
 

BL

STUD

LENDS 

DIES ON

AND TA

N POLY

ALC RE

Y(LACT

EINFOR

TIC ACI

RCED C

ID) BAS

COMPO

SED 

OSITESS 

 

 

 

SHIKKHA JAIIN 
 

 

 

 

CENTRE

IND

E FOR PO

DIAN INS

OLYMER

TITUTE O

M

 

R SCIENCE AND ENNGINEERRING 

OF TECHHNOLOGYY, DELHII 
 

MAY 2015



BL

STUD

LENDS 

DIES ON

AND TA

N POLY

ALC RE

Y(LACT

EINFOR

TIC ACI

RCED C

ID) BAS

COMPO

SED 

OSITESS 

 

by 

SHIKKHA JAIIN 
 

Centre for Polymer Science annd Engineerring 

 

 

Suubmitted 

inn fulfillmennt of the reequirementts of the deegree of Dooctor of Phhilosophy 

to the 

 

 

 

 
INDDIAN INSTITUTE OOF TECHHNOLOGYY, DELHII 

MMAY 2015
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

© Indian Institute of Technology Delhi (IITD), New Delhi, 2013 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

DEDICATED  

TO MY  

PARENTS 

 
 





Acknowledgements 

 

It gives me immense pleasure to express my deep sense of gratitude to all who have helped me 

along my way through the doctoral studies and a memorable stay at IIT Delhi.  

I express my profound sense of gratitude and veneration to my supervisors, Prof. Anup K 

Ghosh and Prof. Amar K. Mohanty for guiding me all the way during my PhD tenure. Their 

constant inspiration and encouragement have been a great motivation for me behind all the 

work, I have conducted. I have learnt from them that failures in all doing should motivate one to 

work harder. They have always boosted me to put in extra efforts and I am indebted to them what 

I am today. I am also thankful to them for providing me opportunities to handle some short-term 

projects and assisting them in few industrial projects which enabled me to fortify my skills.  

 I would like to thank my research committee members, Prof. Mangla Joshi, Prof. S. N. 

Maiti and Prof. B. Sathapathy, who have monitored my work and provided me the valuable 

suggestions. I am also thankful to Prof. V. Choudhary, Prof. A. K. Gupta and Prof. J. Jacob who 

inspite of their busy schedule have always made themselves available for valuable discussions 

and support. I would like to convey my special thanks to Prof. Shashi Motilal for her support and 

encouragement. 

 I would like to acknowledge the help and support extended by my seniors, Dr. Saikat 

Banerjee, Dr. Sangita Nandi, Dr. Satpal Singh, Dr. Mayank Dwivedi, for their co-operation. I 

would like to thank my all friends and colleagues, Priyanka, Sneh, Manash, Tahir, Sanjeev, 

Jutika, Satish, S. Sabapathy, Priya, Swarna, Savita, Manisha, Khushboo, Bhavna, Naveet, Jaggi, 

Debang, Dibendu, Astha  for their cooperation and friendly attitude. I acknowledge my friend 

Ms. Megha Singhal for her constant encouragement throughout and immediate help whenever 

needed.  

I would like to extend my thanks to Prof. Manju Misra, University of Guelph, Ontario, 

Canada for their kind support and providing necessary facilities to carry out research in their 

laboratory. I would like to thank Dr. Sandeep Ahankari, Dr. Ozgur, Dr. Ranjan Pradhan, Mr. 

Nima Zaribhakhashs, Dr. Murali M. Reddy, Dr. Sanjeev, Dr. Vivek, Mr. Malaya Nanda, Mr. 



Ryan, Ms. Saswata Sahoo, Ms. Binu Kalita, Ms. Sara Bonham, for their co-operation and 

friendly attitude during my research at University of Guelph, Ontario, Canada. 

I owe thanks to laboratory staffs Mr. Surender Sharma, Mr. Ashok Kapoor, Mr. Shiv 

Kant, Mr. S. S. Bhatnagar for their timely help and suggestions. I would also like to convey my 

thanks to Ms. Rama Sharma, Suchitra Singh, Mamata, Shalini and Mr. Narender Kumar for 

their all possible supports. I am grateful to Mr. D. C. Sharma and Mr. Kuldeep of SEM facility 

(central) for teaching and allowing me to do scan of my samples using the SEM instrument. 

 I wish to acknowledge Council of Scientific & Industrial Research (CSIR), New Delhi, 

India for providing me financial assistance (Senior Research Fellowship) to carry out my 

research work smoothly. I would also like to acknowledge the Department of Foreign Affairs and 

International Trade (DFAIT), Canada, and the Canadian Bureau for International Education 

(CBIE) for providing a Graduate Student Exchange Program (GSEP) 2009–2010  fellowship. 

I take this opportunity to express my deepest gratitude to my family members. The love 

from my parents has always given me the strength and confidence to overcome the difficulties 

and to accomplish the objectives in my life. They always stood by my side with their emotional 

support, wordly wisdom and blessings. My husband, sisters and brother have always supported 

me with their unconditional love and care and my deep regards are always with them who have 

been with me. 

Finally and above all, I would like to thank the Almighty God. It would not have been 

possible for me to reach at this stage of academic pursuit without his grace. 

