loss of the neat 

PVC. Moreover, we can also see that the DAU stabilizer seems to improve Td,5 of the 
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PVC comparable to lead and Ca/Zn stabilizers whereas an eugenol showed the nearest 

efficiency comparable to the commercial OBS. 

Furthermore, the solid residues of the samples at 800C are also indicated in 

the figure. We can see that inorganic stabilizers, i.e. commercial lead, Ca/Zn and OBS, 

can increase the solid residue of the PVC. The highest solid residue belonged to the 

PVC stabilized with Ca/Zn (i.e. 19.1%), whereas the organic stabilizers, i.e. DAU, eugenol 

as well as the commercial OBS tend to provide a negligible effect on the solid residue 

formation of the PVC. This is due to the thermally decomposable nature of the organic 

based stabilizers compared to their inorganic counterparts. 

 

5.3.3 Static Thermal Stability of PVC Stabilized with Various Heat Stabilizers 

Static thermal stability of PVC samples with different heat stabilizers, i.e. 

commercial lead stabilizer, commercial calcium/zinc stabilizer (Ca/Zn), commercial 

organic based stabilizer (OBS), DAU and eugenol was investigated by an observation of 

the changed appearance of the sample at 180°C as a function of time. It was observed 

that the addition of lead, Ca/Zn, OBS, DAU and eugenol in PVC showed the difference 

in the discoloration time as seen in Figure 5.25. PVC stabilized with DAU effectively 

retained its initial white color within 50 min of the heat treatment indicating the highest 

short-term thermal stability compared to others. However, color of the DAU-stabilized 

sample immediately changed to brown within 80 min whereas PVC stabilized with 

lead, Ca/Zn and OBS showed a more gradual change in color within the same period 

of time. This phenomenon suggested the better long-term stability of the lead, Ca/Zn, 

or the commercial OBS comparing with the more effective short term stability of the 

DAU system. This is because the DAU stabilizer acts as HCl scavenger [8] that can 

considerably reduce the rate of degradation and avoids the very fast process that 

eventually causes PVC blackening [26]. 
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5.3.4 Dynamic Mechanical Analysis of PVC Stabilized with Various Types of Heat 

Stabilizers at a Fixed Content 3 phr 

Dependence of storage modulus on temperature of PVC stabilized with various 

types of heat stabilizers are shown in Figure 5.26. According to the results, storage 

modulus at 30°C of the PVC stabilized with heat stabilizers i.e. lead stabilizer, 

calcium/zinc stabilizer, organic based stabilizer, DAU and eugenol were approximately 

2.88, 2.75, 2.83, 2.99 and 2.98 GPa respectively. The higher storage modulus at room 

temperature of the PVC stabilized with DAU and eugenol stablilizers compared to the 

other suggesting that the PVC stabilized with DAU and eugenol are more rigid than the 

others. Moreover, it is likely that lead, Ca/Zn, or commercial OBS which are one pack 

heat stabilizers might contain additives that can lower modulus of the PVC such as 

external lubricant, internal lubricant etc. As heating continued, PVC stabilized with 

eugenol lost their rigidity at elevated temperature more readily than PVC stabilized 

with lead, Ca/Zn, OBS and DAU. This greater change in slope of the modulus curve 

indicated higher thermal sensitivity of the material. 

The glass transition temperature (Tg) assigned to the maximum of tan δ of the 

PVC stabilized with the heat stabilizers i.e. lead stabilizer, calcium/zinc stabilizer, 

organic based stabilizer, DAU and eugenol can be also determined from the plots of 

tan δ against temperature from dynamic mechanical analysis curves (DMA) as shown 

in Figure 5.27. The glass transition temperatures of the PVC stabilized with heat 

stabilizers, i.e. lead stabilizer, calcium/zinc stabilizer, organic based stabilizer, DAU and 

eugenol were determined to be approximately 99.4, 98.7, 99.8, 99.6 and 88.8°C 

respectively. The Tg of PVC stabilized with eugenol are the lowest because of liquid 

nature of eugenol at room temperature whereas the other four types showed similar 

glass transition temperature values. The results suggested that the excessive use of 

liquid type heat stabilizer might not be appropriate as this will result in the lowering 

of thermal properties of the sample.  
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5.3.5 UL-94 Vertical Test of PVC Stabilized with Various Types of Heat Stabilizers 

at a Fixed Content 3 phr 

 The fire resistant properties of PVC stabilized with each heat stabilizer types 

were also examined by UL-94 vertical measurement. After burning, PVC showed clearly 

a self-extinguishing characteristic because it contains more than 50% of chlorine. 

Hydrogen chloride gas generating from thermal cracking slows down the continuous 

combustion reaction and prevents burning progress by warding off the PVC product 

surface from oxygen in the air [55]. All of our PVC samples were classified as V-0, the 

maximum flame resistant class of UL-94 vertical rating. Thus, each heat stabilizers of 3 

phr used in this experiment show negligible effect on flame-retardant properties of our 

PVC. These result confirmed the good flame retarding nature of PVC. The photographs 

of the burnt specimens under UL94 burning tests are shown in Figure 5.28-5.32. The 

obtained UL-94 results of our PVC samples are also consistent with the commercial 

PVC pipe [see Appendix E.2]. 
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5.4 Effects of Repeated Processing and Various Types of Heat stabilizers 

 In this section, 5 types of heat stabilizers are used same in 5,3. The contents in 

each heat stabilizers are 3 phr. Each processing cycles concluded 2 steps i.e. two-roll 

mills at temperatures of 180°C for 3 minutes to yield a homogeneous sample and then 

mold compressed at the same temperature and pressure of 150 bars for 4 minutes. 

For repeated processing, the piece was cut by cutting mill to reduce the size then 

sample was fed into 2 roll mill and further compression molded. Their efficiency of 

repeated processing and types of heat stabilizers will be compared based on the 

effects on physical properties (density, color change and FTIR), mechanical properties 

(tensile, flexural and izod impact) and thermal properties (DSC and HDT). 

 

5.4.1 Effects of Repeated Processing on Density of PVC Stabilized with Various 

Types of Heat Stabilizers 

Density of the PVC stabilized with various heat stabilizers at each processing 

cycle are plotted in Figure 5.33. From the table, in the case of the PVC stabilized with 

commercial lead, Ca/Zn and OBS, It could be seen that the repeated processing cycle 

(up to 4 cycles) showed negligible effect on the density values of the PVC samples, 

i.e. 1.457-1.460 g/cm3, 1.449-1.452 g/cm3 and 1.447-1.451 g/cm3 respectively. In 

addition, the density values of PVC stabilized with DAU was in the range of 1.452-1.456 

g/cm3 whereas the density value of PVC stabilized with eugenol was measured to be 

1.447 g/cm3. The effects of types of heat stabilizers on density give only marginally 

different density values because only 3 phr of the heat stabilizer was used in each PVC 

specimen. The obtained density values of our PVC samples are also consistent with 

the density of typical PVC pipe i.e. ca. 1.43 g/cm3 [see Appendix E.1]. 
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5.4.2 Effects of Repeated Processing on Color Change of PVC Stabilized with 

Various Types of Heat Stabilizers 

The effects of repeated processing on the visual appearance of the samples 

i.e. their color change, and their corresponding E values due to the color change 

are shown in Table 5.4 and Figure 5.34 respectively. Color change is important property 

because it relates to chemical degradation [4]. From our results as showed in Figure 

5.34, it was observed that the addition of commercial lead, Ca/Zn, OBS, DAU and 

eugenol in our PVC provided different color change. For PVC stabilized with 

commercial lead, Ca/Zn, and OBS stabilizers, we can reprocess the samples up to at 

least 5 cycles. However, the PVC stabilized with DAU was found to be able to withstand 

the processing cycles up to 4 times. Whereas PVC stabilized with eugenol was able to 

undergo only one processing cycle. The color change values of the PVC stabilized with 

commercial lead, Ca/Zn, and OBS from first processing cycle up to 5 processing cycles 

were measured by a spectrophometer to be 26.7 to 45.1, 31.5 to 63.6 and 29 to 46.9, 

respectively. In the case of PVC stabilized with DAU, the values were changed from 20 

to 29.2 at the third processing cycle. Finally, the color change of PVC stabilized with 

eugenol was found to show the highest color change value even at one processing 

cycle with the value of 73.3. From the above results, it is evident that is PVC stabilized 

with DAU effectively retained its initial light color up to 3 cycles which is also the 

lowest color change value as a result of repeated processing cycles indicating the 

highest thermal stability compared to the others whereas PVC stabilized with 

commercial lead, Ca/Zn and OBS showed a greater change in color within the same 

period of time i.e. up to 3 cycles. In practice, the ability for the PVC sample to sustain 

up to 3 repeated processing cycles should be sufficient for typical applications. Also it 

is to be reminded that the DAU and eugenol stabilizers used in our study are single 

organic component stabilizers while the other three commercial heat stabilizers are 

formulated multi-component, one-pack heat stabilizers. From the above results, it is 
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clearly seen that DAU, even though a single component heat stabilizer, showed high 

potential as a heat stabilizer for PVC. Its effectiveness as a PVC heat stabilizer should 

be further enhanced with the aid of co-stabilizers, or synergists etc. In the case of 

eugenol, it was clearly proved to be a potential organic based heat stabilizer for PVC 

resin but to a much lesser extent comparing with DAU.  

Considering long term heat stability of the PVC, it was also observed that PVC 

stabilized with commercial lead and OBS effectively retained their small color change 

up to 4 times of reprocessing cycles indicating the highest thermal stability in terms of 

long term thermal stability compared to their Ca/Zn counterpart which showed the 

highest slope as seen in Figure 26 below. It was postulated that zinc chloride that 

formed in a degradation process of the PVC stabilized with Ca/Zn stabilizer, that 

showed in equation (1) and (2), might play a part to catalyze PVC thermal degradation 

process and further dehydrochlorination of the PVC thus the lower long term stability 

compared to the commercial lead and OBS systems [9]. 

PVC + ZnSt2                                 PVCSt + ZnClSt + ZnCL2               (1) 

PVC                     HCl                   ZnClSt +HSt                                 (2) 

Yellow index values (YIs) of PVC stabilized with various stabilizers are depicted 

in Figure 5.35. Yellowness index represented the change in color of PVC samples in 

terms of white color to yellow color is measured by a spectrophotometer. The higher 

the YI, the yellower the sample and indicates more degradation. The YIs of the PVC 

stabilized with commercial lead, Ca/Zn, and OBS at the first processing cycle and at 

the 4th reprocessing cycles were measured to be 29.5 to 71.4, 41.7 to 115.2, and 33.5 

to 72.3, respectively. In the case of the PVC stabilized with DAU, the YI value was 

changed from 24.3 for the first processing cycle to 40.2 for the 4th processing cycle. 

Finally, the YI value of the PVC stabilized with eugenol even at the first processing 

cycle, i.e. 87.3 was found to show a higher YI value than the commercial lead and OBS 

at fifth processing cycle, i.e. 71.4 and 72.3, respectively suggesting the most sensitive 

ZnSt2 
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to heat of this PVC system. Furthermore, Yellow index graph as a function of number 

of repeated processing cycles of the PVC stabilized with commercial lead, Ca/Zn, OBS, 

DAU and eugenol at 3 phr content  are depicted in the figure. From the figure, we can 

see that trend of the yellow index of all PVC samples is relatively similar to that of the 

color change behavior. 

 

5.4.3 Effects of Repeated Processing Cycles on FTIR Spectra of PVC Stabilized 

with Various Types of Heat Stabilizers 

In this research, FTIR spectra of PVC sample stabilized with lead, calcium zinc 

and commercial OBS stabilizer after 1, 3 and 5 rounds of processing cycles are 

displayed in Figure 5.36-5.38, whereas PVC sample stabilized with DAU at 1 to 3 of 

processing cycles are displayed in Figure 5.39. The FTIR spectra of PVC stabilized with 

each type of heat stabilizer was found to be similar as a function of various processing 

cycles. However, PVC stabilized with calcium zinc stabilizer displayed more color 

change than the other three heat stabilizers thus it is the best choice for observing 

spectral change with FTIR investigation. From Figure 5.37, PVC stabilized with calcium 

zinc stabilizer from first processing cycle to 5th processing cycles showed also the 

same FTIR spectrum. This phenomenon suggested the effect of processing cycles up 

to 5 cycles provided negligible thermal degradation to the PVC stabilized with 

commercial heat stabilizer and up to about 3 cycles of the PVC stabilized with DAU. 