 

 

Date         Shikha Jain 

 Place: New Delhi 

 



ii 
 

Abstract 

 
Increasing environmental concern and limited resources of petroleum has necessitated the use of 

biodegradable plastics for various applications. Polymers poly(lactic acid) (PLA) is renewable 

resource based polyester with superior mechanical properties (tensile strength, modulus), optical 

properties (gloss, transparency) and biodegradability. PLA is associated with some challenges 

such as low elongation, low impact strength, slow crystallization rate and low melt strength. 

Elongation of PLA can be increased by blending of PLA with another flexible biodegradable 

polymer. Polycaprolactone (PCL) is a synthetic biodegradable polymer having high elongation 

and toughness and flexibility. Blending of PCL into PLA is a promising approach to increase 

elongation and toughness of PLA. Extent and rate of crystallization can enhance by adding 

nucleating agent in to PLA. Talc works as nucleating agent as well as reinforcing filler and 

increase thermal and mechanical properties and crystallinity of polymer matrix. 

The objective of the present study was to study the effect of PCL and talc on structure, 

processability and properties of PLA and to investigate thermal, morphological, mechanical, 

rheological and barrier properties in detail. In the present work, PLA/talc composites, PLA/PCL 

blends and PLA/PCL/talc composites were developed by melt-mixing in twin screw extruder 

followed by blown film processing and injection molding. Developed PLA based blends and 

composites were analyzed by using various characterization techniques including thermal, 

rheological, morphological, barrier, tensile, biodegradability etc.  

Isothermal and nonisothermal crystallization kinetics of PLA was studied in presence of talc at 

different crystallization temperatures and different cooling rates and analyzed by using Avrami 

equation. Talc worked as nucleating agent and increased degree of crystallinity 30% in neat PLA 

to 35% in PLA/talc composites. Talc has accelerated the crystallization of PLA and significantly 
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reduced crystallization half time (t1/2) where it was 9.5 min in neat PLA and 1.1 min in PLA/talc-

5 composites at 120 ºC. Activation energy barrier (ΔEa) of crystallization was also reduced 

significantly in presence of talc and ΔEa for neat PLA was -0.8 KJ/mol and -23.2 KJ/mol for 

PLA/talc-5 composite. Spherulite morphology of PLA/talc composites showed that talc filled 

system has increased nucleation density and reduced spherulite radius compared to that of neat 

PLA. Morphology of PLA/talc composites showed random dispersion of talc particles in PLA 

matrix. Tensile properties evaluation results that talc reinforced composites has increased 

modulus compared to neat PLA. Water vapor permeability and biodegradability of PLA did not 

change significantly in presence of talc. PLA/PCL blend showed typical domain-bulk phase 

morphology where minor phase PCL was dispersed as discrete domains in continuous phase of 

PLA matrix. PCL blends have increased elongation and toughness with a decrease in tensile 

modulus and strength. Strain at break in neat PLA was 13% and increased upto 322% in 

PLA/PCL blend whereas PCL content was 60 wt% in the blend. PLA/PCL blend has increased 

degree of crystallinity, increased water vapor barrier properties and increased biodegradability 

compared to neat PLA films.  
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Abbreviations 

Mn = number average molecular weight 

Mw = weight average molecular weight 

wt% = weight percentage 

Wf  = weight fraction 

Dn = number average diameter of domains (μm) 

G = spherulite growth rate (μm/min) 

Rs-avg = average spherulite radius (μm) 

N = nucleation density (μm
-3

) 

Tg = glass transition temperature (˚C) 

Tm1 = temperature at first melting peak (˚C) 

Tm2 = temperature at second melting peak (˚C) 

Tm = melting temperature (˚C) 

Tp = crystallization peak temperature from cooling exotherm (˚C) 

Tcc-onset = onset temperature of cold crystallization (˚C) 

Tccp = cold crystallization peak temperature (˚C) 

Tc = Temperature for isothermal crystallization conditions (˚C) 

ΔHm = melting enthalpy (J/g) 

ΔHm-100 = melting enthalpy for 100% crystalline polymer (J/g) 

ΔHc = enthalpy of crystallization (J/g) 

ΔHcc = enthalpy of cold crystallization (J/g) 

Xm = degree of crystallinity for melting endotherm (%) 

Xc  = degree of crystallinity from cooling exotherm (%) 

Xcc = degree of crystallinity from cold crystallization peak (%) 

ΔWcc = width of cold crystallization peak at half height (˚C) 

ΔWm = width of melting peak at half height (˚C) 

α = relative crystallinity (%) 

Ka = crystallization rate constant from Avarmi equation (min
-1

) 

n = Avrami exponent 

t1/2 = crystallization half time (min) 

Δt = time where crystallization reaches maximum (min) 
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ΔEa = activation energy barrier (KJ/mol) 

tp = crystallization time at peak (min) 

tmax = maximum time for crystallization (min) 

φ = heating rate (˚C/min) 

R
g
 = gas constant (J/mol/K) 

Tonset = temperature at 5 % weight loss (˚C)  

Tmax = temperature at 50 % weight loss (˚C) 

Tend = temperature at 90 % weight loss (˚C) 

DTG-Tp-PLA = degradation peak of PLA in DTG curve (˚C) 

DTG-Tp-PCL = degradation peak of PCL in DTG curve (˚C) 

G’ = Storage modulus (MPa) 

G” = loss modulus (MPa) 

tanδ = damping behavior (G”/G’) 

η* = complex viscosity (η’-iη”) (Pa.s) 

n = power law index 
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