The result confirms the potential use of DAU as a good candidate for PVC heat 

stabilizer.  
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5.4.4 Effects of Repeated Processing on Tensile Property of PVC Stabilized with 

Various Types of Heat Stabilizers 

Tensile strength is the maximum tensile stress in stress-strain curve and 

quantifies how much stress of the material will endure before failure. Higher tensile 

strength values indicate polymer more durability. Figure 5.40 depicts the tensile 

strength at each repeated processing cycles of the PVC stabilized with various heat 

stabilizers, i.e. commercial lead, commercial Ca/Zn, commercial OBS, DAU and 

eugenol. Furthermore, the numerical results of the tensile strength of the PVC 

stabilized with various heat stabilizers at each repeated processing cycles are also 

plotted in the figure. In the figure, in the case of the PVC stabilized with commercial 

lead, Ca/Zn and OBS, we can see that the each processing cycle up to 5 cycles showed 

negligible effect on the tensile strength values, i.e. 51.2-52.9 MPa, 51.9-52.3 MPa and 

51.3-52.9 MPa. For the PVC stabilized with DAU and eugenol, again, no significant 

difference in the tensile strength value at the each processing cycle up to 3 times was 

observed. From the table, the tensile strength values of the PVC stabilized with DAU 

was in the range of 55.2-56.5 MPa. We observed tensile strength of PVC stabilized with 

DAU and eugenol were higher than the PVC stabilized with commercial lead, Ca/Zn 

and OBS. This characteristic might be due to the relatively better compatibility of 

eugenol and DAU heat stabilizers with PVC upon mixing compared with the 

heterogeneous nature of the lead, Ca/Zn and OBS stabilized with PVC. Interesting, the 

tensile strength values of the PVC stabilized with each heat stabilizer are in agreement 

with that of PVC pipes from Thai Pipe Industry Co., Ltd. (Thailand) , i.e. tensile strength 

= 49.1- 53.4 MPa [see Appendix E.1]. 

Furthermore, comparing at the 1st processing cycle, we can see that the tensile 

strength of the PVC stabilized with the commercial lead and OBS provided slightly 

lower values than those of the other heat stabilizers. This is probably due to the lower 

gelation of the PVC stabilized with commercial lead and commercial OBS compared 
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with the PVC stabilized with commercial Ca/Zn, DAU and eugenol. Moreover, these 

results confirm that the PVC stabilized with commercial lead, Ca/Zn and OBS can 

potentially be recycled or reprocessed for at least up to 5 cycles while the recycling 

ability of the PVC stabilized with DAU was up to 3 cycles. 

Tensile modulus of PVC with different types of heat stabilizers at repeated 

processing cycles was shown in Figure 5.41. Tensile modulus of each specimen was 

determined from the initial slope of the stress-strain curves before loss elasticity. No 

significant difference in tensile modulus of PVC with commercial lead, Ca/Zn, and OBS 

was observed similar to the results from tensile strength.  

 

5.4.5 Effects of Repeated Processing on Flexural Property of PVC Stabilized with 

Various Types of Heat Stabilizers 

Flexural strength defined as a material's ability to resist deformation under 

flexure load of PVC stabilized with various heat stabilizers, i.e. commercial lead, 

commercial Ca/Zn, commercial OBS, DAU and eugenol as a function of reprocessing 

cycles is plotted in Figure 5.42 and the numerical data of the flexural strength of the 

stabilized PVC is listed in Table 12. From the table, the flexural strength of our PVC 

stabilized with commercial lead, Ca/Zn and OBS was about 75.3-77.6 MPa, 77.6-79.5 

MPa and 75.4-79.5 MPa, respectively. From these results, we can see that the PVC 

stabilized with commercial lead, Ca/Zn and OBS stabilizers can still maintain the 

flexural strength for the repeated processing tests up to 4 cycles. Furthermore, in case 

the PVC stabilized with DAU and eugenol organic stabilizers, the flexural strength 

values of the PVC stabilized with DAU subjected to 1 to 3 processing cycles were in 

the range of 78.3-80.5MPa, while that of the PVC stabilized with eugenol stabilizer that 

can be processed with only 1 processing cycle was about 82.5 MPa. Therefore, we can 

observe that the number of reprocessing cycles up to 5 cycles of the three commercial 

heat stabilizers showed negligible effect on the flexural strength of the stabilized PVC. 
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For DAU, and eugenol, the mechanical integrity was observed at up to 3 cycles and 1 

cycle, respectively. Interestingly, the flexural strength values of the PVC stabilized with 

each heat stabilizer are in agreement with that of PVC pipes from Thai Pipe Industry 

Co., Ltd. (Thailand) , i.e. flexural strength = 78.5-98.1 MPa [see Property Table in 

Appendix E.1, E.2]. 

In addition, flexural modulus determined from the initial slope of the stress-

strain curves before loss elasticity for the PVC with different types of heat stabilizers 

i.e. commercial lead, commercial Ca/Zn, commercial OBS, DAU and eugenol at 

repeated processing cycles in flexure mode is depicted in Figure 5.43 and the 

numerical flexural modulus values of each stabilized PVC at each repeated processing 

cycle are listed in Table 13, From the table, flexural modulus of each stabilized PVC 

sample at each repeated processing cycle was similar, i.e, 2.33-2.39 GPa, 2.43-2.51 GPa, 

2.31-2.47 GPa, 2.42-2.46 GPa and 2.46 GPa for the PVC stabilized with commercial lead, 

commercial Ca/Zn, commercial OBS, DAU and eugenol, respectively. Therefore, the 

repeated processing cycles showed negligible effect on the flexural modulus of the 

PVC stabilized with each heat stabilizers, i.e. 4 cycles for commercial lead, Ca/Zn and 

OBS heat stabilizers; 2 cycles for DAU stabilizer and one cycle for eugenol stabilizer. 

The flexural modulus values in our PVC samples are also in good agreement with the 

value of 2.48 GPa (360,000 psi) for PVC pipe produced by Georg Fisher Co., as seen in 

Appendix E.2.  

 

5.4.6 Effects of Repeated Processing on Izod Impact Property of PVC Stabilized 

with Various Types of Heat Stabilizers 

Izod impact tests are used in studying the toughness and ability of impact 

resistance of the polymer materials that are factors of their ability to absorb energy 

during plastic deformation [56]. Impact strength values of the PVC stabilized with 

various types of heat stabilizers as a function of number of processing cycles are 
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showed in Figure 5.44. From the figure, the impact strength values of the PVC stabilized 

with commercial heat stabilizers, i.e. lead, Ca/Zn and OBS reprocessed up to 5 cycles 

were in the range of 102.7-104.8 J/m, 103.8-106.3 J/m and 103.8-108.9 J/m, 

respectively while the impact strength values of the PVC stabilized with DAU for 3 

processing cycles was calculated to be about 89.4-91.3 J/m while the impact strength 

value of the PVC stabilized with eugenol was found to be 91.5 J/m. 

In addition, impact strength values of PVC stabilized with DAU and eugenol 

were determined to be lower than the three commercial heat stabilizers. This might 

be due to the fact that the commercial lead, Ca/Zn and OBS heat stabilizers are one-

pack stabilizers or multi-component stabilizers while the DAU and eugenol heat 

stabilizers are a single organic component additive. The one pack systems might 

contain some additives that help improve energy absorption characteristics of the PVC. 

However, the impact strengths of PVC stabilized with both DAU and eugenol are in the 

range comparable to the impact strength values required for the rigid PVC as seen in 

Appendix E2. 

 

5.4.7 Effects of Repeated Processing on Gelation of PVC Stabilized with Various 

Types of Heat Stabilizers 

 For our PVC stabilized with 5 different heat stabilizers, the gelation observed in 

DSC thermograms is shown in Figure 5.45. In this thermogram, the characteristic line of 

PVC stabilized with each heat stabilizer showed only minor differences i.e. PVClead, and 

PVCOBS had small additive peaks at 113oC and 116°C respectively, also, the first 

transition of PVCeugenol was found to be lower than the others. That is the Tg value of 

PVC stabilized with eugenol is about 82°C which is lower than the Tg values of PVC 

stabilized with other stabilizers that possessed Tg values of approximately 90°C. The 

lowest Tg of PVC stabilized with eugenol was also confirmed by dynamic mechanical 
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analysis. Additionally, percent of degree of gelation (G) of the PVC stabilized with each 

heat stabilizer can be calculated using the following equation [57]: 

                                 𝐺 =  
𝐻𝐴

𝐻𝐴+𝐻𝐵
× 100%                                         (3) 

Where  HA = Net area A under the curve after subtracting any area under the 

curve due to additive peaks (J/g), 

  HB = Net area B under the curve (J/g) 

  G   = Percent of degree of gelation (%)  

For example, percent of degree of gelation (G) of PVClead at the first processing cycle 

can be determined as follow: 

𝐺 =
3.4203 𝐽/𝑔

3.4203 𝐽/𝑔+1.9257 𝐽/𝑔 
× 100 ~ 64.0 % 

 The percent of degree of gelation of PVC stabilized with lead, CaZn, OBS, DAU 

and eugenol was calculated to be 64.0, 70.2, 59.0, 72.4 and 89.8 % respectively. Types 

of heat stabilizers therefore showed significant effects on the degree of gelation of the 

starting PVC. This characteristic may depend on additive formulations in each heat 

stabilizer that results in different ease of processing or other necessary properties of 

the PVC. From the experimental data, the highest degree of gelation belongs to the 

PVC stabilized with eugenol stabilizer, while the PVC stabilized with DAU stabilizer 

shows the lowest degree of gelation. Therefore, in this section, we can see another 

benefit of eugenol stabilizer as the processing aid additive to promote gelation in PVC 

besides its potential function as PVC co-stabilizer with DAU system as mentioned in 

Section 5.2.5.1. In addition, the processing temperatures of all stabilized PVC samples 

are in a range of 183-188°C from the observation in inflection point or the point 

between areas A and B in the DSC thermograms. The slightly greater processing 

temperature beyond the set point temperature of 180oC obtained from these DSC 

thermograms might be due to the additional heating by shear force during the PVC 

processing. 
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DSC thermograms of PVC stabilized with commercial lead, CaZn, OBS and DAU 

at each number of processing cycles are also displayed in Figure 5.46-5.49 respectively. 

It was observed that the PVC stabilized with each stabilizer in first to fifth processing 

cycles showed similar trends. All the gelation behaviors examined from the calculated 

degree of gelations are summarized in Figure 50. From the results, we can see that 

degree of gelation of the PVC stabilized with commercial lead, Ca/Zn, OBS and DAU 

tended to increase with increasing the repeated processing cycles. This is because 

increase of the number of the repeated processing cycles (up to 5 cycles in our case) 

results in the smaller grains (crystallites), remaining after each repeated processing 

cycle being molten. Finally, the glass transition temperature of all PVC samples were 

found to be unaffected by the repeating processing, thus the constant Tg was obtained 

as a function of processing cycles.  
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5.4.8 Effects of Repeated Processing on Heat Distortion Temperature of PVC 

Stabilized with Various Types of Heat Stabilizers 

Heat distortion temperature was defined as the temperature at which a 

standard test bar deflected a specified distance under the load applied at its center 

to give maximum stresses. It was used to determine short-term heat resistance. It 

distinguished between materials that were able to sustain light loads at high 

temperatures and those that lose their rigidity over a narrow temperature range. The 

effects of repeated processing cycles of PVC samples on the heat distortion 

temperature (HDT) are shown in Figure 5.51 and the corresponding numerical values 

are listed in Table 16. From the results, PVC stabilized with commercial lead, Ca/Zn 

OBS, and DAU showed the HDT values to be about 74-76°C which is significantly higher 

than that of the PVC stabilized with eugenol stabilizers i.e. 65°C. This characteristic 

might be due to liquid nature of eugenol used that might act as PVC plasticizer thus 

decreases glass transition temperature (Tg) of the PVC. The trend was confirmed by 

dynamic mechanical analysis. Moreover, the obtained HDT values of PVC stabilized 

with commercial stabilizers were relatively constant in each repeated processing cycles 

up to 4 cycles. In case of PVC stabilized with DAU relatively constant in each repeated 

processing cycle up to 2 cycles. However, PVC stabilized with eugenol cannot be 

reprocessed therefore no result on this sample was reported at higher processing cycle. 
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Figure 5.1: Torque rheometer process curves of PVClead at 180°C 

 

 
Figure 5.2: Torque rheometer process curves of PVCCa/Zn (PRD5549:Chem). 
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Figure 5.3: Torque rheometer process curves of PVCCa/Zn (M78NP:Sunace). 

 

 
Figure 5.4: Torque rheometer process curves of PVCCa/Zn (M964NP:Sunace). 
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Figure 5.5: Torque rheometer process curves of PVCCa/Zn (M162P:Siam). 

 

 
Figure 5.6: Torque rheometer process curves of PVC with OBS from Chemson. 
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Figure 5.7: Torque rheometer process curves of PVC with OBS from Sunace. 

 

Table 5.1: Effects of types of heat stabilizers on major parameters in the plastograms  

               of PVC. 

Samples Stabilizer type in PVC resin 
Maximum 

torque 
(Nm/min) 

Fusion time 
(s) 

1 Lead (SF86NS) from Sunace Co , Ltd. 31.3 330 

2 
Ca/Zn (PRD5549) from Chemson Co., 
Ltd. 

32.1 462 

3 Ca/Zn (M78NP) from Sunace Co , Ltd. 31.3 648 

4 Ca/Zn (M964NP) from Sunace Co., Ltd. 33.5 564 

5 
Ca/Zn (M162P) from Siam stabilizer Co., 
Ltd. 

43.3 222 

6 
OBS (TRX722A4) from Chemson Co., 
Ltd. 

23.3 1144 

7 OBS (OSP4005NP) from Sunace Co., Ltd 26.7 586 
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Figure 5.8: Color change of PVC resin using commercial lead stabilizers (3 phr) at 

                  180°C in air (Strips were automatically moved out of the box at 5  

                  mm/min). 

 

Figure 5.9: Color change of PVC resin using commercial Ca/Zn stabilizers (3 phr) at  

                  180°C in air (Strips were automatically moved out of the box at 5  

                  mm/min). 

 

Figure 5.10: Color change of PVC resin using commercial OBS stabilizers (3 phr) at  

                    180°C in air (Strips were automaticallymoved out of the box at 5  

                    mm/min). 



 

 

80 

20

40

60

80

100

0 200 400 600 800

R
e

s
id

u
a

l 
w

e
ig

h
t 
(%

)

Temperature (
o
C)  

Figure 5.11: TGA thermograms of commercial organic stabilizers in nitrogen  

                  atmosphere: Sunace OBS (), Chemson OBS (). 
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Figure 5.12: Derivative TGA thermograms of commercial organic stabilizers in  

                 nitrogen atmosphere: Sunace OBS (), Chemson OBS (). 
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Figure 5.13: TGA thermograms of commercial organic based stabilizers in oxygen  

         atmosphere: Sunace OBS (), Chemson OBS (). 
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Figure 5.14: Derivative TGA thermograms of commercial organic based stabilizers in 

                 oxygen atmosphere: Sunace OBS (), Chemson OBS (). 
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Figure 5.15: Color change of PVC resin using a eugenol as a stabilizer at 180°C in air  

                    (Strips were automatically moved out of the heating chamber at 1  

                    mm/min). 

 

Figure 5.16: Color change of PVC resin with titanium dioxide (2 phr) and various  

                    eugenol contents as stabilizer at 180°C in air (Strips were automatically  

                    moved out of the heating chamber at 1 mm/min). 

 

Figure 5.17: Color change of PVC stabilized with various DAU contents (1-4 phr) at  

                 180°C in air (Strips were automatically moved out of the heating  

                 chamber at 1 mm/min). 
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Figure 5.18: Tensile stress-strain curves of PVC stabilized with various DAU  

                 contents: 1 phr (), 2 phr (), 3 phr () and 4 phr (). 

 

Figure 5.19: Color change of PVC resin mixed with 3 phr of eugenol and 3 phr of  

                 DAU as a stabilizer with various processing temperature at 150, 160 and  

                 170°C under air atmosphere (Strips were automatically moved out of the  

                 box at 1 mm/min). 
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Table 5.2: Various properties of PVC stabilized with DAU and eugenol at processing 

                  temperature of 150°C and 180°C  

Sample name %gelation 

Flexural 

strength 

(MPa) 

Flexural 

modulus 

(GPa) 

YI ∆E 

PVCeugenol 

150°C 

22.4 82.3±0.6 2.45±0.12 82.9±1.3 49.42±0.8 

PVCeugenol 

180°C 

89.8 82.5±0.5 2.46±0.18 87.3±1.0 73.3±2.3 

PVCDAU150°C 11.4 79.4±0.8 2.43±0.25 24.5±0.6 20.1±0.4 

PVCDAU180°C 75.6 80.5±1.4 2.44±0.19 24.3±0.4 20.0±0.3 

 

 

Figure 5.20: Color change of the PVC stabilized with eugenol/DAU mixtures at various 

                 DAU contents. (Strips were automatically moved out of the box at 1  

                 mm/min at 180oC under air atmosphere). Noted: E/D is eugenol/DAU  

                 content. 
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Figure 5.21: Color change of the PVC stabilized with eugenol/DAU mixtures at  

                 various DAU contents. (Strips were automatically moved out of the box  

                  at 1 mm/min at 150oC under air atmosphere). Noted: E/D is  

                  eugenol/DAU content. 
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Figure 5.22: Effects of types of heat stabilizers in PVC resin on storage modulus:   

                    PVCDAU 3 phr (), PVC DAU 1.5 phr, eugenol 1.5 phr () and PVCeugenol 3 phr () 
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Figure 5.23: Effects of types of heat stabilizers in PVC resin on tan  PVCDAU 3 phr  

                  (), PVC DAU 1.5 phr, eugenol 1.5 phr (), PVC DAU 2 phr and PVCeugenol 3 phr () 

 

Table 5.3.  Effects of types of heat stabilizers on key parameters in plastograms of  

                PVC. 

Stabilizer types in PVC resin 
Maximum torque from a plastogram (point X) 

Maximum torque (Nm/min) Fusion time (s) 

Lead 31.3 330 

Calcium zinc 32.1 462 

OBS 26.7 586 

DAU 
Immediately fused at loading stage 

Eugenol 
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Figure 5.24: Thermogravimetric analysis of the rigid PVC stabilized with various  

                 stabilizers: neat PVC (×),PVClead (), PVCCa/Zn (), PVCOBScomm (),  

                 PVCDAU (), PVCeugenol () 

 

 

Figure 5.25. Color change of the PVC stabilized with lead, Ca/Zn, OBScomm, DAU  

                  and eugenol at 3 phr as a function of time at 180°C. 
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Figure 5.26: Effects of types of heat stabilizers in PVC resin on storage modulus:  

                    commercial PVC from local Thai company (), PVClead (), PVCCa/Zn  

                    (), PVCOBScomm (), PVCDAU () and PVC eugenol (). 

0

0.2

0.4

0.6

0.8

1

20 40 60 80 100 120 140 160

T
a

n
 

Temperature (
o
C)  

Figure 5.27: Effects of types of heat stabilizers in PVC resin on tan : commercial  

                    PVC from local Thai company (), PVClead (), PVCCa/Zn (),  

                    PVCOBScomm (), PVCDAU () and PVC eugenol (). 



 

 

89 

 

Figure 5.28: UL-94 vertical test of PVC stabilized with lead stabilizer 

 

 

Figure 5.29: UL-94 vertical test of PVC stabilized with calcium/zinc stabilizer 

 



 

 

90 

 

Figure 5.30: UL-94 vertical test of PVC stabilized with commercial OBS stabilizer 

 

 

Figure 5.31: UL-94 vertical test of PVC stabilized with DAU 
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Figure 5.32: UL-94 vertical test of PVC stabilized with eugenol 
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Figure 5.33: Effects of repeated processing cycles on density of PVC with various  

                    heat stabilizers: PVClead (), PVCCa/Zn (), PVCOBScomm (), PVCDAU  

                    () and PVCeugenol (). 
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Table 5.4: Effects of repeated processing cycle on color of PVC with various heat  

                 stabilizers. 
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Figure 5.34: Effects of repeated processing cycles on color change of PVC with  

                    various heat stabilizers:  PVClead (), PVCCa/Zn (), PVCOBScomm (),  

                    PVCDAU () and PVCeugenol (). 
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Figure 5.35: Effects of repeated processing cycles on yellow index of PVC with  

                 various heat stabilizers: PVClead (), PVCCa/Zn (), PVCOBScomm (),  

                 PVCDAU () and PVCeugenol (). 
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Figure 5.36. Effects of repeated processing cycles of FTIR spectra of PVC stabilized  

                 with lead stabilizers: 1st processing cycle (), 3rd processing cycle ()  

                 and 5th processing cycle (). 
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Figure 5.37. Effects of repeated processing cycles of FTIR spectra of PVC stabilized  

                  with Ca/Zn stabilizers: 1st processing cycle (), 3rd processing cycle ()  

                  and 5th processing cycle (). 
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Figure 5.38. Effects of repeated processing cycles of FTIR spectra of PVC stabilized  

                  with commercial OBS stabilizers: 1st processing cycle (), 3rd processing  

                  cycle () and 5th processing cycle (). 
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Figure 5.39. Effects of repeated processing cycles of FTIR spectra of PVC stabilized  

                 with DAU stabilizers: 1st processing cycle (), 2nd processing cycle ()  

                 and 3rd processing cycle (). 
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Figure 5.40: Effects of repeated processing cycles on tensile strength of PVC with  

                 various heat stabilizers: PVClead (), PVCCa/Zn (), PVCOBScomm (),  

                  PVCDAU () and PVCeugenol (). 
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Figure 5.41: Effects of repeated processing cycles on tensile modulus of PVC with  

                  various heat stabilizers:  PVClead (), PVCCa/Zn (), PVCOBScomm (),  

                  PVCDAU () and PVCeugenol (). 
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Figure 5.42: Effects of repeated processing cycles on flexural strength of PVC with  

                  various heat stabilizers: PVClead (), PVCCa/Zn (), PVCOBScomm (),  

                  PVCDAU () and PVCeugenol (). 
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Figure 5.43: Effects of repeated processing cycles on flexural modulus of PVC with  

                  various heat stabilizers:PVClead (), PVCCa/Zn (), PVCOBScomm (),  

                  PVCDAU () and PVCeugenol (). 
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Figure 5.44: Effects of repeated processing cycles on Izod impact of PVC with  

                   various heat stabilizers:PVClead (), PVCCa/Zn (), PVCOBScomm  

                   (), PVCDAU () and PVCeugenol (). 
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Figure 5.45: DSC thermograms of PVC stabilized with various types of heat stabilizer   

                 (1st cycle): PVClead (), PVCCa/Zn (), PVCOBScomm (), PVCDAU ()  

                  and PVCeugenol (). 

 

Figure 5.46: DSC thermograms of PVC stabilized lead at number of processing cycles  

                 1st cycle (red line), 2nd cycle (dark blue line), 3rd cycle (blue line), 4th  

                 cycle (grey line) and 5th cycle (pink line). 
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Figure 5.47: DSC thermograms of PVC stabilized Ca/Zn at number of processing  

                 cycles 1st cycle (red line), 2nd cycle (dark blue line), 3rd cycle (green  

                  line), 4th cycle (grey line) and 5th cycle (blue line). 

 

Figure 5.48: DSC thermograms of PVC stabilized OBS at number of processing  

                      cycles 1st cycle (dark blue line), 2nd cycle (blue line), 3rd cycle (green  

                      line), 4th cycle (pink line) and 5th cycle (brown line) 
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Figure 5.49: DSC thermograms of PVC stabilized DAU at different number of  

                 processing cycles 1st cycle (), 2nd cycle () and 3rd cycle (). 
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Figure 5.50: Effects of repeated processing cycles on degree of gelation of PVC with  

                    various heat stabilizers: PVClead (), PVCCa/Zn (), PVCOBS (),  

                    PVCDAU () and PVCeugenol (). 
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Figure 5.51: Effects of repeated processing cycles on heat distortion temperature of  

                 PVC with various heat stabilizers: PVClead (), PVCCa/Zn (), PVCOBScomm 

                          (), PVCDAU () and PVCeugenol (). 
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CHAPTER VI 

 

CONCLUSIONS 

Potential organic based heat stabilizers which are non-toxic and safer in pipe 

application compared to traditional lead or Ca/Zn stabilizers for PVC resin are 

evaluated in this work. From the results, DAU and eugenol, which are, single organic 

component, heat stabilizers, were found to be more readily fused with PVC than 

commercial lead Ca/Zn and OBS stabilizers, the multi-component stabilizers, as 

confirmed by a fusion test. Consequently, PVC stabilized with DAU and eugenol was 

observed to be processable in a lower range of temperature i.e. ca. 150°C, while PVC 

with commercial stabilizers required higher processing temperature.  

From thermogravimetric analysis, all types of heat stabilizers were able to help 

improve thermal degradation temperature at 5% weight loss of the neat PVC suggesting 

potential use of those stabilizers. In addition, PVC specimens with DAU provided 

relatively low thermal discoloration by maintaining original white color of PVC at 

temperature of 180°C up to 50 minutes suggesting its best short-term performance 

among those stabilizers. The glass transition temperatures of PVC stabilized with 

eugenol was the lowest among the others as observed from dynamic mechanical 

analysis curves. From mechanical testing, PVC stabilized with DAU and eugenol showed 

higher tensile and flexural properties while they possessed lower impact property than 

those of PVC with the other stabilizers. Synergistic behavior in thermal stability of PVC 

was also observed when mixture of eugenol and uracil derivative at 1:1 mass ratio and 

at a concentration of 3 phr in PVC was used.  

From recycle ability test, PVC stabilized with commercial lead, Ca/Zn, and OBS 

stabilizers could processed up to at least 5 cycles. However, PVC stabilized with DAU 
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was found to be able to withstand the processing cycle up to 4 cycles. Whereas PVC 

stabilized with eugenol was able to undergo only one processing cycle. From color 

change investigation, PVC stabilized with commercial lead and commercial OBS 

stabilizers effectively retained their small color change up to 5 times of processing 

cycles. Furthermore, effects of repeated processing cycle of PVC stabilized with each 

heat stabilizer showed negligible effect on mechanical properties at least up to 3 

processing cycles except for eugenol. 

From the above results, it is clearly seen that DAU showed high potential use 

as a safe and effective organic based heat stabilizer for PVC to substitute lead or Ca/Zn 

systems. Moreover, additional synergist substances such as hydrotalcite (a secondary 

stabilizer) or other types of primary stabilizers may be combined with DAU in order to 

enhance efficiency of PVC heat stability as well as to reduce cost. 
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APPENDIX A 
 
Effect of DAU, Eugenol and DAU/Eugenol Mixture Stabilizers on Static 

Thermal Stability and Mechanical Property of Rigid PVC. 
 

Table A-1 Tensile properties of PVC stabilized with DAU at various DAU contents. 

Sample Name Tensile strength (MPa) Tensile modulus (GPa) 

PVCDAU 1 phr 51.3±1.0 1.42±0.04 

PVCDAU 2 phr 56.3±1.2 1.61±0.07 

PVCDAU 3 phr 56.0±0.4 1.65±0.03 

PVCDAU 4 phr 55.6±0.9 1.64±0.05 
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Table A-2 Extent of discoloration of thermally degraded rigid PVC strips  
                     stabilized with eugenol/DAU mixtures at various DAU contents. 

Samples 
Contents (phr) Color of PVC samples 

Eugenol DAU 0 min 20 min 50 min 60 min 80 min 

1 3 0 
Light 
pink 

Brown 
Dark 
brown 

Dark 
brown 

Dark 
brown 

2 2.5 0.5 White White Yellow 
Dark 

brown 
Dark 

brown 

3 2 1 White White 
Light 
yellow 

Dark 
brown 

Dark 
brown 

4 1,5 1.5 White White White Brown 
Dark 

brown 

5 1 2 White White White 
Light 

brown 
Brown 

6 0.5 2.5 White White Brown 
Dark 

brown 
Dark 

brown 

7 0 3 White White 
Light 
brown 

Brown 
Dark 

brown 
* Strips were automatically moved out of the box at 1 mm/min at 180oC under air 
atmosphere 
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APPENDIX B 
 

Effect of DAU, Eugenol and DAU/Eugenol Mixture Stabilizers on Static 
Thermal Stability and Mechanical Property of Rigid PVC. 

 
Table B-1 Thermal stability of PVC stabilized with various stabilizers at 3 phr 
                     contents. 

Samples Td at 5 % weight loss (C) Char residue (%) 

PVC 241 13.9 

PVCLead 278 16.9 

PVCCa/Zn 278 19.1 

PVCOBS 263 14.3 

PVCDAU 274 12.3 

PVCEugenol 260 14.1 
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APPENDIX C 
 

Effects of Repeated Processing and Various Types of Heat stabilizers 
 
Table C-1 Effects of repeated processing cycles on density of PVC with various 
                     heat stabilizers. 

Sample name 
Density of PVC samples at each processing cycle (g/cm3) 

1st 2nd 3rd 4th 5th 

PVClead 1.459 1.459 1.460 1.457 1.460 

PVCCZ 1.450 1.452 1.448 1.449 1.449 

PVCOBS 1.451 1.451 1.447 1.448 1.449 

PVCDAU 1.454 1.456 1.452 - - 

PVCeugenol 1.447 - - - - 

 
Table C-2 Effects of repeated processing cycle on color change value (∆E) of 
PVC with various heat stabilizers. 

Sample 
Name 

Color change (∆E) of PVC samples at each processing cycle 
(g/cm3) 

1st 2nd 3rd 4th 5th 

PVClead 26.7±0.2 30.2±0.1 36.8±0.2 40.5±0.4 45.1±0.3 

PVCCZ 31.5±0.4 41.6±1.5 49.7±0.5 55.4±0.2 63.6±1.0 
PVCOBS 29.0±0.3 34.0±1.1 37.2±0.6 41.1±0.7 46.9±0.6 

PVCDAU 20.0±0.3 22.1±1.1 29.2±0.2 42.5±0.3 - 

PVCeugenol 73.3±2.3 - - - - 
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Table C-3 Effects of repeated processing cycle on yellow index value (YI) of PVC  
                     with various heat stabilizers. 

Sample name 
Yellow index of PVC samples at each processing cycle (g/cm3) 

1st 2nd 3rd 4th 5th 

PVClead 29.5±0.6 40.6±0.6 55.3±0.9 61.3±0.9 71.4±0.5 

PVCCZ 41.7±0.2 61.6±1.2 82.0±0.7 94.7±0.2 115.2±0.6 

PVCOBS 33.5±0.6 41.2±0.8 54.4±0.2 61.8±0.7 72.3±0.8 

PVCDAU 24.3±0.4 28.6±0.5 40.2±0.3 63.4±0.7 - 

PVCeugenol 87.3±1.0 - - - - 

 
Table C-4 Effects of repeated processing cycles on tensile strength of PVC with  
                     various heat stabilizers. 

Sample name 
Tensile strength at each processing cycle (MPa) 

1st 2nd 3rd 4th 5th 

PVClead 51.2±0.6 52.5±1.6 52.3±0.8 52.8±1.2 52.9±1.8 

PVCCZ 52.3±1.4 52.7±1.1 52.4±1.1 52.7±0.9 51.9±1.4 

PVCOBS 51.3±1.2 52.6±1.5 52.4±1.1 52.1±0.5 52.9±0.6 

PVCDAU 55.8±0.4 56.5±1.6 55.2±1.8 - - 

PVCeugenol 57.2±0.7 - - - - 
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Table C-5 Effects of repeated processing cycles on tensile modulus of PVC with 
various heat stabilizers. 

Sample name 
Tensile modulus at each processing cycle (GPa) 

1st 2nd 3rd 4th 5th 

PVClead 1.43 ±0.05 1.49±0.06 1.48±0.05 1.45±0.10 1.49±0.08 

PVCCZ 1.46±0.07 1.47±0.04 1.46±0.03 1.46±0.13 1.48±0.12 

PVCOBS 1.50±0.07 1.49±0.05 1.49±0.04 1.51±0.02 1.52±0.04 

PVCDAU 1.59±0.03 1.61±0.05 1.57±0.05 - - 

PVCeugenol 1.62±0.04 - - - - 

 
Table C-6 Effects of repeated processing cycles on flexural strength of PVC with 
various heat stabilizers. 

Sample name 
Flexural strength at each processing cycle (MPa) 

1st 2nd 3rd 4th 5th 

PVClead 75.3±1.5 77.3±1.3 77.6±1.3 76.6±1.3 77.2±0.8 

PVCCZ 77.6±0.5 78.1±1.2 77.9±1.3 79.5±1.2 78.8±0.9 

PVCOBS 75. 4±0.7 79.1±0.5 78.3±0.4 79.5±0.9 78.1±0.5 

PVCDAU 78.3±0.6 80.5±1.4 80.5±0.3 - - 

PVCeugenol 82.5±0.5 - - - - 
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Table C-7 Effects of repeated processing cycles on flexural modulus of PVC with 
various heat stabilizers. 

Sample name 
Flexural modulus at each processing cycle (GPa) 

1st 2nd 3rd 4th 5th 

PVClead 2.33±0.04 2.37±0.04 2.39±0.04 2.34±0.13 2.38±0.06 

PVCCZ 2.44±0.12 2.45±0.18 2.43±0.08 2.51±0.06 2.47±0.16 

PVCOBS 2.31±0.04 2.46±0.02 2.47±0.02 2.45±0.03 2.45±0.03 
PVCDAU 2.42±0.15 2.44±0.19 2.46±0.04 - - 

PVCeugenol 2.46±0.18 - - - - 

 
Table C-8 Effects of processing cycles on impact strength of PVC with various 
heat stabilizers. 

Sample name 
Izod impact strength at each processing cycle (J/m) 

1st 2nd 3rd 4th 5th 

PVClead 104.3±5.2 104.8±5.4 104.4±7.5 102.7±8.1 104.8±9.3 

PVCCZ 105.2±7.4 106.3±6.9 106.2±6.1 103.9±5.5 103.8±4.4 

PVCOBS 105.8±8.3 108.9±8.2 108.3±8.3 103.9±6.3 103.8±5.0 
PVCDAU 90.8±9.8 91.3±7.3 89.4±9.4 - - 

PVCeugenol 91.5±5.7 - - - - 
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Table C-9 Effects of repeated processing cycles on gelation of PVC with various 
heat stabilizers. 

Sample name 
Gelation of PVC samples at each processing cycle (%) 

1st 2nd 3rd 4th 5th 

PVClead 64.0 77.5 79.7 78.2 79.8 

PVCCZ 70.2 76.7 82.2 82.9 77.4 

PVCOBS 59.0 68.1 70.3 73.9 72.2 

PVCDAU 72.4 79.3 84.1 - - 

PVCeugenol 89.8 - - - - 

 
Table C-10  Effects of repeated processing cycles on heat distortion temperature 
(HDT) of PVC with various heat stabilizers. 

Sample name 
HDT of PVC samples at each processing cycle (°C) 

1st 2nd 3rd 4th 5th 

PVClead 75.3±0.4 76.0±0.7 76.1±0.3 76.1±0.2 75.9±0.4 

PVCCZ 74.7±0.5 75.2±0.4 75.3±0.3 75.2±0.4 75.1±0.3 

PVCOBS 75.9±0.2 75.3±0.5 75.8±0.3 75.7±0.4 75.8±0.3 

PVCDAU 75.9±0.4 76.4±0.1 76.3±0.2 - - 

PVCeugenol 65.5±0.6 - - - - 
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APPENDIX D 
 

Material Specification Sheets 
 
Appendix D-1 Suspension PVC resin specification sheet 
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Appendix D.2: Calcium-zinc one pack (SAK-CZ78-NP) specification sheet. 
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Appendix D.3: Calcium-zinc one pack (SAK-CZ964-NP) specification sheet. 
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Appendix D.4: Calcium-zinc one pack (PRD 5549-1) specification sheet. 
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Figure D.5: Calcium-zinc one pack (MCZ-102P) specification sheet. 
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Appendix D.6: Organic based stabilizer from Sunace Co., Ltd. (SAK-OSP4005-NP) 
specification sheet. 
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Appendix D.7: Organic based stabilizer from Chemson Co., Ltd. (T RX 722 A4 OBS) 
specification sheet. 
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Appendix D.8: 1,3 Dimethyl-6-aminouracil specification sheet. 
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Appendix D.9: Eugenol specification sheet. 
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APPENDIX E 
 

Properties of PVC Pipe 
Appendix E-1 Physical and mechanical properties of “Thai Pipe” uPVC Pipe &  
                    Fittings 

 
Appendix E.2: Physical and mechanical properties of “Georg Fisher” PVC Pipe. 
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